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ABSTRACT 

I r r a d i a t i o n of molecules by X-rays leads t o photo-
emission of electons, t h i s forming the basis of XPS or ESCA 
spectroscopy. The electrons remaining i n the molecule 
experience an e f f e c t i v e increase i n nuclear charge accompanying 
p h o t o i o n i z a t i o n , and undergo a " r e l a x a t i o n " process. The 
energy associated w i t h t h i s (the r e l a x a t i o n energy) a f f e c t s 
not only the i n t e n s i t y and shape of the experimentally measured 
peak, but also i t s p o s i t i o n (or b i n d i n g energy) t o a s i g n i f i c a n t 
extent. 

By means of w e l l - e s t a b l i s h e d quantum mechanical methods, 
i t i s possible t o c a l c u l a t e t h e o r e t i c a l l y both bin d i n g energies 
and r e l a x a t i o n energies f o r c o r e - e l e c t r " n p h o t o i o n i z a t i o n . 
S p e c i f i c a l l y , ab initio LCAO MO SCF c a l c u l a t i o n s w i t h i n the 
Hartree-Fock formalism have been performed on a wide v a r i e t y 
of organic systems. 

The r e l a x a t i o n energy as a f u n c t i o n of incr e a s i n g chain-
length i n a series of l i n e a r and bent alkanes has been i n v e s t i ­
gated, and found to be responsible f o r the experimentally 
observed s h i f t s i n core binding energies. The valence (2s) 
ion i z e d species have also been i n v e s t i g a t e d , w i t h p a r t i c u l a r 
emphasis on l i n e - w i d t h s . A study of the simple carbocations 
has been made, a p a r t i c u l a r p o i n t of i n t e r e s t being the class­
i c a l or n o n - c l a s s i c a l d e s c r i p t i o n s of the bonding i n s p e c i f i c 
cases. 

To i n v e s t i g a t e the e f f e c t of extra-molecular c o n t r i b u t i o n s 
to r e l a x a t i o n energies, a series of hydrogen-bonded dimers has 
been studied as a simple prototype system. I n t e r m o l e c u l a r 



c o n t r i b u t i o n s to r e l a x a t i o n energies are found t o be of the 
same sig n , i r r e s p e c t i v e of the sign f o r the s h i f t i n core 
b i n d i n g energy. The c o r e - l i k e , valence (2s) h o l e - s t a t e 
species are found to have p a r a l l e l trends i n s h i f t s . 

A method has been developed f o r p a r t i t i o n i n g the t o t a l 
r e l a x a t i o n energy i n t o c o n t r i b u t i o n s from each occupied o r b i t a l 
i n the molecule of i n t e r e s t . This procedure i s shown to be 
both mathematically r i g o r o u s , and i n accord w i t h chemical 
i n t u i t i o n , and i s applied t o several series of r e l a t e d molecules. 
From studies of t h i s nature, a c l e a r e r understanding of the 
r e l a t i o n s h i p between chemical bonding, and the r e o r g a n i z a t i o n 
processes accompanying c o r e - i o n i z a t i o n i s possible. 

F i n a l l y , as an extension of the i n v e s t i g a t i o n i n t o e x t r a -
molecular r e l a x a t i o n energies, and a f u r t h e r example of the 
use of r e l a x a t i o n energy p a r t i t i o n i n g , some simple prototype 
systems f o r the adsorbtion of small molecules onto metal sur­
faces are considered. I n the case of CO on N i , i t i s found 
t h a t a bent conformation i s needed to i n t e r p r e t the a v a i l a b l e 
XPS data. 
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CHAPTER ONE 

MOLECULAR ORBITAL THEORY 

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

The aim of t h i s chapter i s t o present s u f f i c i e n t back­
ground theory to form a basis f o r discussions presented i n 
subsequent chapters. A concise summary i s t h e r e f o r e given 
of non-empirical molecular o r b i t a l theory, w i t h some des­
c r i p t i o n of the computational aspects of the theory. A 
b r i e f discussion of the programs used i n t h i s work f o r the 
molecular Hartree-Fock c a l c u l a t i o n s i s also given. The main 
emphasis i s on computations w i t h i n the Hartree-Fock formalism, 
although mention i s made of both 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 . Several e x c e l l e n t t e x t s are a v a i l a b l e f o r more 

1-8 

d e t a i l e d discussions of t h i s whole area. 

1.2 A B r i e f Summary of Quantum Mechanics 

1.2.1 The Schrodinger Equation 

Quantum theory ensures t h a t a l l knowledge of the 
pr o p e r t i e s of a system of n electrons i s contained i n a 

* 

f u n c t i o n <y , i n the sense t h a t <p v i s a measure of the 
p r o b a b i l i t y or e l e c t r o n d e n s i t y f o r a one-electron wave-
f u n c t i o n . The f u n c t i o n y (r,R) f o r a molecule of N n u c l e i 
and n electrons i s determined by s o l v i n g the time-independent 
Schrodinger Equation: 

H t ( r , R ) = E v (r,R) (1.1) 
where 

H i s the Hamiltonian ( t o t a l energy operator) 
E i s the t o t a l energy of the molecule 
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and Y (r,R) i s a molecular wavefunction depending upon both 
the e l e c t r o n i c co-ordinates r and the nuclear 
co-ordinates R. 

For such a molecule c o n t a i n i n g N n u c l e i , w i t h charges 
Z^e and masses (k = 1,2,...N), and n e l e c t r o n s , w i t h charges 
-e and masses mg, the Hamiltonian may be w r i t t e n as: 

N n 
2 2 /} V - h 2 , V -h 2 

H " 1 — V k + 1 7TTT V 
k = l .=1 8 * m e 

(1.2) 

n N 2 N 2 n 2 
y y z k e + y z k z l e + y _ f 
p-1 k = l ° » k k < l 0 k l p<v 

where 

V 
h i s Planck's constant 
2 i s the Laplacian operator 

K i s the p e r m i t t i v i t y of a vacuum 

and, f o r example, r , i s the distance between e l e c t r o n y and 
nucleus k, where greek subscripts r e f e r t o 
el e c t r o n s , and roman subscripts t o n u c l e i . 

Before going on to discuss the i n d i v i d u a l terms i n t h i s 
equation, i t i s convenient t o s i m p l i f y the form of (1.2) by 
the i n t r o d u c t i o n of atomic u n i t s . The d e f i n i t i o n of atomic 
u n i t s involves s e t t i n g (the r e s t mass of the e l e c t r o n ) , 

TT) and e equal t o u n i t y . This leads to the d e f i n i t i o n 
of the atomic u n i t of l e n g t h , the Bohr atomic u n i t , a Q: 

a
n
 = ( h ^ 2 T r ) 2 = 0.529177 A = l a . u . 
0 m e 2 

e 
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The atomic u n i t of energy, the Hartree atomic u n i t , E Q, can 
be derived from Coulomb's Law of 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 = e 2 = 27.2107eV = 1 a.u. 
0 a 

o 
The energy computed i n Hartrees i s defined f o r a s i n g l e 
p a r t i c l e , i n much the same way as f o r spectroscopic energy 
u n i t s : 

1 h a r t r e e / p a r t i c l e = 27.2107eV/particle = 219TO cm"1/ 
p a r t i c l e . 

For an Avogadro number of p a r t i c l e s , the equivalent amount of 
energy i n CGS or SI u n i t s i s : 

1 h a r t r e e / p a r t i c l e = 627.51 kcal/mole = 2625-51 kJ/mole. 

F i n a l l y , using as a u n i t of p e r m i t t i v i t y f u r t h e r s i m p l i f i e s 
the equations. The system of atomic u n i t s i s e s p e c i a l l y 
u s e f u l since computed r e s u l t s w i l l be independent of the values 
of the u n i v e r s a l constants ti,e and mg. 

Wr i t i n g (1.2) i n atomic u n i t s , then, gives: 
N n n N z 

k=l u =1 y u =1 k=l 
uk 

L 

(1) (2) (3) 
(1.3) 

+ 

N n 

r k l r 

k <1 n<v vv 

(4) (5) 

The various terms i n t h i s equation are: 
(1) the k i n e t i c energy of the n u c l e i ; 
(2) the k i n e t i c energy of the e l e c t r o n s ; 
(3) the electron-nucleus a t t r a c t i v e p o t e n t i a l energy; 
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( 4 ) the nuclear-nuclear r e p u l s i v e p o t e n t i a l energy; 
and 
( 5 ) the e l e c t r o n - e l e c t r o n r e p u l s i v e p o t e n t i a l energy. 

Ce r t a i n assumptions and approximations can be made t o 
s i m p l i f y the s o l u t i o n of ( 1 . 1 ) . Of these, the most important 

Q 
i s the Born-Oppenheimer Approximation, i n which the t o t a l 
wavefunction i s separated i n t o two p a r t s : 

* (r,R) = * R ( r ) 8(R) ( 1 . 4 ) 

Here, ^ ( r ) i s the e l e c t r o n i c wavef u n c t i o n f o r f i x e d nuclear 
p o s i t i o n s , and depends only p a r a m e t r i c a l l y upon the nuclear 
co-ordinates. 0(R) i s the nuclear wavefunction. This 
assumption i s equivalent t o the ph y s i c a l idea t h a t the e l e c t ­
rons can adjust t h e i r motion instantaneously t o any nuclear 
motion, and can be shown to be v a l i d provided t h a t the e l e c t ­
r o n i c wavefunction i | ) R ( r ) i s a slowly v a r y i n g f u n c t i o n of the 
nuclear co-ordinates."^ 

( 1 . 3 ) can.now be r e w r i t t e n as: 

H = T R + h + V ( 1 . 5 ) 

where T i s the k i n e t i c energy operator of the n u c l e i : 

TR - I 2 4 v 2 , (1-6> 
h i s a sum of monoelectronic operators, each of the form: 

2 N z 

h = 4 y - v — ( 1 - 7 ) 

k = l 
and V i s the potential-energy operator f o r nuclear-nuclear 
repulsions 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 s : 

N _ n 

V = y f k f l + V _ 1 _ ( 1 . 8 ) , r k l ^ r k < l y<v yv 
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The operator (h + V) i s r e f e r r e d to as the e l e c t r o n i c 
Hamiltonian, and i s assumed to s a t i s f y the Schrodinger 
equation: 

(n + V) ^ R ( r ) = E(R) * R ( r ) ( 1 . 9 ) 

When the nuclear co-ordinates R are f i x e d , E ( R ) i s the energy 
of the n el e c t r o n s moving i n the f i e l d of N f i x e d n u c l e i PLUS 
the mutual r e p u l s i o n energy of the N f i x e d n u c l e i . 

E ( R ) i s r e f e r r e d t o as the molecular energy i n the f i x e d -
n u c l e i approximation. For a diatomic molecule, a p l o t of 
E ( R ) versus the i n t e r n u c l e a r distance R leads t o the w e l l -
known potential-energy curve, the existence of which, of course, 
depends on the v a l i d i t y of the Born-Oppenheimer approximation. 
More complicated molecules lead to a more complicated f u n c t ­
i o n a l dependence of the energy on geometry, leading t o p o t e n t i a l -
energy surfaces and hypersurfaces. 

The e l e c t r o n i c wavefunction i s solved f o r f i x e d p o s i t i o n s 
of the n u c l e i by ( 1 . 9 ) to give the e l e c t r o n i c energy E ( R ) . 
The Schrodinger equation d e s c r i b i n g the n u c l e i has the form: 

( T R + E ( R ) ) 8(R) = EJJ e(R) ( 1 . 1 0 ) 

The t o t a l energy E i s the sum of the e l e c t r o n i c energy evaluated 
at 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 , plus the nuclear energy: 

E = E ( R Q ) + E N ( 1 . 1 1 ) 

A second important assumption has been made i n w r i t i n g 
( 1 . 2 ) , i n t h a t there are no terms representing e l e c t r o n spin-
o r b i t i n t e r a c t i o n s , or electron-nuclear spin coupling, f o r 
example. The omission of magnetic terms from H i s d e l i b e r a t e , 
since magnetic e f f e c t s are on a very much smaller energy scale 
than e l e c t r o s t a t i c e f f e c t s . I t i s th e r e f o r e assumed t h a t the 
e l e c t r o n i c d i s t r i b u t i o n i s determined by the n o n - r e l a t i v i s t i c , 
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s p i n - f r e e , e l e c t r o s t a t i c Hamiltonian H, i n (1.2). A b r i e f 
discussion of the magnitudes of 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 presented i n a subsequent section. 

I n s p e c t i o n of the form of the molecular e l e c t r o n i c 
Hamiltonian shows t h a t the a c t u a l a n a l y t i c a l problem presented 
by the SehrSdinger equation ( 1 . 9 ) i s a p a r t i a l d i f f e r e n t i a l 
equation i n dimensions: because of the e l e c t r o n - e l e c t r o n 

n 
r e p u l s i o n operator (2 V r v ) , no f u r t h e r r e d u c t i o n i n t o 

u<v 
equations of smaller dimension i s possible. Thus, i t i s 
c l e a r t h a t "exact" s o l u t i o n s of the Schr&dinger equation f o r 
molecules are not possible. However, i f the i n t e r - e l e c t r o n i c 
r e p u l s i o n term could be neglected, then a simpler equation 
would r e s u l t : 

H e </ = h ¥ = E *' (1.12) 

where the prime shows t h i s i s a s i m p l i f i c a t i o n . This equation 
can now be broken down i n t o n separate equations: 

h ( i ) • j ( i ) = E j • j ( i ) ( 1 . 1 5 ) 

where 4>..(i) and e are the eigenfunctions and eigenvalues 
J J 

of h ( i i r e s p e c t i v e l y . Then: 

*' = ^ ( 1 ) * 2 ( 2 ) * k (n) (1.14) 

and: 

E = E j l + e j 2 + E j n ( 1 " 1 5 ) 

I n these expressions, the f u n c t i o n s • are o r b i t a l s , i n the 
sense of the d e f i n i t i o n t h a t "an o r b i t a l i s a s o l u t i o n of any 
r e a l or model s i n g l e - e l e c t r o n Schr6dinger equation." 

C l e a r l y , the ('act t h a t the t r u e molecular' Ham1 I t o n l a n 
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does contain e l e c t r o n r e p u l s i o n terms means t h a t f 1' i s not 
the t r u e molecular wavefunction. However, the idea of a 
one-electron f u n c t i o n (the o r b i t a l approximation) i s concept­
u a l l y simple, and i t i s t h e r e f o r e very u s e f u l t o consider 
products of one-electron f u n c t i o n s , and t o determine how close 
i t i s possible to approach the exact f u n c t i o n s . W i t h i n the 
o r b i t a l approximation i t i s possible t o describe adequately 
the average r e p u l s i o n experienced by an e l e c t r o n due to the 
other electrons i n the system; i t i s not possible, however, 
to incorporate the instantaneous c o r r e l a t i o n s of e l e c t r o n 
motions. 

Associated w i t h each e l e c t r o n i s a spin (M g = - ^ ) . 
The two possible spin f u n c t i o n s f o r an electon i are w r i t t e n 
as a ( i ) , where M = \, and e ( i ) , where M = -\. The product 
of a s p a t i a l o r b i t a l , as i s defined above, and a spin f u n c t i o n , 
i s known as a spin o r b i t a l : 

(V, ( i ) a ( i ) 
.^(D = I 1 ( 1 . 1 6 ) 

<h ( i ) 6 ( D 

The spin f u n c t i o n s a and $ are orthonormal, i . e . : 

J a ( i ) * a ( i ) dMs = 1 
( 1 . 1 7 ) 

/cx(i) B ( i ) dMs = 0 
I t should be noted t h a t the separation of spin o r b i t a l s 

i n t o s p a t i a l and spin f u n c t i o n s i s only possible because the 
n o n - r e l a t i v i s t i c , s p i n - f r e e Hamiltonian was used. 

I t i s convenient at t h i s p o int to r e c a p i t u l a t e the o r b i t a l 
model: i f i t i s possible to p a r t i t i o n , i n some approximate way, 
the n - e l e c t r o n Hamiltonian i n t o n separate one-electron 
Hamiltonians, then an approximate s o l u t i o n of the f u l l SchrBdinger 
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equation i s given by a l i n e a r combination of products of the 
o r b i t a l s defined by the one-electron Schrodinger equation. 
Thus, many-electron wavefunctions may be constructed as pro­
ducts of one-electron s p i n - o r b i t a l s (where the prime from 
(1.14) has now been dropped): 

¥ (1,2,....,N) = ^ ( l ) * 2 ( 2 ) * N ( N ) ( 1 . 1 8 ) 

This t o t a l wavefunction must be i n accord w i t h the P a u l i 
antisymmetry p r i n c i p l e , which allows f o r the f a c t t h a t e l e c t ­
rons are i n d i s t i n g u i s h a b l e from each-other. Thus, any per­
mutation of the l a b e l s of ( 1 . 1 8 ) should also be a s a t i s f a c t o r y 
wavefunction, y i e l d i n g t h e r e f o r e N.' terms: 

* (1,2,...,N) = A f ^ t l ) * 2 ( 2 ) * N ( N ) } ( 1 . 1 9 ) 

where A i s the antisymmetrizing operator. The right-hand-
side of ( 1 . 1 9 ) i s i n f a c t the formula f o r a determinant: 

I ^ 1 ) 
V(1,2,...,N) = /NT 

^ ( N ) (N] 

( 1 . 2 0 ) 

where "V^jT i s a nor m a l i z i n g constant ( f o r an orthonormal set 
of o r b i t a l s ) . The s p i n - o r b i t a l s may be replaced by the pro­
duct of a space and spin f u n c t i o n : 

<p(lf2p...2M) = 
1 

/(2M)T 

^ ( D a U ) ^(1)6(1) ... * M ( l ) a ( l ) 4> M(l)fi(l) 

«>(2)a(2) ^(2)3(2) ... y2)a(2) * M(2)(j(2) 

•jUMJaCai) (̂21̂ 6(21̂ ) *M(2M)a(2M) *M(2M)g(2M) 
( 1 . 2 1 ) 
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C l e a r l y , exchange of any two electrons interchanges two rows 
of the determinant, thereby reversing the sign of the wave-
f u n c t i o n and ensuring the required antisymmetry. Furthermore, 
i f two electrons are placed i n the same s p i n - o r b i t a l , the value 
of the determinant i s zero, since two rows would be i d e n t i c a l ; 
t h i s accounts f o r the P a u l i exclusion p r i n c i p l e . This form 
of a wavefunction i s r e f e r r e d to as a S l a t e r determinant, and 
i s customarily abbreviated by w r i t i n g only the diagonal elements, 
the n o r m a l i z a t i o n f a c t o r being understood: 

* (1,2, ,2M) = 

I ^ U M l ) ^ ( 2 ) 8 ( 2 ) • M(2M-l)o(2M-l) * m ( 2 M ) B ( 2 M ) | (1.22) 

= 1*1 *1 *2 *M % I t 1 ' 2 ^ 

where a - s p i n i s understood, and B-spin denoted by the bar, — . 

1.2.2 The V a r i a t i o n Theorem 

Almost a l l c a l c u l a t i o n s of molecular energy w i t h i n 
the o r b i t a l approximation have been v a r i a t i o n a l i n nature. 
The v a r i a t i o n theorem1''" states t h a t any approximate wavefunction 
* w i l l produce an energy E which i s higher than the exact energy 

E given by the exact wavefunction 4* . As the approximate wave-
f u n c t i o n approaches the exact ( "F -*• v ), then the approximate 
energy w i l l also approach the exact ( E + E ) . Before considering 
the use of the v a r i a t i o n a l method i n the s o l u t i o n of the 
SchrSdinger equation, i t should be r e c a l l e d t h a t the wave-
f u n c t i o n V must be continuous, single-valued, and have an 
i n t e g r a b l e square (thereby a l l o w i n g n o r m a l i z a t i o n ) : 

n i * 1 dT = i (1.24) 

Furthermore, due t o the Hermitian symmetry of the operator H, 
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i t can be shown t h a t d i f f e r e n t eigenfunctions of the same 
Hamiltonian corresponding to d i f f e r e n t eigenvalues are 
mutually orthogonal. Thus: 

*J d T = 6 i j w h e r e 6 = 1 f o r 1 = J ( 1 - 2 5 ) 

6 = 0 f o r i/j 

where 'S-jj 1- 1 3 known as the Kronecker d e l t a . 

Considering now the s o l u t i o n of the Schrodinger equation: 

H <F = E >p 

p r e m u l t i p l y i n g by Y and i n t e g r a t i n g gives: 

/**H ^ dT = E / Y * * d t 

or: 

E = ^ O d j ( 1 > 2 6 ) 

J v Yd T 

From the v a r i a t i o n theorem, i f * i s replaced by some approximate 
f u n c t i o n * i n ( 1 . 2 6 ) , then the value of the computed approximate 
energy expression E i s always higher than the lowest t r u e 
s o l u t i o n of the Schrbdinger equation: 

E = ' / » V D T > E ( 1 - 2 7 ) 
/ y ? d i 

I n transforming the Schrodinger equation from the d i f f e r e n t i a l 
equation form t o the apparently equivalent v a r i a t i o n a l form 
( 1 . 2 7 ) j some f i n e r p o i n t s of the s o l u t i o n have been l o s t . A 
v a r i a t i o n a l s o l u t i o n of ( 1 . 2 7 ) i s obtained by minimiz.ing the 
value of an integrated expression; the s o l u t i o n i s the best 
possible s o l u t i o n of the model type in the mean. The d i f f e r ­
e n t i a l Schrodinger equation has point by point s o l u t i o n s ; i t 
Is t h e r e f o r e not s u r p r i s i n g t h a t any v a r i a t i o n a l l y - d e t e r m i n e d 
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approximate s o l u t i o n of the Schrodinger equation w i l l n o t , i n 
p r i n c i p l e , give a good d e s c r i p t i o n of molecular p r o p e r t i e s 
which depend on the value of Y at particular points i n space. 
Molecular p r o p e r t i e s depending on various i n t e g r a t i o n s of * 
should, however, be w e l l reproduced. The most important 
"point p r o p e r t i e s " are spin hyperfine coupling constants. 

This gives a technique f o r the computation of the 
approximate, o r b i t a l model, wavefunction: 

f - E D k *k ( 1 - 2 8 ) 

k 

where 

and 
^ ( 1 ) = 4 ^ ( 1 ) ° ( 1 ) or y i ) e (1.) 

Since we s h a l l be concerned only w i t h approximate wavefunctions 
from now on, the t i l d e above V has been dropped. ( 1 . 2 8 ) 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 expression ( 1 . 2 7 ) , which i s 
then minimized w i t h respect to the c o e f f i c i e n t s D̂ , and any 
parameters contained i n the d e f i n i t i o n of the s p a t i a l o r b i t a l s 
<(>. I n p r a c t i c e , t h i s " f u l l " o p t i m i z a t i o n ( c a l l e d the M u l t i -
C o n f i g u r a t i o n Self-Consistent F i e l d method) i s too complex and 
time-consuming f o r many-electron systems of chemical i n t e r e s t , 
and i s only r a r e l y c a r r i e d out. The most widely used approach (the 
Molecular O r b i t a l model) i s to r e t a i n only a s i n g l e term i n 
( 1 . 2 8 ) , v i z . , 

D 1 = l Di = 0 , i > l 

and devote a l l the computational e f f o r t i n t o choosing the best 
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p o s s i b l e o r b i t a l s i n this s i n g l e c o n f i g u r a t i o n . The other 

method, which uses f i x e d o r b i t a l s • and optimizes the c o e f f i c ­

i e n t s of 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 wavefunction 

i s the Valence-Bond method, which i s widely used q u a l i t a t i v e l y , 

but has found l i t t l e q u a n t i t a t i v e a p p l i c a t i o n . 

The computation of optimum l i n e a r expansion c o e f f i c i e n t s , 

D i of ( 1 . 2 8 ) , when the functions * are not optimized, i s 

p a r t i c u l a r l y easy to formulate i n general. Thus, i f : 

k 

then s u b s t i t u t i o n into ( 1 . 2 7) g i v e s : 

2 D i D J
 Hu 

E = ^ ( 1 . 2 9 ) 
V D. D. S. . 

i . j 

where 

and 

H i. = J * ± H * d T ( 1 . 3 0 ) 

Rearranging ( 1 . 2 9 ) g i v e s : 

£ S. . E = £ D . D. H.J ( 3 = 1 , 2 ) 

1 
3 E / 3 D 

Forming / j f o r each value of j , and equating each p a r t i a l 

d e r i v a t i v e to zero, ensures a minimum i n ( 1 . 2 9 ) -
The r e s u l t i n g equations are best c o l l e c t e d i n matrix form 

( H - E S ) D = 0 ( 1 - ^ 2 ) 
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or 

H D = E s D 
where H and 5 a r e matrices whose elements are defined by 

( 1 . 3 0 ) and ( I . 3 1 ) r e s p e c t i v e l y , and Q i s a column matrix of 

the c o e f f i c i e n t s D^. I n p a r t i c u l a r , i f a set of orthogonal 

* f u n c t i o n s i s chosen, then $ = I < a n c^ 

H D = ( 1 . 3 3 ) 

an obvious matrix analogue of the Schrodinger equation. 

1.3 The Self-Consistent F i e l d Method f o r Closed S h e l l Systems 

1.3-1 The Hartree-Fock Equations 

The basis of the s e l f - c o n s i s t e n t f i e l d (SCF) 
treatment of molecules l i e s i n the extension of the treatment 

1 2 1"5 of atomic systems by Hartree, which was modified by Fock ^ 
14 

and S l a t e r t o include the anti-symmetry of the wavefunctions. 
The method consists of minimizing the energy r e s u l t i n g from a 
singl e - d e t e r m i n a n t a l wavefunction of the type ( 1 . 2 1 ) , to derive 
a set of i n t e g r o d i f f e r e n t i a l equations known as the Hartree-
Fock equations. The Hartree-Fock (HF) wavefunction i s the best 
( i n the v a r i a t i o n a l sense) wavefunction which can be constructed 
by assigning each e l e c t r o n to a separate o r b i t a l , or f u n c t i o n , 
depending only on the co-ordinates of t h a t e l e c t r o n . The 
Hartree-Fock equations can only be solved i n closed form f o r 
one-electron systems such as the hydrogen atom; however, f o r 
atoms, the equations may be solved to a high degree of accuracy 

IS 
by numerical i n t e g r a t i o n . J For molecules, the o r b i t a l s are 



14 

expanded i n terms of a set of a n a l y t i c a l basis f u n c t i o n s . 
Since i t i s never possible t o use a mathematically complete 
set of f u n c t i o n s i n molecular c a l c u l a t i o n s of a p r a c t i c a l 
nature, only approximate s o l u t i o n s of the Hartree-Fock equat­
ions are obtained. The best (lowest energy) s i n g l e determin-
a n t a l wavefunction constructed w i t h i n a f i n i t e basis set i s 
the SCF wavefunction. 

The aim, then, of the molecular o r b i t a l (MO) method i s 
to f i n d the best possible one-conf i g u r a t i o n ( s i n g l e determinantal) 
approximate s o l u t i o n o f: 

H v = E ¥ 

where H i s the f u l l , n o n - r e l a t i v i s t i c molecular Hamiltonian, 
and f i s a determinant of s p i n - o r b i t a l s , whose s p a t i a l compon­
ents are the molecular o r b i t a l s <f>^. The simplest and most 
commonly oc c u r r i n g case i s the c l o s e d - s h e l l , ground s t a t e 
f u n c t i o n : 

* Q = v 0 ( 1 , 2 , . . . .,2M) = 1*1 * 1 + 2- - - - * M I ( 1 . 3 4 ) 

The computational method i s to assume a p h y s i c a l l y p l a u s i b l e 
form f o r the fu n c t i o n s 4>̂ , which contains adjustable parameters 
which may be optimized w i t h i n the v a r i a t i o n a l p r i n c i p l e . A 
convenient form f o r the approximate molecular o r b i t a l s <$>̂  i s 
a l i n e a r combination of atomic o r b i t a l s , n̂ .. 

The e l e c t r o n i c Hamiltonian f o r a 2M e l e c t r o n system may 
be w r i t t e n as: 

2M M(2M-1) 

H = H ( 1 , 2 , . . . .,2M) = 2 h y + 2 g ( 1 . 3 5 ) 
\i - 1 VJ>V 

A where h i s o f t e n r e f e r r e d t o as the one-electron, or core v 
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Hamiltonian, c o n s i s t i n g of the k i n e t i c - e n e r g y operator and 
electr o n - n u c l e a r a t t r a c t i o n terms f o r e l e c t r o n u: 

The second term i n ( I . 3 5 ) , g ii\t i s the e l e c t r o n - e l e c t r o n 
i n t e r a c t i o n : 

The energy value a f t e r s u b s t i t u t i o n of y and H i n t o the 
expectation value equation i s : 

E = / T * H » D dx = < * 0 |H |T 0> (1.38) 

where we have introduced the bra-ket n o t a t i o n of Dirac. 

S u b s t i t u t i n g (1.34) and (1.35) i n t o ( I . 3 8 ) , and i n t e g r a t i n g 
out the s p i n - v a r i a b l e s , gives: 

M 
E = 2 ^ < V 1) 'W1) > + 

P 
(1.39) 

M M 

p q 

The two-electron i n t e g r a l s i n the double-summation of (1.39) are 
the Coulomb and Exchange i n t e g r a l s , r e s p e c t i v e l y . Note t h a t 
i n the Coulomb i n t e g r a l s , e l e c t r o n (1) i s associated w i t h 
o r b i t a l <(> only, whereas i n the Exchange i n t e g r a l s , e l e c t r o n 

P 
(1) i s associated w i t h both o r b i t a l 4>p and <j> . This d i s t i n c t ­
i o n between Coulomb and Exchange terms becomes c l e a r e r i n the 
"charge cloud" or e l e c t r o n density formalism, where o r b i t a l s 
associated w i t h e l e c t r o n (1) are c o l l e c t e d i n f r o n t of the 
operator. Thus: 
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M 
E = 2 £ l U p l*p) + 

P 
(1.40) 

M M 

p q 

i s e x a c t l y equivalent to (1.39). This expression may be 
f u r t h e r abbreviated t o : 

M M M 
E = 2 ]>! h * + 2 2 ( 2 J * - K * ) (1.41) 

P PP P q pq pq 

where J and K symbolize the Coulomb and Exchange i n t e g r a l s , 
pq pq 

and h i s the one-electron term, or core p o t e n t i a l . The PP 
su p e r s c r i p t $ i n d i c a t e s t h a t these matrix representatives are 
over the MO basis. Note t h a t J „ = K . The r e l a t i v e 

PP PP 
magnitudes of these q u a n t i t i e s are: 

0 s K $ J $i(J + J ) (1.42) 
pq pq PP qq 

The J and K i n t e g r a l s may conveniently be expressed as 
pseudo one-electron i n t e g r a l s , by d e f i n i n g pseudo one-electron 

A A operators J and K as: P P 
J p *p = < *q | g12|*q > *p 

and K <(> = <<t> l g - . n l * > * q P q I *12l p q 

such t h a t J * = <* (1) • (2) g 1 0 U (2)4> (1) > pq P q '12 | q v ' P 

P I q I P > 
= < d» , J | < P > / , I. _ \ q P q (1-43) 

and 

http://lg-.nl*


17 

K pq < # p ( D t p ( 2 ) | g 1 2 | * q ( l ) * q ( 2 ) > 

< ^ p ( l ) ^ q ( l ) | g 1 2 | * q ( 2 ) ^ ( 2 ) > 

K ! •] 

K (1-44) 

The energy expression may then be w r i t t e n as: 

M M 
E = 2 z ^ p | h + T

 (2J<>" K ^ l * p > 

M 

P 

M 11 0 
q q Tp 

where the prime 1 i n d i c a t e s summation f o r p>q only. 

According t o the V a r i a t i o n Theorem, the energy may be 
optimized by v a r i a t i o n of <l>. Thus, t o minimize E w i t h respect 
to <|> requires t h a t : 

P 
6 E = 0 

subject t o the c o n s t r a i n t t h a t the o r b i t a l s <f» remain or t h o -
normal: 

* 
pq = < pl q> = / P q = pq (1.46) 

This leads t o a r e s t r i c t i o n i n the v a r i a t i o n of • , v i z : 

6 S p q =
 /( 6 O V 1 + / ( 6 * q 5 * p * d T = ° (1.47) 

Consideration of an a r b i t r a r y v a r i a t i o n i n E caused by an 
i n f i n i t e s i m a l v a r i a t i o n i n the MO, 5-*p» gives: 

M 
6E = 2 

+ 2 

^ / ( f i * p * ) h + ( 2 J - K ) 2 q q y 

M 
q 

M i * 1 - 1' * *. 
h + ^ ( 2 J Q - K q ) 

P q 

4 d x 

d T = 0 

(1.48) 
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D e f i n i n g the Fock operator, F, as: 

F = -
M i , 

h + 2 <2Jq-V 
q 

(1.49) 

gives: 

6 E 2 vA* F * d T + 2 v/6 • F • d T 
2,' P P 2/ P P 

= 0 (1.50) 

I n t r o d u c t i o n of undetermined Lagrangian m u l t i p l i e r s , and the 
appropriate combination of (1.47) and (1.50) leads to the 

Hartree-Fock expression o r i g i n a l l y formulated by Roothaan: 16 

F • = • e P P P (1.5D 

where the £ ^ were o r i g i n a l l y introduced as a s p e c i f i c case 
of undetermined Lagrangian m u l t i p l i e r s , which may be i n t e r ­
preted as " o r b i t a l energies". 

1.3-2 Matrix Formulation of MO Theory 

We r e q u i r e now t o replace the MO • by a l i n e a r 
combination of atomic o r b i t a l s , n ; i t i s convenient at t h i s 
stage to introduce a b r i e f discussion of the use of matrix 
algebra i n MO theory. An o r b i t a l <j> may be represented as a 
l i n e a r combination of basis f u n c t i o n s : 

• = C 1 n 1 + C 2 n 2 + . . . . C n n n = ^ 

I 
T his may be w r i t t e n i n vector form: 

C.n. (1-52) 

<J> = (C-^Cg- ( n l n 2 n n Y C l \ (1-53) 
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or = Cn = nC 
where the single-bar subscript r e f e r s to a row or column 
vector. Now, i n quantum chemistry, the molecular o r b i t a l s 
<t> are obtained by a tr a n s f o r m a t i o n from some set of basis 
f u n c t i o n s such as a l i n e a r combination of atomic o r b i t a l s , n . 
The transforming matrix C I s then r e f e r r e d to as the c o e f f i c ­
i e n t matrix. The number of occupied MO must be less than ,or 
equal to the number of basis f u n c t i o n s : 

j = n C 
or i n d e t a i l 

( V 2 " - ' V " - * n > = ( n l n 2 • n n ) / C l l C12" ' '°lm • ' , C l n 

m (n-m) n 
occupied MO v i r t u a l MO AO 

C21 C22*' , C2n '2n 
(1.54) 

C n l Cn2-•-Cnm' nn 

To introduce i n more d e t a i l the meaning of the expression 
A 

"matrix r e p r e s e n t a t i v e " , consider * = A*, where both v and 
<t> belong to the orthonormal vector space . The inner pro­
duct between f and <f> , i n terms of t n }, may be generated by 
expressing * as a l i n e a r combination of the se t f n J: 

n 
n.C. n C 

Now the inner product, or overlap i n t e g r a l , i s given as: 

< n i ' V 
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Thus. 

| » p > = < $ | A $ > = <4>|A| •> 
n n < 2 | A | ^ n . C n > 

i J 
n n 

i J 
n n 

C, 

i J 

(1.55) 

< ̂  A J ((»> i s frequently c a l l e d the expectation value of 

the operator A. Writing (1.55) i n matrix form: 

* * • |* > = (c 1 c 2 . .. -cn ) / a l l a 12 ' 

a 21 a 22 ' " " " a 2n 

a n l a n2 nn 

(1.56) 

< • | f > = C A C (1-57) 

Here, matrix A I s the matrix r e p r e s e n t a t i v e of the operator 

A i n the b a s i s (n } f best w r i t t e n with a s u p e r s c r i p t showing 

the b a s i s : A , with matrix elements < r\| A | nj >-

Having a matrix r e p r e s e n t a t i v e of an operator over the AO 

b a s i s , say, i t i s often necessary to obtain a s i m i l a r matrix 

r e p r e s e n t a t i v e of another b a s i s , such as the MO b a s i s . L e t 

* = • u (1.58) 

where both f<t>̂ } and d l O are the b a s i s v e c t o r s of two n-

dimensional orthonormal vector spaces. Thus, ( I . 5 8 ) w r i t t e n 
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i n f u l l i s 

'•n ) = ^ i V ^ V / U l l U 1 2 .... U in ' 

u 2 1 u 2 2 U 2n 

\ U n l Un2 - U nn/ 
Correspondingly, 

u • (1-59) 

A * A • A < 

We wish to express A i n terms of A > because A 

i s given, and the u n i t a r y matrix [) connecting and 4> i s 

a v a i l a b l e . Now: 
<*! I A |*x > x | A |* 2> < * 1 | A | * n > 

<*2 I A I * l > 2 I A I * 2 > < < ( 2 I A I *n 

% I A |* 1> <* n | A | * 2> 

(1.60) 

From (1 .55) , a given matrix element may be expressed as: 

n n 
:*k |A|*1> = 2 2 u^ (1.61) 

<Ukl* U k 2 * - " 0 a l l a 21 a l n 
a 21 a 22 a 2n 

a n l a n2 • • • • ann 

U 11 
U 21 

U. n l 
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or 
,* - k l = V A* Hi 

Thus, the whole matrix may be w r i t t e n a s : 

(1.62) 

a * a * a * a l l a12 mmmaln 

a * a * a * a21 a22 '•• a2n 

nl n2 nn 

or: 

U n U 2 i*"- U ni* 

U12 U22 U 
h2 

In zn nn 

• • 
a l l a12 " ^ I n 

• • 
a21 a22 , , , a 2 n 

• * 4 
a n l an2 , , , a n n 

11 12 In 

U21 U 22" , U 2n 

U A U 

U nl U n2"- U nrJ 

(1.63) 

T h i s equivalence i s u s u a l l y r e f e r r e d to as a s i m i l a r i t y 

transformation. 

The eigen-problem equation for an n-dimensional space 

may be w r i t t e n a s : 

or 
Q • = J> £ (1.64) 

where £ i s a diagonal matrix. Taking the inner product 

with ^ g i v e s : 

< * i i Q l * i > = * i > £ l 

or 

Thus, i f f : 

S € 

then: 

s = I 

Q • € (1.65) 
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T h i s i m p l i e s that 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. 

I f r e p r e sents the MO, which are unknown, then Q 

must be obtained by means of a s i m i l a r i t y transformation from 

the known Q , where (n^} i s the chosen s e t of AO: 

i = aC 
S u b s t i t u t i n g into the eigenproblem equation (1.64) g i v e s : 

$ t n t n 
Q = C Q C = C S C € ^ 6 6 ) 

Expanding ^ i n terms of an orthonormal AO b a s i s set fx} , 

noting t h a t : 

i = X (J and i + = U ' 2L + (1.67) 

then: 

Q * = U + Q* U = U + S* U € txHs orthonormal, 

th e r e f o r e 5 X = I 
t 

= U U € U l s u n i t a r y , thus 

u+= u"1 

= « (1.68) 

I n p r a c t i c e , one works with r e a l o r b i t a l s , and thus U i s 

orthogonal, w h i l s t Q x i s r e a l , symmetric. Consequently, 

d i a g o n a l ! z a t i o n of a r e a l symmetric matrix i s of utmost import-

ance, s i n c e the matrix ( [ } ) that d i a g o n a l i z e s Q v i a a 

s i m i l a r i t y transformation i s the matrix that transforms the 

orthogonal AO b a s i s s e t (x } to the MO b a s i s s e t {()>}. 

A widely used method for the d i a g o n a l i z a t i o n of a r e a l , 

symmetric matrix i s that of Jacobi, based on s u c c e s s i v e plane 

r o t a t i o n s . I f the o r i g i n a l r e a l , symmetric matrix i s Q Q , the 
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matrix obtained a f t e r r o t a t i o n i n the f i r s t plane (J^» e t c . , and 

the f i n a l diagonal matrix £ > then the method may be r e p r e s ­

ented as: 

Qi Vf 0 * **1 7 ' ' ' ' Wk-1 ^ *«k — r c 

The matrix i n the k^-n step i s r e l a t e d to the previous matrix 

by: 

where i s a n orthogonal matrix a s s o c i a t e d with the r o t a t i o n 

i n the kfc-n plane - i n general, the elements of the matrix i n ­

v o l v i n g r o t a t i o n i n the r , s plane a r e : 

* = 1 
i f J t r , s 

U = U = cos a 

r r s s 
U = -U = - s i n a r s s r u1} - n t - o 

Here, a i s the angle of r o t a t i o n . Values of and Uj c
+ a r e 

s u b s t i t u t e d i n t o the above equation, and off-diagonal elements 

a s s o c i a t e d with the r , s plane eliminated. T h i s i s done 

s u c c e s s i v e l y , and the f i n a l orthogonal matrix U in c o r p o r a t i n g 

a l l of the r o t a t i o n a l matrices [ ) ^ i s i n f a c t the product 

matrix of a l l (J^- I n p r a c t i c e , each matrix i s m u l t i p l i e d 

by the previous products of Û * s o that one obtains s u c c e s s ­

i v e l y \Jy ( (J 1 U 2) 8 1 1 ( 1 s o on-

Returning to the d i s c u s s i o n of the Fock eigenvalue 

equation (1 .51) , i t should now be apparent that the elements 

of the Fock matrix over the MO b a s i s , F*, may be w r i t t e n as: 

Converting the Hartree-Fock operator equation (1.51) to matrix 

form g i v e s : 

F * = €. (1-70) 
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s i n c e : 

S*= I or S * s t = < * s U t > = « a t ( 1 ' 7 1 ) 

thanks to the orthonormality of the MO b a s i s (1.46). Because 

• i s unknown, s u b s t i t u t i o n of: 

1 = nC and i = C a (1-72) 

g i v e s the Hartree-Fock matrix equation over the AO b a s i s : 

C + F n C = C f S n C € (1.73) 

where 
n n n n 

F = H + 2 J - K (1.74) 

and 

B\s - < % l «} > (1.75) 

These molecular i n t e g r a l s ( i n pseudo one-electron form) a r e : 

h ^ d ) = < n . ( l ) I h |n j ( l ) > (1.76) 

j n i J ( l ) = i 2 ( n i n J KV'kl ( 1 - 7 7 ) 

k 1 

N N 
K = 2 2 (Vk |n A* P * l 

where i s the k l ^ 1 element of the density matrix. 

(1.78) 

M 

Thus: 
N N 

C M C M
+ (1-79) 

or 

"ij = h l j + 2 W^l'l) I n k n i ) " < n i " K | n J"!*] 
P U " h i J + 2 J i J - K l j f 1 - 8 0 ' 
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Writing E i n terms of the AO i n t e g r a l s from (1.41) g i v e s : 

N N r, N N n N N 
E = 2 2 p u h J i + 2 2 2 p u J 3i "2 In^n 

1 j j" 1 j 
(1.81) 

Rearranging t h i s to include the Fock matrix e x p l i c i t l y : 

N N N N 

i j 1 j 
N N N N n 

, Vx,-. ., j- 2Jn - Kn .. ) j v J i J i j i 

2 2 p^ h ̂  + 2 5> i ^ j i 
i 3 i j 
N N 

i J 

(1.82) 

The innermost summation over j w i l l e l i m i n a t e the running 

index j , l e a v i n g only i i elements. Thus, the outermost 

summation over i i s simply a summation of the diagonal elements 

of a diagonal matrix - the t r a c e of the matrix: 

n n 
E = t r p{ H + F ) (1.83) 

I t i s a l s o of i n t e r e s t to r e l a t e the o r b i t a l energies to 

the t o t a l energy. (1.70) shows that the matrix r e p r e s e n t a t i v e 

of the Pock operator over the MO b a s i s i s simply the MO energy 

matrix. When matrix elements F * are transformed to the AO 
PP 

b a s i s , the following equivalence holds: 
N N 
V Y c . <n. I f I n .>c . Z ^ i p 1 j jp 
i J 

(1.84) 

Summing a l l occupied MO energies r e s u l t s i n : 

M N N 

e S F * |F|«t>> = P PP P P 

2 p 2 2 piJ V p l V - 5 ; 2PiJ p n J i ( 1- 8 5 ) 
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R e c a l l i n g from (1.80) t h a t ; 

h = F j i ( 2 J J i 

and s u b s t i t u t i n g i n t o (1.82) g i v e s : 

N N 
E = ^ V P 

i j 

2F (2J J i - K n ) 

N N 
= 2 ^ ^ p 2 Z B« PV 

N N 

i j 
j i J i ; 

(1.86) 

From ( I . 8 5 ) then g i v e s : 

M 
E = 2 1 

The t o t a l e l e c t r o n i c energy E i s thus seen to be twice the sum 

of the doubly occupied MO minus 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 . 

1.50 The SCF Procedure 

Developing the d i s c u s s i o n of (1.80) and ( 1 . 8 l ) , 

the b a s i c problem i s that even when a l l the i n t e g r a l s are 

known, p n (required f o r the Hartree-Fock equation (1 .73)) 

and E cannot be c a l c u l a t e d , s i n c e both depend on yO , which 

depends on Q, which i s what we want to obtain from the Hartree-

Fock equations. T h i s r e q u i r e s that the eigen-problem equation 

be solved i n an i t e r a t i v e manner by the process r e f e r r e d to 

as the S e l f - C o n s i s t e n t F i e l d (SCF) method. 

Consideration of the orthogonality problem i s required. 

The b a s i s s e t (n) i s not orthogonal, so that the c o e f f i c i e n t 

matrix C which diagonal!zes F cannot be found by an ortho­

gonal transformation. Consequently, i t i s necessary to 
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transform the non-orthogonal set (n) into an orthogonal s e t 

fx), and correspondingly, F n i n t o F x . F x may then be 

diag o n a l i z e d by an orthogonal transformation (such as Jac o b i ' s 

d i a g o n a l i z a t i o n ) , permitting the c a l c u l a t i o n of the c o e f f i c i e n t 

matrix. Since o r t h o g o n a l i z a t i o n may be regarded as a s p e c i a l 

type of transformation, the C matrix i s separated into two 

matrices V and U : 

i = a C = a V U = x U (1.88) 

T h i s process i s sc h e m a t i c a l l y i l l u s t r a t e d i n Figu r e 1.1. 

\2 

AO iZZZuK is overlap 

0 0 

1 

MO 

U 

00 MO AO 

F i g . ( J . l ) S c l i e m a t i c i l l u s t r a t i o n f o r the t r a n s f o r m a t i o n 
o f AO to MO. 
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(1.88) g i v e s : 

<L+ = U + V + * = U + * + (1-89) 

S u b s t i t u t i n g i n t o the Hartree-Fock equation (1.73)* s i n c e 

C = V U > g i v e s : 

U + V + F n V U - U + V + S n V U € 
v v > v / d -90) 

U + F x U = U + I U € 

s i n c e S n= I f o r orthonormality. Then: 

U + F x U - € ( 1 , 9 1 ) 

€ i s a diagonal matrix, so that F X m a v ^ e diagonal!zed by [} . 

Lowdin"1"^ showed that the orthogonalizing matrix V may be 

chosen to be S ~ 2« T h i s i s known as the symmetric, or 

Lowdin, orth o g o n a l i z a t i o n . Thus: 

F x = S"* F n S"* d -92) 

The i t e r a t i v e SCF procedure may conveniently be presented 

i n the form of a flow-chart, shown i n Figure ( 1 . 2 ) . 

I n the course of a well-behaved SCF procedure, the t o t a l 

energy E i s lowered i n each i t e r a t i o n c y c l e ( i . e . , E R becomes 

more negative as n i n c r e a s e s ) . Convergence may be measured 

by the d i f f e r e n c e between the energy-values a s s o c i a t e d with 

two s u c c e s s i v e i t e r a t i o n s , as i n Figure ( 1 . 2 ) . A l t e r n a t i v e l y , 

I t i s p o s s i b l e to .judge convergence i n terms of the de n s i t y 

matrix: 
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Define AO h terms of be sis functions {\} 

1 
Evaluate all molecu 

and (i 
lar integrals hjj 
|MI ' 

Orthogonalize AO to obtain 00 {%} 
by construction of V : S ^ 

Set E > 0 

Form density matrix: P = C m C m ' 
Im corresponds to occupied MO onlyl 

Initial coefficient matrix 
Simplest guess is: 

CO 
Form the matrices 

T 
Calculate energy En., 

E n S t r { 2 H * 2 J f - KM 

J 

Print En 

Calculate the energy difference 
A E n = E n - i - E n 

A : AEn ' AEdnind 

1 

Form Fock - matrix: 

P.ff.jAK 1 1 

T 
Print out fcp and Qj 

I 

Transform F n t o Fxbrthogonalisel 

F>.V F 1 1 V 

Compute electron distribution 
and electronic properties 

End of SCF 

Dtagonofee F * 

T 
Form coefficient matrix: 

c»vu 

F i g . (1 .2) Flow-chart f o r the i t e r a t i v e SCF method. 
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A Pn = Pn-1 ' Pn U-93) 

Convergence i s i l l u s t r a t e d s c h e m a t i c a l l y i n Figure (1 -3) . 

Energy 

2 3 A 5 6 7 8 

X 
\ 

X X^ 

•>-n : number of 
iterations. 

E S C F 

F i g . (1 .3) Schematic i l l u s t r a t i o n f o r the convergence of 
an SCF c a l c u l a t i o n . 

Another point of i n t e r e s t i s the consequence of choosing 

C = 0 • I n t h i s event, p = Q , and terms that i n c o r ­

porate the d e n s i t y matrix (e.g. J ( P ) and K ^ ) w i l l v a n i s h . 

However, the Fock-matrix w i l l not, and the approximation 

F n i j n 
n w i l l be operative. 

1.4 Open-Shell SCF Theory 

1.4.1 Unpaired E l e c t r o n s 

The methods d i s c u s s e d i n S e c t i o n 1.3 are l i m i t e d 

to "closed s h e l l " systems: the e l e c t r o n i c s t r u c t u r e i s 
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d e s c r i b e d by a s i n g l e determinant of doubly occupied s p a t i a l 

o r b i t a l s . However, t r a n s i t i o n metal compounds, many c a t i o n i c 

and f r e e - r a d i c a l s p e c i e s , and t r a n s i e n t s p e c i e s such as core-

i o n i z e d systems have unpaired e l e c t r o n s , or "open-shell" 

e l e c t r o n i c s t r u c t u r e s . A b r i e f d i s c u s s i o n of the LCAO MO 

open-shell theory i s therefore given. 

The s p i n m u l t i p l i c i t y of a system i s e s s e n t i a l to the 

c l a s s i f i c a t i o n of open-shell systems: 

s p i n m u l t i p l i c i t y = 2 | s z | + 1 (1.94) 

where s
z i s the expectation value of the t o t a l spin angular 

momentum with respect to one a r b i t r a r y a x i s ( Z ) , computed by 

summing the sp i n eigenvalues (-|) of the i n d i v i d u a l e l e c t r o n s 

of the system, as given by: 

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

S z = £ s z ( i ) (1.95) 

i 

I n c o n s t r u c t i n g a proper determinantal wavefunction f o r 

an open-shell system, i t i s g e n e r a l l y required that the wave-

functi o n be a simultaneous eigenfunction of the S z and S z 

s p i n angular momentum operators. Now, a commonly-occurring 

open-shell e l e c t r o n i c c o n f i g u r a t i o n i s one i n which there i s 

only one e l e c t r o n outside c l o s e d s h e l l s . I n such a s i t u a t i o n , 

two equivalent wavefunctions may be constructed for the 

doublet s t a t e , as i l l u s t r a t e d f o r a t h r e e - e l e c t r o n system: 

* 2 1 * a \ 

• i — H — * i — H — 
* a - 1^(1) 0(1)^(2)8(2)42(3)0(3)1 * g = | A j U M D 4^(2) 0(2) <J>2(3)6(3) | 
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These two spin s t a t e s are equivalent i n the absence of a 

magnetic f i e l d , and i t i s therefore s u f f i c i e n t to t r e a t only 

one of them. By convention, the one y i e l d i n g the l a r g e s t 

s p i n eigenvalue i s chosen, which i n t h i s example i s * q. 

"2 

As f a r as the S operator i s concerned, the s i t u a t i o n f o r 

a doublet and t r i p l e t s t a t e may be exemplified as f o l l o w s : 
S 2 * Q = h(i + 1) * a = 0.75 * a 

S 2 * = 1 ( 1 + 1 ) * = 2 . 0 0 * 
aa aa aa 

The 0 .75000. . . and 2 .00000. . . are measures of the spin p u r i t y 

of the s t a t e f o r doublet and t r i p l e t m u l t i p l i c i t i e s r e s p e c t i v e l y . 

T h i s p u r i t y i s guaranteed i n the R e s t r i c t e d Hartree-Fock (RHF) 

method. However, i f i t i s required only that the wavefunction 

be a v a r i a t i o n a l s o l u t i o n of the Schrodinger equation s a t i s ­

f y i n g the P a u l i p r i n c i p l e , then the spin U n r e s t r i c t e d Hartree-

Fock (UHF) method i s obtained, i n which s p i n p u r i t y i s no longer 

guaranteed. T h i s l a t t e r method i s a l s o known as 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) method, and the d i s t i n c t i o n 

between the two formalisms, RHF and UHF, i s i l l u s t r a t e d 

s c h e m a t i c a l l y i n Figure ( 1 . 4 ) . 

Each of these methods i s o u t l i n e d below. 

1.4.2 R e s t r i c t e d Hartree-Fock Formalism 

18 

Roothaan's open-shell RHF approach reduces the 

open-shell equations f o r a la r g e number of cases to pseudo-

eigenvalue form by absorbing o f f - d i a g o n a l m u l t i p l i e r s (which 

cannot i n general be eliminated simply by a u n i t a r y t r a n s ­

formation, due to the coupling of the c l o s e d and open s h e l l ) 

i n t o the e f f e c t i v e Hamiltonian; i . e . , by r e d e f i n i n g the Fock 

operator. 
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«L - manifold p - manifold 

open shell : - r — 4-_ 
• • * »• 

open shell : — — — — — — , 4-_ 
• • * »• 

closed shells -H- +" i -
-H- + 
:-H- i ;-t-

• • • • • 1. •.. 
R H F U H F 

F i g . (1.4) Schematic i l l u s t r a t i o n of the d i f f e r e n c e between 
the RHF and UHF formalisms. 

Consider the MO, $ , of a system d i v i d e d in t o c l o s e d -
s h e l l MO 4> , and open-shell MO 4» , which are r e s t r i c t e d to 

c o 
be orthonormal: 

* = (4>c. * 0 ) (1-96) 

I f the wavefunction i s constructed from these MO as a s i n g l e 

S l a t e r determinant, then the molecular e l e c t r o n i c energy f o r 

an a r b i t r a r y open s h e l l may be w r i t t e n a s : 

n n n c c c 
E = 2 2 H k + 2 2 ( 2 J k l - K k l ) 

k k 1 

closed s h e l l 
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n n n 
+ 2 2 H m + 2 1 - K m n ) 

m=n +1 c m=n +1 m=n +1 c c 

open s h e l l 

n n c o 
(1.97) 

2 2 ( 2 J k m - \J 
k m=n +1 c 

c l o s e d - s h e l l - open-shell i n t e r a c t i o n 

where 

k , l are the running i n d i c e s for c l o s e d - s h e l l o r b i t a l s 

m,n are the running i n d i c e s for open-shell o r b i t a l s 

n Q i s the number of MO i n the cl o s e d s h e l l 

n Q i s the number of MO i n both the c l o s e d and open s h e l l 

( i . e . n Q - n G i s the number of MO i n the open s h e l l only) 

For a r e l a t i v e l y l a r g e c l a s s of systems, the energy may 

be w r i t t e n more g e n e r a l l y a s : 

n. n n c c 
E = 2 Z H* + I 2 

k k 1 
< 2 J k l " K k l > 

+ f 
n_ n 

I 
m 

s ~~s n 
2 V H + ^ (2a J _ - b K _ ) 

m m n 
mn mn 

n n c s 
+ 2f ^ ^ (2J. - K, ) > > v km km' (1.98) 

m 

Here, a and b depend on the s p e c i f i c s p i n s t a t e of a given 

c o n f i g u r a t i o n . The f r a c t i o n a l occupancy, f, v a r i e s between 

zero and uni ty ( 0 * i" * ] ) , where zero i s the value for an 
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unoccupied s h e l l , and u n i t y i s the value of f f o r a cl o s e d 

s h e l l . Note that n g i s the number of degenerate s p a t i a l 

o r b i t a l s w i t h i n the open s h e l l s : 

f o r t r i p l e degeneracy, t 2 g . n s = 3 

f o r double degeneracy, e_ n = 2 
g s 

fo r no degeneracy, n = 1 

A number of important cases f a l l w i t h i n the range of t h i s 

method, i n c l u d i n g the h a l f - c l o s e d s h e l l , and p a r t i a l l y occu­

pied degenerate s e t s of o r b i t a l s . A s l i g h t l y more general 

expression f o r the energy allows for the case of two open 
19 

s h e l l s of d i f f e r e n t symmetry to be handled. ^ 

The two s e t s of o r b i t a l s , <\> and $ , are eigenfunctions 
c o 

of two molecular Fock operators: 

F <)> = • e ( f o r c l o s e d s h e l l s ) c c c c v 

F $ = (ji e ( f o r open s h e l l s ) o o o o v * ' 
( 1 . 9 9 ) 

Where the corresponding Fock matrices a r e : 

F c - H + 2 J C - K c + 2 J 0 - K 0 + a « L 0 - e M o 

(1.100) 

F 0 = H + 2 j c - K c + 2 a J Q - b K Q + 2 c L c - e M c 

The L and M operators are defined as f o l l o w s : 

n n c c 
c = 2 > < 4 , k ! J o M c = 2 I* k><* k l K o L 
c 

k k (1.101) 

L = f y i * ><• I J M = f > ! • ><• | K o Z j ' m m ' o o /-»' m m o 

n s 

m m 
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where 
a = and 3 = Y^rf ( 1 .102) 

1 . 4 . 3 U n r e s t r i c t e d Hartree-Fock Theory 

I n the UHF method, the equivalence r e s t r i c t i o n by 

which the s p a t i a l p a r t s of each c l o s e d - s h e l l p a i r of sp i n -
20 

o r b i t a l s are i d e n t i c a l i s removed. Thus, the wavefunction 
a 

i s now w r i t t e n as a s i n g l e determinant of a o r b i t a l s , <l> , which 
3 

are occupied by e l e c t r o n s of a spin, and S o r b i t a l s , • , which 

are occupied by e l e c t r o n s of 0 spin, where a ̂  B . Again, two 

Hartree-Fock problems are considered, one f o r thea-spin mani­

f o l d , and one for the 3-spin manifold: 
F " = <,a

 E
a (1 .103) 

where 
a 

= i C B 

(1.104) 

(1 .105) 

The two Fock matrices may be w r i t t e n a s : 

F a = H + J - K a 

F 3 = H + J - K e 

where K " and K P depend on p a and p e , the r e s p e c t i v e 

d e n s i t y matrices: 

p a - c 0 c „ + / = c 6 c ; (i - i o 6 ) 

Elements of the J , K ™ and matrices are defined a s : 
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J r s " 2 2 ( P ° U
 + P T

6
U ) <n r(l)n r ( 2 ) |g 1 2| n s ( D n r ( 2 ) > 

r s 

r s 

1 2 p ; V 1 K ' 2 ) l 6 1 2 | n u ( l ) , s ( 2 ) > ( 1 . 1 0 7 ) 

t n 

B 2 2 ' t u ^ K ^ I « i 2 l n u ( l ) n B ( 2 ) > 
t n 

The t o t a l e l e c t r o n i c energy of the system may be w r i t t e n a s : 

a + B a+B a+B a a B B 

*- 2 « i + *2 2 J i j - *< 2 2<j +2 2 KV 
i i j i J i J 

(1 .108) 

The wavefunction obtained by the UHF method i s not a pure 

s p i n s t a t e , and t h i s i s , i n a sense, u n r e a l i s t i c , s i n c e i t i s 

a wavefunction "contaminated" by s p i n s t a t e s of higher m u l t i ­

p l i c i t y . An important consequence of t h i s contamination i s 

that the energy computed i s not a quantum mechanically rigorous 

upper bound f o r the energy of a molecule. I n other words, 

the energy already incorporates a small (and undesired) f r a c t i o n 

of the c o r r e l a t i o n energy, leading to an energy-lowering over 
21 

the RHF method of the order of 1/10 eV. The most s t r a i g h t ­

forward way of making the UHF wavefunction an exact eigen-
2̂ 22 f u n c t i o n of S i s to apply a spin p r o j e c t i o n operator; 

however, the pr o j e c t e d wavefunction i s not s t r i c t l y v a r i a t i o n a l . 

1.5 Molecular P r o p e r t i e s 

1 .5 .1 Mulliken's Population A n a l y s i s 

Although the e l e c t r o n density d i s t r i b u t i o n w i t h i n 

a molecule i s continuous, i t i s a u s e f u l concept to a s s i g n a 

charge to each atom i n the molecule. Such populations are 
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2"3 
given by a Mulliken population a n a l y s i s . 

I n general, the MO are expressed as a l i n e a r combination 

of AO: 

• . = . C .. ( 1 .109) 

J 

Thus 

• i 2 = < 5>j c j i > = ( 2 ̂  c j i ) < 5>k c k i > 

= 2 S ^ ^ c j i cvc± ( 1 - 1 1 0 ) 

I n t e g r a t i n g over a l l space, the o r b i t a l population i s : 

N. = N ±/ ^ dx = N. J 2 C J i C k i / n ^ d x 

= N, y y c.. c.. s.. ( l . i n ) 
i ^ j i k i j k 

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

Summing over a l l occupied MO g i v e s : 

N = 5>i = j > i 2 2 c j i c k i s j k 
i i j k 

= 1 2 s j k < 2 c j i c k i ) ^ - 1 1 2 ) 
j 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 int o the 

den s i t y matrix ( i . e . , ( 1 . 7 9 ) would be modified). I n a closed-

s h e l l system, = 2 for a l l the occupied MO, so a. f a c t o r 2 

may be brought outside the summation. Thus, from ( 1 . 7 9 ) : 
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occupied 
MO occ.MO 

p j k = 2 C j i c i k = 2 c j i c k i * = S c j i c k i 
. i 

( 1 . 1 1 3 ) 

s i n c e the MO are r e a l . Thus (1 .112) becomes: 

N - 2 2 5 > j k s j k
 ( 1 - 1 1 4 ) 

J k 

A population matrix P may be defined by 

P. . = 2 P . . S. . ( 1 . H 5 ) 

The diagonal elements P ^ J equal to 2p i ; ^ ( s i n c e = 1 ) , 

represent the e l e c t r o n i c populations, or the "atomic charge" 

i n u n i t s of number of e l e c t r o n s , w h i l s t the off-diagonal 

elements P. . are overlap populations, r e l a t e d to the simple 

idea of "bond order". Note that P^j = Pjj_» s i n c e both p 

and S a r e symmetric. Further, from ( 1.114), 

2 5>ij = N ( 1 .116) 

i j 

The f i n a l r e s u l t of the Mulliken Population A n a l y s i s 

i s given i n ( 1 . 1 1 5 ) . The P-matrix provides an o r b i t a l 

population a n a l y s i s . Summation of a l l P. . elements a s s o c i a t e d 

with atomic o r b i t a l i gives the gross o r b i t a l charge of AO^ 
GOC^ 

GOC. = P. . + (i) Y P. . + ( i ) Y P., 

= p.. + ( D y (p.. + p..) 
11 V 2 /

 £-i K I J j i 7 

= p., + y p.. 
i i ^ I J 

S P i j ( 1 . H 7 ) 
j 
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s i n c e P. . = P... I t should be noted that the d i s t r i b u t i o n 
1 J J 1 

of the overlap density P.. e q u a l l y between o r b i t a l s i and j 

i s somewhat a r b i t r a r y . 

The summation of a l l the P. . elements a s s o c i a t e d with 

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 " 

population matrix P to an "atom by atom" matrix R : 
AO on A AO on B 

i j 
The t o t a l number of e l e c t r o n s a s s o c i a t e d with atom A, N A, 

i s given by: 
atoms atoms 

NA = RAA + <*> 1 RAB + <*> 2 RBA 
B^A B^A 

atoms 

= RAA + 2 RAB 
B^A 

a l l atoms 

2 RAB ^ 1 - 1 1 9 ) 
B 

Once again, the e l e c t r o n s are p a r t i t i o n e d equally between 

A and B. The net charge QA a s s o c i a t e d with A i s given by 

QA = Z A - N A (1.120) 

where Z A i s the nuclear charge of atom A. T h i s d e f i n i t i o n 

of the populations P. ., R n o and R A has the property: 
1 J Ra A 

N " 2 hi " 2 R A B " 2 R A t 1 - 1 2 1 ' 

i , j A,B A 

1.5-2 O r b i t a l Density Contours 

Demand fo r a v i s u a l r e p r e s e n t a t i o n of the shapes 
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and s i z e s of molecular o r b i t a l s i s evidenced by s e v e r a l recent 
24-27 

reviews of j u s t t h i s area, 1 and extensive use of contour 

p l o t s has been made i n t h i s t h e s i s . 

t h 

The e l e c t r o n density Dp a s s o c i a t e d with the p- MO i s 

defined as U l ^ j or more p r e c i s e l y , as <M+ : 
D p (x,y,z) = * p (x,y,z) + p

+ (x,y,x) (1.122) 
The d e n s i t y may be c a l c u l a t e d at any point (x,y,z) of the 

3-D p h y s i c a l space i n terms of the AO b a s i s ^ and the MO 

c o e f f i c i e n t matrix, Q : 
D p 5 V p f = fp U l n 2 < C1P C2 P 

• nN } 

'IP 
'2p 

'Np 
„ P N P 
p l l p12 " 

P N P 
p 2 1 P22 •* 

•CNp> "1 

n 2 

- J 

PIN 
. P 
P2N 

n . l 
n 2 

P P P 
P Nl P N2 ' • • p NNI \ n N 

where p p i s the density matrix of the p^-n MO. When summed 

over a l l the occupied MO, i t y i e l d s the t o t a l density matrix 

p , with elements defined as 
M 

2% 
P 

P (1.124) 

Thus D may be w r i t t e n a s : 

Dp (x,y,z) = f p n ( x , y , z) p p _n (x,y,z) 

N N 
= f p ^ ^ n i ( x ' v ' z ) p i j n j ( x»y* z) 

(1.125) 
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The f a c t o r f i s the in t e g r a t e d spin part of the o r b i t a l , 
P 

which i s 2 i f the o r b i t a l i s doubly occupied, 1 i f i t i s 

s i n g l y occupied, and 0 i f i t i s empty. The sum of the M 

doubly occupied MO d e n s i t i e s i s then: 
M N N 

D (x,y,z) = J]D (x,y,z) = 2 2 ]£V(x,y,z) P^ 1^ (x,y,z) 
p 1 J (1.126) 

The problem i s simply to c a l c u l a t e the i n d i v i d u a l o r b i t a l 

e l e c t r o n d e n s i t y values D a t every i n t e r s e c t i o n of a given 
P 

mesh around the molecule. T y p i c a l l y , 9409 points ( i . e . , a 

97 x 97 mesh) provides a f i n e enough g r i d f o r a 10 x 10 bohr 

area. E l e c t r o n d e n s i t i e s are i n t e r p o l a t e d between points so 

that d e n s i t y contours may be recorded by a 2-D (x,y) p l o t t e r . 
Density d i f f e r e n c e f u n c t i o n s , of the general form: 

M M 
AD(x,y,z) = J D p ( x , y , z ) - £ D q (x,y,z) (1.127) 

p q 

are p a r t i c u l a r l y r e v e a l i n g . Two examples of the value of 

such molecular de n s i t y d i f f e r e n c e f u n c t i o n s a r e : 

(a) i n i l l u s t r a t i n g the e f f e c t on molecular charge d i s t r i b u t i o n 

r e s u l t i n g from an extension of the b a s i s s e t : 

extended minimal 
AD (x,y,z) = D (x,y,z) - D (x,y,z) (1.128) 

mol mol 

(b) i n i l l u s t r a t i n g the r e o r g a n i z a t i o n of charge d e n s i t y on 

c o r e - i o n i z a t i o n : 

ground core-hole 
A D (x,y,z) = D (x,y,z) - D (x,y,z) 

mol mol 
(1.129) 
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1.5-3 Computation of Molecular P r o p e r t i e s 

A f u l l treatment of the computation of observable 

molecular p r o p e r t i e s (other than o r b i t a l e n e r g i e s ) demands 
28 

zhe use of pert u r b a t i o n theory. The method of de t e c t i o n 

of dipole moments, p o l a r i s a b i l i t i e s , nmr chemical s h i f t s , 

e t c . , corresponds to adding ( i d e a l l y ) s m a l l terms to the 

molecular Hamiltonian and computing the way i n which the mole­

c u l a r e l e c t r o n d e n s i t y responds to such p e r t u r b a t i o n s . However, 

i t i s p o s s i b l e (both computationally and conc e p t u a l l y ) to 

regard the s o - c a l l e d f i r s t - o r d e r p r o p e r t i e s of the molecule 

as e x i s t i n g i n t h e i r own r i g h t , independent of the measuring 

process. 

I n Quantum mechanics, the observable (fi ) i s 

w r i t t e n as the expectation value of the appropriate operator 

( ft) that d e s c r i b e s the p h y s i c a l quantity i n question over the 

many-electron wavefunction * v f o r a given s t a t e : 

n v = < * v ( 1 , 2 , 3 , . . . ) \a l f 2 f . 5 | * v (1 ,2 ,3 , . • • )> 

(1.130) 

where 1,2,3,••• symbolise the co-ordinates of e l e c t r o n s 

1 ,2 ,3 , . . . • For a l l our purposes, the wavefunction i s an 

antisymmetrized o r b i t a l product (a s i n g l e S l a t e r determinant 

f o r c l o s e d - s h e l l s p e c i e s ) . 

The operator ft , 0 -, may be w r i t t e n as a sum 

of operators: 

n = n + n. + n. . (1.131) 
O 1 1 J 

Here, fi
Q i s a no-electron operator, operating on the n u c l e a r 

wavefunction. The e l e c t r o n i c operators may be c l a s s i f i e d as 
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one-electron operators dependent on the co-ordinates of 

a s i n g l e e l e c t r o n , and two-electron operators n. ., dependent 

on the co-ordinates of two e l e c t r o n s simultaneously. 

Q u a n t i t i e s i n v o l v i n g the two-electron operators 

are not t r i v i a l to compute, s i n c e they include c a l c u l a t i o n 

of a great many two-electron i n t e g r a l s of the type: 

< y i ) <eq (2)1 a lt2\ * r ( i ) • s (2) > (1.132) 

where the C 4»n > are the i n d i v i d u a l MO. However, these operat­

ors are very important, d e s c r i b i n g a number of p h y s i c a l pro­

p e r t i e s . Most important i s the Hamiltonian operator ( i n c l u d ­

ing a two-electron operator g. . = ^/r..)responsible f o r the 
1 J 1 J 

computation of molecular energies. 

The second c l a s s of quantum chemical operators 

include only the f i r s t two terms i n (1.131); the p r o p e r t i e s 

( p) that may be computed with the a i d of such operators are 

r e f e r r e d to as one-electron p r o p e r t i e s : 

P = <*|P + V P , l * > o £—> i 

i 

i 

= P Q + 2 P i f 1 - 1 ^ ) 
i 

where i n d i v i d u a l P^ have the general form: 

P. = < * q ( i ) l \ I * r ( i ) > (1.134) 

Many p r o p e r t i e s f a l l i n t o t h i s category, but 

amongst the most noteworthy i s the dipole moment, v . The 

accuracy of the computed v i s very s e n s i t i v e to the q u a l i t y 
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of the wavefunction. The computation of the dipole moment 

value v°° for the e l e c t r o n i c ground s t a t e * Q may be w r i t t e n 

a s : 

v 0 0 = <* o ( l , 2 , 3 , . . . ) l i Q + £ P . | * o ( l , 2 , 3 , . . . ) > 

i 

= <• 0 ( 1 , 2 , 3 , 0|5o |*Q(1,2,3, . . . ) > 

* 2 < * 0 ( l , 2 , 3 , . . . ) | i . | * o ( l , 2 , 3 , . . . ) > 
i 

= P 0 ° ° + (1.135) 
i 

The dipole moment f o r the v ̂  e x c i t e d s t a t e , y v v, may be 

s i m i l a r l y defined. The t r a n s i t i o n dipole moment, \i ̂  , of 

the molecule between the ground and e x c i t e d s t a t e s r e q u i r e s 

the computation of the following i n t e g r a l : 

v ° V = < * D (1,2,3,.. . )|i Q + 2 * J ^ (1 ,2 ,3 , . . . ) > 
i 

i 

1•6 B a s i s Functions and B a s i s Sets 

1.6.1 Molecular I n t e g r a l Considerations 

The use of a b a s i s set of a n a l y t i c a l functions 

i n which to expand the unknown MO has been dis c u s s e d p r e v i o u s l y 

at s e v e r a l p o i n t s . H i s t o r i c a l l y , b a s i s functions were chosen 

on the b a s i s of t h e i r r e l a t i o n s h i p to AO - hence the term LCAO 

MO. The i n i t i a l choice of a b a s i s s e t i s of prime importance: 

i t w i l l f i x f o r e v e r the r e l i a b i l i t y of the r e s u l t s of a c a l c u l ­

a t i o n . The determination of c a r e f u l l y optimized and balanced 

b a s i s s e t s i s an extremely time-consuming process, but a 
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necessary one. 

H i s t o r i c a l l y , the b a s i s f u n c t i o n s were chosen by 

p h y s i c a l analogy to o r b i t a l s . At present, the emphasis i s 

on the computability of the three- and four-centre two-electron 

i n t e g r a l s . The n e c e s s i t y of the r a p i d computation of i n t e ­

g r a l s becomes c l e a r when i t i s noted that the number of com­

p u t a t i o n a l l y d i f f i c u l t two-electron i n t e g r a l s i n c r e a s e s with 

the number of b a s i s f u n c t i o n as N 4. Thus, the more " p h y s i c a l l y " 

r e a l i s t i c S l a t e r type o r b i t a l s (STO) have been replaced by the 

more mathematically and computationally convenient Gaussian 

type functions (GTF), for many purposes. The b a s i c advantage 

of GTF i s due to the f a c t that the product of any two gaussians 

i s a l s o a gaussian, with i t s centre on a l i n e between the 

cen t r e s of the two o r i g i n a l gaussian f u n c t i o n s , as i l l u s t r a t e d 

i n F igure (1.5)• 

B 

B C 

Fig. ( 1 . 5 ) An i l l u s t r a t i o n of the theorem that the product 
of two gaussians i s a l s o a gaussian. 
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Consequently, a l l i n t e g r a l s have e x p l i c i t a n a l y t i c a l express­

ions, and may be evaluated r a p i d l y . A s i m i l a r theorem does 

not e x i s t for STO. The p r i n c i p a l disadvantages of GTF are 

t h e i r smooth behaviour ( l a c k of a cusp) at the nucleus, and 
2 

t h e i r too r a p i d ( e ~ r r a t h e r than e" ) decrease at large 

d i s t a n c e s , as i l l u s t r a t e d i n Figure (1.6). 

STO 
GTF 

10 0-5 
*-r (bohr) 

Fig. ( 1 . 6 ) A schematic comparison of a ls-STO and ls-GTF 
as a f u n c t i o n of r . 

T h i s improper asymptotic behaviour r e q u i r e s the use of a 

l a r g e r number of GTF than STO for equivalent accuracy. However, 

the much greater speed per i n t e g r a l with GTF as opposed to STO 

allows f o r t h i s g r e a t e r t o t a l number of i n t e g r a l s . 

1.6.2 S l a t e r Type Functions 

P r i o r to the e a r l y 196o's, almost a l l MO c a l c u l ­

a t i o n s were performed with STO. The f u n c t i o n s are analogous 

to the a c t u a l s o l u t i o n s of the Schrodinger equation for the 
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hydrogen atom, but possess d i f f e r e n t nodal p r o p e r t i e s . The 
29 

functions are given by: ̂  

n n l m ( r , e , * ) = A n r 1 1 - 1 e " c r Y l m ( e f * ) (1.137) 

where 

n,l,m are p r i n c i p a l , azimuthal and magnetic quantum 

numbers r e s p e c t i v e l y ; 

r , e, <}> are s p h e r i c a l polar co-ordinates; 

A n i s a normalizing f a c t o r ; 

and ( e, <|>) are the s p h e r i c a l harmonics introducing the 

required angular dependence. 

A minimal b a s i s set of STO in c l u d e s one such 

f u n c t i o n for every AO occupied i n the separated atoms (e.g. 

for carbon: I s , 2s, 2p , 2p ) . The choice of the o r b i t a l 
x y 

exponents C must be made. These were o r i g i n a l l y chosen on 
29 \ 

the b a s i s of a set of e m p i r i c a l r u l e s ( S l a t e r ' s Rules ) , 

where: 
(Z - 3 ) 

c = (1.138) 

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. 

More r e c e n t l y , Clementi e t a l ^ J ^ 1 have v a r i a t i o n a l l y optim­

i z e d e values f o r the ground e l e c t r o n i c s t a t e s of the fr e e 

atoms. I n p r i n c i p l e , the exponents should be re-optimized 

for the molecule; i n p r a c t i c e , the optimiz a t i o n of x, values 

i n the molecular environment i s p r o h i b i t i v e l y expensive, and 

the atom-optimized o r b i t a l exponents are used d i r e c t l y i n 
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Hartree-Fock LCAO MO SCF c a l c u l a t i o n s . 

Minimal b a s i s s e t s occupy a unique p o s i t i o n i n 

the h i s t o r y of quantum mechanics. V i r t u a l l y a l l the current 

semi-empirical SCF methods are i n p r i n c i p a l based on a minimum 

se t of STO, and many of the concepts i n organic chemistry (e.g. 

h y b r i d i s a t i o n , resonance s t r u c t u r e s ) can only be di s c u s s e d i n 

terms of a minimum b a s i s s e t . 

A considerable improvement i n energy i s obtained 
"52 33 

by using the double zeta b a s i s s e t , i n which f r e e atom 

occupied AO are represented by two STO with o r b i t a l exponents 

C and £ , optimized v a r i a t i o n a l l y ; the l a r g e r ? value c o r r e s ­

ponds to a " t i g h t " o r b i t a l , the smaller to a "loose" o r b i t a l . 

Any b a s i s s et beyond the double zeta l e v e l may be considered 

an extended b a s i s s e t . Of p a r t i c u l a r importance i s the 

add i t i o n of functions with higher 1 values, i . e . , d,f,... 

on f i r s t row atoms, and p,d,... on hydrogen. These are termed 

p o l a r i z a t i o n f u n c t i o n s . The exponents of the p o l a r i z a t i o n 

functions should i n p r i n c i p l e be optimized f o r the molecule 

i n question, but t h i s i s not u s u a l l y done, f o r economic reasons. 

I t appears that the c a l c u l a t e d t o t a l energies are not too 

s e n s i t i v e to small v a r i a t i o n s i n the exponents of the polar­

i z a t i o n function, and thus a reasonable choice might be based 

on small molecule c a l c u l a t i o n s , ^ " ^ e.g., f o r STO, a ? (2p) 

of 2.0 f o r H, and c, (3d) =2 .0 f o r C are not unreasonable. 
1.6.3 Gaussian Type Functions 

I n recent years, most l a r g e - s c a l e MO c a l c u l a t i o n s 

have used GTF^'^°. The r a d i a l dependence of a gaussian 

function may be w r i t t e n : 
2 

- «r 
n = r e 

n ~ - a r (1.139) 
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A normalizing f a c t o r and angular dependence may be introduced 

as was done for STO. For gaussians, the l a t t e r i s f r e q u e n t l y 

introduced not by a s p h e r i c a l harmonic f a c t o r Y-^m(S ,<(>), but 

by: 

C x p y<* z s e" 0 1 1 , 2 (1.140) 

where p,q and s are i n t e g e r s , thus y i e l d i n g c a r t e s i a n gaussians. 
41 i| 

I n a d d i t i o n to c a r t e s i a n gaussians, the gaussian lobe method ' 

uses only s-type gaussians, but f l o a t s the c e n t r e s of these 

functions away from the atomic centres to simulate s,p,d 

o r b i t a l s , as i l l u s t r a t e d i n Figure (1 . 7 ) . 

i • e 
F i g . ( 1 . 7 ) The f l o a t i n g of gaussian lobe functions (broken 

l i n e s ) to simulate s,p,d,... o r b i t a l s ( s o l i d l i n e s ) . 

A minimal b a s i s set which r e t a i n s the concept of 

an STO, but r e p l a c e s the a c t u a l STO by a l i n e a r combination of 
43-45 

n GTF i s termed an STO-nG b a s i s set; d e s p i t e i t s name, t h i s 

i s fundamentally a gaussian b a s i s s e t . The convergence to 

Ihe c o r r e c t STO r e s u l t s as the number of gaussians n used i n 

the l e a s t - s q u a r e f i t to the STO i s i n c r e a s e d has been i n v e s t i -
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g a t e d . Even when n=6, t h e t o t a l m o l e c u l a r SCF e n e r g i e s are 

^1 eV above the exact STO e n e r g i e s . However, energy d i f f e r ­

ences are more i m p o r t a n t t h a n a b s o l u t e e n e r g i e s i n c h e m i s t r y , 

and f o r most chemical purposes, f o u r g a ussian expansions are 

s u i t a b l e replacements f o r STO. ST0-3G i s a l s o w i d e l y used 
44 45 

f o r l a r g e molecules. ' I t i s w o r t h m e n t i o n i n g t h a t GTF 

exponents are u s u a l l y l i s t e d f o r an STO exponent o f u n i t y , 

and must be m u l t i p l i e d by the square o f t h e a c t u a l STO exponent 

t o o b t a i n t he best f i t f o r t h a t p a r t i c u l a r o r b i t a l . 

A s i g n i f i c a n t improvement on STO-nG b a s i s s e t s may be 

o b t a i n e d by s p l i t t i n g t h e v a l e n c e - s h e l l o f each heavy atom 

i n t o two p a r t s , g i v i n g a more f l e x i b l e d e s c r i p t i o n o f the 

valence o r b i t a l s t o a l l o w f o r t h e i r d i s t o r t i o n on bond-

f o r m a t i o n . As a commonly-used example, i n t h e s p l i t - v a l e n c e -
46 

s h e l l STO-4.31G b a s i s s e t , t h e i n n e r ( I s ) s h e l l o f t h e f i r s t -

row atoms i s r e p r e s e n t e d by a f i x e d sum o f 4 GTF, w h i l s t t h e 

valenc e (2s. 2p) s h e l l s are d i v i d e d i n t o " i n n e r " and " o u t e r " 

components r e p r e s e n t e d by 3 and 1 GTF r e s p e c t i v e l y . Hydrogens 

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

" i n n e r " (3 GTF) and an " o u t e r " (1 GTF) p a r t . A f u r t h e r im­

provement i s o b t a i n e d by a d d i t i o n o f a s i n g l e s e t o f gau s s i a n 

d f u n c t i o n s t o t h e d e s c r i p t i o n o f each heavy atom, a commonly-
* 47 

used b a s i s s e t b e i n g STO-6.3IG ; a d d i t i o n o f a s i n g l e g a u s s i a n 
p-type f u n c t i o n t o the r e p r e s e n t a t i o n f o r each hydrogen atom 

** 47 
g i v e s a b a s i s s e t denoted by STO-6.3IG . As w i t h STO, 

c a l c u l a t e d t o t a l e n e r g i e s are n o t t o o s e n s i t i v e t o s m a l l v a r ­

i a t i o n s i n p o l a r i z a t i o n f u n c t i o n exponents, and reasonable 

values would be a ( l s ) = 1 . 0 f o r hydrogen, and a (3d)=0.8 f o r f i r s t -

row atoms. The g e n e r a l t r e n d i s f o r the optimum 3d exponents 
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o f b o t h STO and GTF t o i n c r e a s e i n g o i n g from Be t o Ne. 

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

speeded-up by t h e use o f GTF as opposed t o STO, t h e number 

of i n t e g r a l s t o be computed can become v e r y l a r g e i f a GTF 

b a s i s s e t o f STO q u a l i t y i s used, r e q u i r i n g c o n s i d e r a b l e 

storage-space. F u r t h e r m o r e , the SCF s t e p can become p r o h i b ­

i t i v e l y time-consuming due t o the l a r g e r s i z e o f the v a r i o u s 

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

may a l s o n e c e s s i t a t e more i t e r a t i o n s i n o r d e r t o a t t a i n con­

vergence. For these reasons, c a l c u l a t i o n s c a r r i e d o u t d i r ­

e c t l y i n terms o f p r i m i t i v e gaussians may become uneconomical, 

and t h e use o f contracted GTF was i n t r o d u c e d . These are l i n e a r 
42 48 

c o m b i n a t i o n s o f p r i m i t i v e GTF w i t h f i x e d c o e f f i c i e n t s ; * 

o n l y the c o e f f i c i e n t s i n 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 s are v a r i a t i o n a l l y d e t e r mined i n the SCF procedure. 

T h i s approach a l l o w s one t o e x p l o i t the a n a l y t i c p r o p e r t i e s 

o f the GTF i n i n t e g r a l e v a l u a t i o n , y e t keep the time r e q u i r e d 

f o r t h e SCF i t e r a t i o n s a t a reasonable l e v e l . 

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 

c o n s i d e r a b l e c a r e . ^ 9 Perhaps t h e most obvious t y p e o f con­

t r a c t i o n would be 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 . Thus, f o r a gaussian ( l i s 7p) b a s i s s e t , such a con­

t r a c t i o n would be d e s i g n a t e d ( l i s 7p / 2s l p ) . The m o l e c u l a r 

c a l c u l a t i o n would then be c a r r i e d o u t i n terms o f a minimum 

b a s i s s e t ( i s , 2s, 2p) f o r f i r s t row atoms. However, such 

a b a s i s s e t l e a d s 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-distances 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 ) because the b a s i s does n o t have s u f f i c ­

i e n t f l e x i b i l i t y t o d e s c r i b e the rearrangement i n the e l e c t r o n 
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d i s t r i b u t i o n accompanying molecule f o r m a t i o n . Indeed, 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 o v e r c o n t r a c t e d gaussian b a s i s s e t . Perhaps the 

g r e a t e s t amount o f e f f o r t as regards the c o n t r a c t i o n o f f u n c t i o n s 

has gone towards the g o a l o f o b t a i n i n g c o n t r a c t e d gaussian b a s i s 

s e t s comparable t o the double z e t a STO b a s i s s e t s . Perhaps t h e 

most e f f e c t i v e double z e t a gaussian b a s i s s e t ( i n which two 
49 

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) i s Dunning's c o n t r a c t i o n 

o f Huzinaga's b a s i s s e t f o r boron t o f l u o r i n e , d e s i g n a t e d 

(9s 5p/4s 2p). 
1.6.4 B a s i s Set O p t i m i z a t i o n and Q u a l i t y 

The term " b a s i s set o p t i m i z a t i o n " almost always 

r e f e r s t o t h e v a r i a t i o n a l d e t e r m i n a t i o n ( w i t h r e s p e c t t o energy) 

o f a s e t o f f u n c t i o n exponents f o r a f r e e atom. Even f o r t h e 

atom, t h e r e i s no guarantee t h a t t h e exponents so o b t a i n e d 

w i l l a l s o y i e l d t h e best v a l u e s f o r o t h e r p r o p e r t i e s (such 

as t h e moments o f charge d i s t r i b u t i o n ) . Moreover, optimum 

atomic exponents are n o t n e c e s s a r i l y optimum molecular expon­

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

are used i n m o l e c u l a r c a l c u l a t i o n s . 

The term " q u a l i t y " used w i t h r e s p e c t t o a b a s i s 

s e t i s a r e l a t i v e one; however, c e r t a i n g e n e r a l c o n c l u s i o n s 

are i n o r d e r . C l e a r l y , a minimal b a s i s s e t (even i f c a r e f u l l y 

o p t i m i z e d ) i s not capable o f y i e l d i n g r e l i a b l e v a l u e s f o r 

s e n s i t i v e o n e - e l e c t r o n p r o p e r t i e s such as t h e d i p o l e moment; 

however, a t l e a s t t h e gross f e a t u r e s o f m o l e c u l a r geometry, 

and t r e n d s i n bond-lengths and angles s h o u l d be r e a s o n a b l y 

a c c u r a t e l y p r e d i c t e d . At the d o u b l e - z e t a o r s p l i t - v a l e n c e 

b a s i s s e t l e v e l , such f e a t u r e s s h o u l d be g i v e n more a c c u r a t e l y ; 
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however, most o n e - e l e c t r o n p r o p e r t i e s r e q u i r e the use o f 

p o l a r i z a t i o n f u n c t i o n s f o r a c c u r a t e d e s c r i p t i o n . F i n a l l y , 

i n a d d i t i o n t o t h e s i z e and ty p e o f b a s i s s e t , i t i s necessary 

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

p a r t s o f the molecule must be d e s c r i b e d e q u a l l y w e l l . Un­

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

o f o p t i m i z a t i o n " . 

1 . 7 The Hartree-Fock L i m i t and Beyond 

1 . 7 - 1 The Concept o f the Hartree-Fock L i m i t 

I t i s u s e f u l a t t h i s stage t o r e c a l l t h e v a r i o u s 

a p p r o x i m a t i o n s t h a t have been made i n d e v e l o p i n g a computat­

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

as shown i n F i g u r e ( 1 . 8 ) . 

Thus, c a l c u l a t i o n o f t h e " t r u e " t o t a l energy o f 

a molecule i s n o t p o s s i b l e u s i n g a 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 ; 

a t o t a l energy h i g h e r t h a n t he e x p e r i m e n t a l energy i s o b t a i n e d . 

The l i m i t i n g energy v a l u e t h a t can be computed w i t h t h e non-

r e l a t i v i s t i c H a m i l t o n i a n i s r e f e r r e d t o as the n o n - r e l a t i v i s t i c 

l i m i t (NRL); t he d i f f e r e n c e between t h e e x p e r i m e n t a l energy 

and t h a t a s s o c i a t e d w i t h t h e NRL i s t h e r e l a t i v i s t i c energy 

(Kg). 

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

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

t o t a l energy v a l u e h i g h e r t h a n t h e NRL v a l u e i s reached. T h i s 

i s r e f e r r e d t o as t h e Hartree-Fock l i m i t (HFL), t he energy 

d i f f e r e n c e between t he two l i m i t s (NRL, HFL) b e i n g c a l l e d t h e 

c o r r e l a t i o n energy (E ) . The SCF energy (Eor,„) t h a t i s 
co r oL>r 

computed by n o n - e m p i r i c a l MO t h e o r y c o n s t i t u t e s an upper bound 
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hy -- E -f 

r 

- h 1 

n 

STO-nG - aGTF basis set 

(MogriL-tir. terms omitted Irom Hamiltonian; 

Born • Oppenheimer Approximation invoked I 

Non-relativistic, fixed-nucleus Schrodinger equation 

I Vbriational solution means po\n\ properties potentially lost ) 

Orbital model - ~f expressed as a sum of determinants 

(Correlated motion of electrons lost I 

One configuration 'independent electron' model 

(Exact form of optimum MO lost I 

LCAO expression tor MO 

(Exact form of optimum AO lost) 

AO expanded as an STO basis set 

(Correct asymptotic behaviour of AO lost) 

R>rm of basis set chosen on computational grounds 

F i g . ( 1 . 8 ) H i e r a r c h y o f a p p r o x i m a t i o n s i n v o l v e d i n t h e MO model. 

on t h e Hartree-Fock energy ( E
H F ) j o n l y a t the HFL w i l l E g C F 

e q u a l E^p. However, t o achieve t h i s r e s u l t r e q u i r e s a complete 

b a s i s s e t o f i n f i n i t e dimension, which i s n o t p o s s i b l e f o r 

l a r g e molecules. The i n t e r - r e l a t i o n s h i p between these q u a n t i ­

t i e s i s i l l u s t r a t e d i n F i g u r e ( 1 . 9 ) f o r CO. 
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F i g . ( 1 . 9 ) Breakdown o f t o t a l energy f o r CO. 

1 . 7 . 2 The R e l a t i v i s t i c C o r r e c t i o n 

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 t h e e n e r g e t i c con­

sequence o f t h e 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 t h e e l e c t r o n s 

as they pass t h e n u c l e u s , s i n c e from the V i r i a l Theorem 

(V = -2T, where V i s t h e p o t e n t i a l energy and T t h e k i n e t i c 

e n ergy) i t i s apparent t h a t an e l e c t r o n i n a r e g i o n o f h i g h 

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

The c o r r e c t i o n i s a f u n c t i o n o f atomic number, b e i n g comparat­

i v e l y s m a l l f o r t h e l i g h t atoms up t o Ne, but a p p r e c i a b l e f o r 

h e a v i e r elements. F u r t h e r m o r e , f o r core e l e c t r o n s , r e l a t i v -

i . s t i c e f f e c t s may become i m p o r t a n t i n h e a v i e r elements, t h i s 

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

p h o t o i o n i z 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 t o 
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shifts i n c o r e - e l e c t r o n b i n d i n g e n e r g i e s a re s m a l l . Custom­

a r i l y , i t i s assumed t h a t t h e r e l a t i v i s t i c c o r r e c t i o n o f atoms 

i s unchanged on f o r m a t i o n o f molecules, so t h a t : 

a l l 
^„ n atoms 

E R y ( E R ) . (1.141) 

E x t e n s i v e t a b u l a t i o n s o f r e l a t i v i s t i c e x p e c t a t i o n values f o r 
51 

atoms have been made, a l l o w i n g d e t a i l e d comparisons w i t h 

n o n - r e l a t i v i s t i c r e s u l t s . I n a d d i t i o n , n e u t r a l atom ASCF 

b i n d i n g e n e r g i e s f r o m 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 < 1 0 6 ) 
52 

have been p u b l i s h e d , a l l o w i n g a comparison between t h e 

Koopmans' and ASCF r e l a t i v i s t i c b i n d i n g e n e r g i e s t o be made. 
1 . 7 0 C o r r e l a t i o n Energy 

I n t h e Hartree-Fock a p p r o x i m a t i o n , the m o t i o n o f 

each e l e c t r o n i s s o l v e d f o r i n the presence o f the average 

p o t e n t i a l c r e a t e d by t h e r e m a i n i n g e l e c t r o n s . As such, t h i s 

n e g l e c t s t h e i n s t a n t a n e o u s ( r a t h e r t h a n averaged) r e p u l s i o n s 

between p a i r s o f e l e c t r o n s . The c o n t r i b u t i o n t o t h e t o t a l 
energy due t o i n s t a n t a n e o u s r e p u l s i o n s i s c a l l e d t h e c o r r e l -

53 
a t i o n energy, ^ E (see F i g u r e ( 1 . 9 ) ) . E i s u s u a l l y a 

O O ~± 0 O 1̂  

r e l a t i v e l y s m a l l percentage o f the t o t a l energy o f an atom o r 

molecule; however, t h i s amount i s l a r g e r t h a n o r comparable t o 

the energy a s s o c i a t e d w i t h p h y s i c a l o r chemical phenomena. 

N e v e r t h e l e s s , t h e r e a re many problems i n c h e m i s t r y where H a r t r e 

Fock t h e o r y i s p e r f e c t l y adequate: f o r example, m o l e c u l a r 

g e o m e t r i e s , and some o n e - e l e c t r o n p r o p e r t i e s p r e d i c t e d from 

Hartree-Fock t h e o r y are f r e q u e n t l y i n good agreement w i t h ex­

peri m e n t . F u r t h e r m o r e , s i n c e energy d i f f e r e n c e s a re o f prime 

importance t o c h e m i s t s , i f E C Q r were c o n s t a n t as a f u n c t i o n o f 
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m o l e c u l a r geometry, i t would be hoped t h a t a c c u r a t e d i s s o c ­

i a t i o n e n e r g i e s and p o t e n t i a l energy s u r f a c e s c o u l d be o b t a i n e d 

from HF w a v e f u n c t i o n s . G e n e r a l l y , changes i n E C Q r are s m a l l 

f o r b a r r i e r s t o r o t a t i o n , and heats o f isodesmic r e a c t i o n s . - ^ 

A l s o , as i l l u s t r a t e d i n F i g u r e (1.10) f o r a d i a t o m i c molecule, 

some i m p o r t a n t aspects o f p o t e n t i a l energy s u r f a c e s are w e l l -

reproduced w i t h i n t h e Hartree-Fock f o r m a l i s m . 

Energy 

HF 

Eexpt. 

Bond tongtti 
r 

F i g . (1.10) Diagrammatic comparison o f computed (HF) and 
e x p e r i m e n t a l p o t e n t i a l energy s u r f a c e s f o r a 
t y p i c a l d i a t o m i c molecule. 

Thus, a l t h o u g h t h e HF curve l i e s above t h e e x p e r i m e n t a l c u r v e , 

i t v i r t u a l l y p a r a l l e l s i t a t t h e minimum. As a r e s u l t , com­

put e d e q u i l i b r i u m b o n d - l e n g t h s , r , are v e r y c l o s e t o the ob­

served v a l u e s , w i t h t h e v i b r a t i o n a l f r e q u e n c i e s (and t h u s 

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

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

However, F i g u r e (1.10) a l s o i l l u s t r a t e s t h e main 
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drawback o f the HP method: i t s i n c o r r e c t b e h a v i o u r a t l a r g e 

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

describe molecule f o r m a t i o n and d i s s o c i a t i o n . 1 Thus, i n many 

ci r c u m s t a n c e s , t h e t h e o r e t i c i a n must go beyond the HPL t o make 

a c o n t r i b u t i o n t o the s o l u t i o n o f problems o f chemical i n t e r e s t . 

The most f r e q u e n t l y used method f o r a p proaching the e l e c t r o n 

c o r r e l a t i o n problem i s 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 ) . 

1.7-4 C o n f i g u r a t i o n I n t e r a c t i o n 

For any atom or molecule, t h e r e a re an i n f i n i t e 

number o f 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 can 

be used t o c o n s t r u c t o t h e r c o n f i g u r a t i o n s . A C I w a v e f u n c t i o n 

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

CI w a v e f u n c t i o n i s o f t h e form: 

* = V c. (1.142) e ZJ I I V ' 
i 

The c o e f f i c i e n t s c^ are determined t o minimize t h e energy 

^ a * U dT. A p p l i c a t i o n o f t h e V a r i a t i o n Theorem l e a d s e e e 
t o t h e e i g e n v a l u e problem, d i s c u s s e d p r e v i o u s l y ( 1 - 3 2 ) : 

( H - E|) C = o ( 1 . 1 * 5 ) 

H i s composed o f m a t r i x elements between c o n f i g u r a t i o n s : 

H. , = /•.* H * . d t (1.144) i j I e j 

H a m i l t o n i a n m a t r i x elements H^j between c o n f i g u r a t i o n s i and 

j o f d i f f e r e n t symmetries are zero, g r e a t l y s i m p l i f y i n g t h e 

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

f o r t h e d e t e r m i n a t i o n o f t h e lo w e s t e i g e n v a l u e and c o r r e s -
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e i g e n v e c t o r o f l a r g e , r e a l symmetric m a t r i c e s have been 

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

I t i s necessary here t o i n t r o d u c e t he t e r m i n o l o g y 

t o be used i n the d i s c u s s i o n o f C I . An orbital occupancy 

( o r electron configuration) i s a c o l l e c t i o n o f o r b i t a l s w r i t t e n 

w i t h o u t r e g a r d t o those quantum numbers which do n o t a f f e c t 

the o r b i t a l energy. For example, 

2 2 6 Ne (ground s t a t e ) i s I s 2s 2 p 

2 ^ 2 2 2 4 2 Oo i s lo„ l a 2 a „ 2 o * 3 0 / Iff 1 * „ 2 g u g u ^ g u g 

A configuration i s d e f i n e d as a symmetry-adapted l i n e a r com­

b i n a t i o n o f S l a t e r d e t e r m i n a n t s , symmetry-adapted i m p l y i n g t h a t 

t h e chosen l i n e a r c o m b i n a t i o n o f d e t e r m i n a n t s possesses a l l the 

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

mate w a v e f u n c t i o n . 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 - 1 * 5 ) 

where i s t h e S l a t e r d e t e r m i n a n t ( 1 . 2 0 ) . I t i s o f t e n found 

t h a t a s i n g l e o r b i t a l occupancy g i v e s r i s e t o s e v e r a l d i f f e r e n t 

c o n f i g u r a t i o n s ; t o determine what they are i t i s o n l y necessary 

t o c o n s i d e r t he e l e c t r o n s o u t s i d e t he c l o s e d s h e l l . Having 

d e t e r m i n e d t h e m a n i f o l d (z, nor A t y p e ) f o r a g i v e n o r b i t a l 

occupancy, i t i s th e n necessary t o f i n d which c o m b i n a t i o n s 

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

d e s i r e d s p i n m u l t i p l i c i t y . A l e s s t e d i o u s approach t o t h e 

problem t h a n the d i r e c t a p p l i c a t i o n o f a n g u l a r momentum o p e r a t -
6 2 

o r s i s t h e use o f p r o j e c t e d w a v e f u n c t i o n s . I n p a r t i c u l a r , 
2 2 

Nesbet's method i s s i m p l e t o a p p l y , and t i m e - s a v i n g i n CI 

s t u d i e s i n t h a t i t reduces t h e number o f terms i n v o l v e d i n 

m a t r i x elements. 
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I t i s o f t e n found t h a t a C I w a v e f u n c t i o n i s 

dominated by a s i n g l e c o n f i g u r a t i o n , t h e HF w a v e f u n c t i o n . 

I n such cases i t i s found t h a t 9 5 $ o r more o f 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 

one o r two o r b i t a l s from t h e HF o r r e f e r e n c e c o n f i g u r a t i o n . 

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 (single excitation ) i s o b t a i n e d 

by p r o m o t i n g one e l e c t r o n from t he k ^ 1 t o y^-n
 S p i n o r b i t a l . 

S i m i l a r l y , a double excitation i s a c o n f i g u r a t i o n g e n e r a t e d 

by t h e p r o m o t i o n o f two e l e c t r o n s o u t o f s p i n - o r b i t a l s con­

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

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

Reference ( o r HF) c o n f i g u r a t i o n D Q = | ̂  • ̂  $ n I 

S i n g l e e x c i t a t i o n = |4>& $ ̂  .. $ n| 

Double e x c i t a t i o n D ^ = | ̂ & ^ ̂ . . 4 . .. «|>̂. • • <t>n I 

E v a l u a t i o n o f t h e m a t r i x elements H. . i n terms o f d e t e r m i n -

a n t a l f u n c t i o n s D̂  i s f a c i l i t a t e d by the use o f S l a t e r ' s Rules 

f o r t h e C a l c u l a t i o n o f M a t r i x E l e m e n t s , ^ summarized i n Table 

One. 

The e l e c t r o n i c w a v e f u n c t i o n may now be w r i t t e n as: 

% i - c o D o + 2 °k
v V + 2 C i D w + ••• ( 1 - 1 4 6 ) 

k, y k , l , y , v 

T h i s i s known as the CI expansion. I n HF Theory, t h e ex­

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

o f u n i t y . The best way t o proceed i s t h e M u l t i c o n f i g u r a t i o n a l 

SCF method (MC SCF) i n which b o t h t he o r b i t a l s • and t h e CI 

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

energy m u l t i c o n f i g u r a t i o n HF w a v e f u n c t i o n . However, s o l u t i o n 

o f the MC SCF e q u a t i o n s i s c o m p u t a t i o n a l l y d i f f i c u l t , and v e r y 

t i me-c on suming. 



TABLE ONE A C o l l e c t i o n n l ' P e r t i n e n t S l a t e r Rules 

1. Overlap I n t e g r a l 

< Dn |D, > = 1 < Dj DkP> = <D o|D^ > = 0 o ' o 
On e - e l e c t r o n Operators o c c u p l e d 

o r b i ^ a l s 
<DQ £n(i)|D 0> = 2 < * k

( 1 ) l " ( 1 ) l * k ( 1 ) > 

i k 

< D 0l2n(i)|D k
w> = < ^ ( 1 ) 1 0 ( 1 ) 1 ^ ( l ) > 

V Z * ^ Viv> - 0 

3 . T w o - e l e c t r o n Operators 
o c c u p i e d 

< D Q I 2 0 ( i , j ) | D o > = ° r ^ i t a l S f «0 k ( l ) ^ (2 ( 1 , 2 ) | ^ ( 1 ) ^ ( 2 ) : 
1 < J 

1<J 

2 
k < l 

- < * k ( l ) * 1 ( 2 ) | n ( l , 2 ) | t k ( 2 ) 4^(1) > 

<D Q| 2" ( i . 3) \\ > = 
o c c u p i e d 
o r b i t a l s 

k 

' < t l c ( l ) t 1 ( 2 ) | n ( 1 , 2 ) | ^ ( l ) * ( 2 ) > 

- < 4 k ( l ) * 1 ( 2 ) | f i ( l f 2 ) l * k ( 2 ) * p ( l ) > 

where 

<D o J ) ' D k l >= < * k ( l ) * 1 ( 2 ) | n ( l , 2 ) | * i i (1) * v ( 2 ) > 

i < J 
- < 4 k ( D * 1 ( 2 ) | «(l f2) I * u ( 2 ) * v ( l ) > 

<Dol£n > = 0 

i <J 

^ n ( i ) i s a g e n e r a l o n e - e l e c t r o n o p e r a t o r 

2fi (i»j) i s a g e n e r a l t w o - e l e c t r o n o p e r a t o r 
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Since 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 n o t made 

use o f any C I , no f u r t h e r d i s c u s s i o n o f the v a r i o u s methods 

c u r r e n t l y i n use w i l l be g i v e n here. A b r i e f i n t r o d u c t i o n 
p 

ifer; 

6 4 , 6 5 

p 
t o t h e t o p i c i s g i v e n i n Schaefer; more d e t a i l e d coverage i s 
g i v e n i n s e v e r a l r e c e n t t e x t s . 

1 . 8 C o m p u t a t i o n a l Aspects 

1 . 8 . 1 I n t r o d u c t i o n 

A l t h o u g h MO t h e o r y was 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 1 9 2 0 ' s and 1 9 3 0 ' s , i t has o n l y been t h e advent o f modern 

e l e c t r o n i c computers i n t h e 1 9 6 0 ' s , t o g e t h e r w i t h a c c u r a t e , 

w e l l - t e s t e d , well-documented computer programs t h a t has l e d 

t o t he r a p i d growth o f t h e o.b initio t e c h n i q u e as a w e l l -

e s t a b l i s h e d t o o l i n modern c h e m i s t r y . The w r i t i n g and d e v e l ­

opment o f these programs has r e q u i r e d man-years o f e f f o r t , 

u s u a l l y from teams o f people, and the y are r e a d i l y a v a i l a b l e 

t h r o u g h t h e Quantum Chemistry Program Exchange (QCPE). Some 

commonly-used programs are IBMOL V, 6? POLYATOM (2) , 6 8 MOLECULE,69 

ALCHEMY70 and GAUSSIAN 7 0 . 7 1 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 performed u s i n g the ATMOL 2 ^ 2 and ATMOL s e t s o f p r o ­

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

o f some p a r t i c u l a r p o i n t s o f i n t e r e s t i n these programs. 

F u r t h e r d e s c r i p t i o n o f t h e programs i s a v a i l a b l e i n t h e approp­

r i a t e ATMOL d o c u m e n t a t i o n . ^ I n common w i t h most ab initio 

programs, ATMOL 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 co m p u t 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 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 the t r a n s f o r m a t i o n o f i n t e g r a l s ( i f r e q u i r e d ) 

over c o n t r a c t e d f u n c t i o n s . 

( i i ) Assembly and d i a g o n a l i z a t i o n o f t h e 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. 



65 

( i i i ) A n a l y s i s o f t h e m o l e c u l a r w a v e f u n c t i o n i n t h e form o f 

( f o r example) 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 p l o t s , and e x 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 p r o p e r t i e s . 

1 . 8 . 2 I n t e g r a l E v a l u a t i o n 

The c o m p u t a t i o n , s t o r a g e and r e t r i e v a l o f AO i n t e g ­

r a l s i s g e n e r a l l y t h e most time-consuming p a r t o f any o r b i t a l 

b a s i s valence c a l c u l a t i o n . The two main areas o f c o n t i n u i n g 

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

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

f o r s t o r i n g t h e computed i n t e g r a l s f o r subsequent use. The 

e l e c t r o n r e p u l s i o n ( o r t w o - e l e c t r o n ) i n t e g r a l s p r e s e n t t he most 

d i f f i c u l t i e s f r o m b o t h p o i n t s o f view; however, ATMOL has ex­

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, u s e f u l f o r c o p y i n g , e d i t i n g , and merging i n t e g r a l f i l e s . 

I n a d d i t i o n , t h e program has a r e s t a r t f a c i l i t y , and a l i b r a r y 

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

t h u s r e d u c i n g t h e amount o f i n p u t r e q u i r e d . 

The g e n e r a l problems i n v o l v e d i n m o l e c u l a r i n t e g r a l e v a l -

u a t i o n are touched upon i n Cook. D e t a i l s o f t h e n u m e r i c a l 

procedures used f o r t he 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 

GTF, 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, 
74 

are g i v e n by Saunders. For STO, one-centre 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 ; 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 t h e a l t e r n a t e Gaussian t r a n s f o r m 
75 

t e c h n i q u e o f S h a v i t t and K a r p l u s . I n a d d i t i o n , i t i s w o r t h 

p o i n t i n g o u t t h a t t h e symmetry p r o p e r t i e s o f t h e molecule may 

be used t o improve t h e e f f i c i e n c y o f t h e t w o - e l e c t r o n i n t e g r a l s 

c a l c u l a t i o n . C entres o f symmetry are d e c l a r e d i n t h e i n p u t , 
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w h i c h may i n c l u d e l o c a l symmetry as w e l l as symmetry c e n t r e s 

f o r t h e molecule as a whole. 

The o n e - e l e c t r o n i n t e g r a l s may be c o n v e n i e n t l y 

s t o r e d , space b e i n g saved by ke e p i n g o n l y t h e ̂ N(N+1) d i s t i n c t 

elements o f the N by N m a t r i x , where N i s t h e number o f b a s i s 

f u n c t i o n s . For example, f o r the o v e r l a p i n t e g r a l , S^y symmetry 
c o n s i d e r a t i o n s g i v e : 

s1} = <x±\y - S j l 

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

S M ( l + J * ( J - l ) / 2 ) o f t h e one-dimensional v e c t o r SM. 

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

i s q u i t e d i f f e r e n t . A f o u r - d i m e n s i o n a l a r r a y i s out o f t h e 

q u e s t i o n f o r two reasons: 

/ ^ 4 

( i ) such an a r r a y would have N elements, p e r m i t t i n g o n l y 

t h e t r e a t m e n t o f v e r y s m a l l systems; 
( i i ) e q u a l i t i e s among the i n t e g r a l s ( i j l k l ) p e r m i t c o n s i d e r a b l e 

li -x p 
space s a v i n g ; 1/8(N +2N^+3N +2N) l o c a t i o n s b e i n g used 

4 

i n s t e a d o f N . 

The e q u a l i t y o f the i n t e g r a l s : 

( i j l k l ) = ( j i | k l ) = ( i j I l k ) = ( J i I l k ) 

= ( k l | i j ) = ( l k | i j ) = ( k l | j i ) = ( l k | j i ) (1.147) 

i s independent o f m o l e c u l a r symmetry; t h u s o n l y one o f t h e 

above need be computed and s t o r e d . The o r d e r i n g c o n v e n t i o n 

used by ATMOL i s : 
i * j J k >,1 ; [ i j ] >, [ k l ] (1.148) 

where [ L J = ^ i ( i - l ) + j . T h i s c o n v e r t s t h e 4-dimensional 

m a t r i x ( i j l k l ) t o a pseudo-2-dimensional m a t r i x . 

The i n t e g r a l s a re s t o r e d i n b l o c k s , t h e st e p s i n 

the process b e i n g : 



( i ) assign a block of storage i n f a s t store (a " b u f f e r " ) 
f o r the temporary storage of the i n t e g r a l s : 

( i i ) set up loops ranging over i , j , k and 1 s a t i s f y i n g 
the o r d e r i n g convention; 

( i i i ) using the current l a b e l s i , j , k, 1, and the input 
( i . e . , molecular 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 current i n t e g r a l ( i j | k l ) ; 

( i v ) s tore the computed i n t e g r a l i n the b u f f e r ; i f i t f i l l 
the b u f f e r , go to ( v ) ; i f not, go to ( v i ) ; 

(v) w r i t e contents of b u f f e r t o disk (or tape) f i l e ; 

( v i ) increment i , j , k , l c onsistent w i t h the ordering 
convention; 

( v i i ) i f the loops on i , j , k and 1 are exhausted, go t o 
( v i i i ) ; i f not, go to ( i i i ) ; 

( v i i i ) close the i n t e g r a l storage f i l e and f i n i s h . 

The values of the l a b e l s i , j , k and 1 are stored 
i n the f i l e together w i t h the value of the i n t e g r a l ( i j l k l ) ; 
t h i s allows zero i n t e g r a l s to be omitted from the f i l e . 

1.8.3 The SCF Procedure f o r the Closed-Shell Case 

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 way, 
each i t e r a t i o n i n c l u d i n g e s s e n t i a l l y three steps: 

( i ) b u i l d i n g the Fock matrix (1.7*0; 

( i i ) s o l v i n g the pseudoeigenvalue equation (1.73); 

( i i i ) r ecognising whether or not s e l f - c o n s i s t e n c y has been 
reached; i f not, a new set of t r i a l vectors 
( Q i n (1.73)) must be defined as input f o r the 
next cycle i n the i t e r a t i o n . 
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Each of these steps requires some a u x i l i a r y c a l c u l a t i o n s 
such as the formation of the density matrix p (1.79) from 
a given set of vectors Q ; the c a l c u l a t i o n of the t o t a l 
energy E (I.83) at each i t e r a t i o n ; and an ort h o n o r m a l i z a t i o n 
process t o ensure t h a t the set of t r i a l vectors i s ortho-
normalized. I n t h i s s e c t i o n , some of the general computational 
aspects of these points w i l l be discussed, w i t h e x p l i c i t 
reference to the ATMOL programs where r e l e v a n t . 

B u i l d i n g of the Fock matrix requires the density 
matrix, p ( I . 7 9 ) , and a l i s t of two-electron i n t e g r a l s , 
( i j l k l ) , c a l c u l a t e d making use of the i n t e g r a l e q u a l i t i e s of 
(1.147) and ordered using (1.148). The general term of the 
Fock matrix from (1.8l) may be w r i t t e n as: 

F u - h i j + G i j = h i j + 2 p k i [ 2 ( i j , k l ) - ( i k l j l ) l (1-149) 

k l 

Since the reading of an e x t e r n a l f i l e i s a slow process, i t 
i s necessary to l i s t a l l the c o n t r i b u t i o n s of a given i n t e g r a l 
( i j I k l ) to the G matrix; since t h i s i s symmetric, only the lower 
h a l f ( j * i ) need be considered. I t i s then possible t o w r i t e 

7 ft 
a simple a l g o r i t h m f o r the formation of the G matrix. 

Two techniques are c u r r e n t l y used f o r the s o l u t i o n 
of the Roothaan equation. The f i r s t , probably easier, way 
f o r c l o s e d - s h e l l systems, transforms the problem i n t o a stand­
ard eigenvalue problem by s u b j e c t i n g the basis set t o a LSwdin 
o r t h o g o n a l i z a t i o n ; ^ the eigenvalues and eigenvectors of the 
r e a l , symmetric matrix are then obtained by one of the many 
a v a i l a b l e techniques, such as Jacobi d i a g o n a l i z a t i o n . Both 
these t o p i c s have been o u t l i n e d i n previous sections, and w i l l 
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not be f u r t h e r discussed here. The second technique i n use, 
the Single Vector D i a g o n a l i z a t i o n (SVD);"^ i s an i t e r a t i v e 
method by which a more accurate eigenvector o f the Roothaan 
equation i s c a l c u l a t e d from some t r i a l eigenvector. This 
technique i s of i n t e r e s t when only a few eigenvectors are 
wanted (as i n atomic c a l c u l a t i o n s ) , or when one has to be 
sure t o pick the r i g h t eigenvector out of many possible s o l u t ­
ions. I n t h i s case, s t a r t i n g w i t h some t r i a l vector which 
i s known to represent a good approximation to the s o l u t i o n 
ensures the r i g h t choice amongst many s o l u t i o n s . This has 
seen found u s e f u l f o r the open-shell problem, and the m u l t i -
c o n f i g u r a t i o n problem. 

I n the SCF procedure, one s t a r t s w i t h a set of t r i a l 
vectors which are input to the c a l c u l a t i o n , c a l c u l a t e s the 
density matrix p from these eigenvectors, and then the 
Hamiltonian, to o b t a i n new eigenvectors. The process i s 
repeated u n t i l the input and output vectors agree w i t h i n a 
c e r t a i n t hreshold. This procedure r a i s e s three d i f f e r e n t 
p o i n t s of i n t e r e s t which w i l l be commented on i n t u r n : 

( i ) what choice of t r i a l vectors can be made? 

( i i ) can the convergence be guaranteed, and speeded up? 

( i i i ) how i s SCF convergence recognized? 

The choice of good i n i t i a l vectors i s the most 
obvious way t o reduce the number of i t e r a t i o n s , and reduces 
the p o s s i b i l i t y of 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. 
One t r i a l choice i s a set of zero vectors: although t h i s may 
lead t o convergence, i t i s nevertheless a very poor choice. 
T r i a l vectors do not need t o be accurate, but must have some 



70 

q u a l i t a t i v e r e l a t i o n s h i p w i t h the f i n a l v e c t o r s . I t i s 
r e l a t i v e l y easy to have f a i r l y accurate t r i a l vectors f o r 
molecular i n n e r - s h e l l s from atomic c a l c u l a t i o n s . I n some 
cases, t r i a l vectors may be obtained from the r e s u l t s of pre­
vious c a l c u l a t i o n s e i t h e r f o r molecular fragments, or a r e l a t e d 
molecule. For example, t r i a l vectors f o r borazane (BH_NH-,) 
could s t a r t w i t h the SCF vectors of borane (BH^) and ammonia 
(NH^). ATMOL has 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 to 
f a c i l i t a t e such choices of s t a r t i n g vectors. I n a d d i t i o n , 
ATMOL t r i a l vectors may be formed by diagonal!zation of the 
one-electron Hamiltonian operator matrix. The vectors are 
ordered according to increasing eigenvalue. A b e t t e r possib­
i l i t y i n ATMOL i s the generation of a set of t r i a l vectors 
from the negatives of the expected values of the diagonal 
elements of the Fock matrix ( i n the basis set r e p r e s e n t a t i o n ) 
at s e l f - c o n s i s t e n c y . These values, termed ALPHAS, remain 
approximately i n v a r i a n t under change i n molecular environment 
f o r a given basis set, and so a " l i b r a r y " of appropriate ALPHAS 
can be b u i l t up. For example, a study of methane w i l l y i e l d 
ALPHAS appropriate f o r carbon and hydrogen i n other molecular 
environments f o r t h a t p a r t i c u l a r basis set. 

E x t r a p o l a t i o n i s an attempt t o compute a b e t t e r 
approximation to the SCF s o l u t i o n from the r e s u l t s of a few 
successive i t e r a t i o n s . Thus: 

I t e r a t i o n number T r i a l vector F i n a l vector Energy 
i c. c . + 1 E l 

i + 1 C. , C. 0 E. , ( 1 ' 1 5 0 ) 

l + l 1+2 i + 1 
Let the complete set of vectors representing a l l the occupied 
o r b i t a l s be c o l l e c t e d i n t o one vector, C- Then C\ represents 
the approximate vectors where i denotes the i t e r a t i o n . The 
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d i f f e r e n c e of these vectors from the a c t u a l s o l u t i o n i s 
= Ĉ -C- One commonly used e x t r a p o l a t i o n procedure c a l l e d 

the Aitken method i s based on the assumption t h a t each element 
of C approaches i t s l i m i t w i t h a geometric decrease of e r r o r . 
I t i s found t h a t each component of the extrapolated SCF solu­
t i o n i s obtained from the corresponding components of three 
sets of vectors, connected by two successive SCF i t e r a t i o n s . 
Although u s e f u l , experience has shown t h a t the scheme may f a i l 
i n some cases, u s u a l l y when the vectors are too f a r away from 
t h e exact s o l u t i o n . A general procedure c a l l e d damping has 
been found useful,^8 and i s used i n ATMOL. I t consists of 
sc a l i n g down the changes i n the vectors produced by one i t e r ­
a t i o n ; thus, the input to the i t e r a t i o n i+2 w i l l be taken as: 

C = ac± + (1 - «) C.+1 i f E.< E i + 1 

or C = (1 - a) C. + aC i + 1 i f E 1 + 1 <E± 

(1.15D 

where a, the damping f a c t o r , i s a p o s i t i v e number whose value 
i s less than u n i t y ( t y p i c a l l y 0.7). 

An u n c o n d i t i o n a l guarantee of convergence may be 
obtained according to a procedure proposed by Saunders and 

79 
H i l l i e r , i n ATMOL. For a 2n e l e c t r o n system w i t h a basis 
set of m basis f u n c t i o n s , a set of m -n v i r t u a l o r b i t a l s can 
be constructed such t h a t a l l MO form an orthonormal set. De­
no t i n g the set of doubly-occupied MO (DOMO) a s ^ , and the set 
of v i r t u a l MO (VMO) as <f>2, then: 

• 2 ) = ( n ) (C 1 i C 2) = n_C (1.152) 

ROW VECTOR COLUMN M X M 
VECTOR MATRIX 

I t i s p e r f e c t l y possible t o consider the basis set at any 
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i t e r a t i o n as being the set of t r i a l MO at t h a t i t e r a t i o n . 
I n t h i s new basis, (1.152) becomes: 

( • • o) = ( • 2 > (1.153) 

v/here I i s a u n i t matrix. A r b i t r a r y but small v a r i a t i o n s 
i n the DOMO may be w r i t t e n as: 

1 ^ 1 I 2 ; I 

A 

(1.154) 

where ^ denotes the row vector of perturbed DOMO, I i s the 
i d e n t i t y matrix of order n, and A i s the (m-n) x n mixing 
matrix, whose elements are a r b i t r a r y but presumed "small". 
This equation (1.154) c l e a r l y does not consider mixing amongst 
the t r i a l DOMO, since the t o t a l wavefunction and energy are 
i n v a r i a n t to such mixing. With these v a r i a t i o n s , the DOMO 
remain orthonormal to f i r s t order, since t h e i r overlap matrix 
i s given by: 

i J. i 
-1 * l = ( I * + ) • l 

• • 
$2 

* 2 > 

= ( i : ) 

I + A'A 

I 
A 

(1.155) 

From p e r t u r b a t i o n theory, the e l e c t r o n i c energy change 
accompanying the v a r i a t i o n i n the DOMO may be w r i t t e n as: 

E 

80 
i occupied v i r t u a l ^ E +4 o V-s + higher terms 

(1.156) 2 k i - k l 
k 

where F*^ stands f o r the matrix elements of the Fock operator 
i n the basis set of the t r i a l MO. C l e a r l y , i f values of A^ 
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are chosen of opposite sign to corresponding F̂.* (making the 
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 
small so t h a t the higher terms i n ( I . I 5 6 ) are smaller than the 
f i r s t - o r d e r term, the energy of the perturbed wavefunction 
w i l l not be higher than t h a t of the unperturbed f u n c t i o n . 
This would give a method of guaranteeing convergence t o a 
s t a t i o n a r y p o i n t on the energy surface, though not necessarily 
the ground s t a t e . 

Performing an i t e r a t i o n using the basis set of 
the t r i a l MO i s e a s i l y achieved by c o n s t r u c t i o n of the Fock 
matrix F °and transforming i t to the MO basis by 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 : 

• F ° (C-L : c2> 
• 

/ c i ' p n c i ; 

\ C
2

1 ' F n C l j C 2 t p n C 2 j 
(1.157) 

For the purpose of t h i s a n a l y s i s , the diagonal blocks of F * 

are assumed t o be diagonal. Consider now the d i a g o n a l i z -
a t i o n of a matrix i d e n t i c a l to F*, save t h a t the elements of 

+ + 

•..he o f f - d i a g o n a l blocks F nC 2 and Cg F nC 1 have been m u l t i ­
p l i e d by a small p o s i t i v e f a c t o r , * , corresponding t o a damping 
f a c t o r of the type i n (I.151). I f * i s s u f f i c i e n t l y small to 
allow f i r s t - o r d e r p e r t u r b a t i o n theory to be used, the r e s u l t 
of the d i a g o n a l i z a t i o n may be w r i t t e n i n the form of (1.154), 
where: 

• 
(1.158) 

A F k i 
k i F - F i i kk 
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I t has been assumed t h a t the "aufbau" p r i n c i p l e (F^*. > F ^ ) 
has been obeyed. I n t h i s s i t u a t i o n , then, the A ̂  will be 
of opposite sign to the corresponding F. . i n (I.156); however, 

K. 1 
i t i s not possible t o guarantee t h a t the magnitudes of 
be s u f f i c i e n t l y small t o assure convergence. Furthermore, 
i f the t r i a l wavefunction is f a r from convergence, then the 
ana l y s i s i s less c l e a r , since the a p p l i c a t i o n of f i r s t - o r d e r 
p e r t u r b a t i o n theory may be i n v a l i d . However, convergence may 
be ensured by adding a p o s i t i v e constant b t o the diagonal 
elements of the block Cg F Cg i n r , to give a modified 
or " l e v e l - s h i f t e d " Hamiltonian: 

mod. /C^F" C± 

XC 2
+F nC 1 

XC 1
+F n C 2 

C p
+F n C2 + b l , 

(1.159) 

where I 2 i s the u n i t matrix of order m-n. 

This modified matrix i s now diagonalized, and the r e s u l t i n g 
eigenvectors ordered according t o the "aufbau" p r i n c i p l e on 
the r e s u l t i n g eigenvalues. F i r s t - o r d e r p e r t u r b a t i o n theory 
now y i e l d s : 

(1.160) A F * A * k i 
k i 

* i i r k k - b 

The damp f a c t o r * i s normally chosen to be u n i t y . I f b i s 
chosen 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 ) the f i r s t - o r d e r p e r t u r b a t i o n theory used w i l l be 
v a l i d ; 

( i i ) no swapping of MO can occur from one i t e r a t i o n to 
the next; 

( i i i ) a l l A have the opposite sign t o the corresponding 

k i ' 
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( i v ) a l l A k i w i l l be s u f f i c i e n t l y small t o ignore higher 
order terms i n (I.156). 

Thus, f o r a s u f f i c i e n t l y large l e v e l - s h i f t e r b, the output 
wavefunction energy w i l l be lower than or equal to the input 
wavefunction energy, p r o v i d i n g an u n c o n d i t i o n a l guarantee of 
convergence to some s t a t i o n a r y p o i n t on the energy surface. 

To prevent any build-up of round-off e r r o r s , a 
Schmidt or t h o n o r m a l i z a t i o n of the t r i a l vectors i s performed 
a f t e r each i t e r a t i o n . Note t h a t t r i a l vectors are needed 
f o r the whole set of MO (both occupied and v i r t u a l ) i n the 
l e v e l - s h i f t i n g procedure. Also, o r b i t a l energies of the VMO 
w i l l be displaced upward by an amount equal to the l e v e l -
s h i f t e r : t h i s i s taken i n t o account by the ATMOL r o u t i n e s . 
This l e v e l - s h i f t i n g procedure has been found e f f i c i e n t f o r a 
large number of systems. R e l a t i v e l y large values of the l e v e l -
s h i f t e r (̂ 4 to 5 a.u.) are used i n the f i r s t few i t e r a t i o n s 
when the t r i a l vectors are r a t h e r inaccurate. A f t e r a few 
cycles, however, the use of large values slows down the con­
vergence unnecessarily and smaller values ( O . ^ to 1.0 a.u.) 
are t y p i c a l l y used. 

I f , f o r each component of a l l the vectors corres­
ponding t o the occupied o r b i t a l s , the computed value at a given 
i t e r a t i o n d i f f e r s from the value used i n b u i l d i n g the Fock 
matrix by less than an appropriate t h r e s h o l d , the c a l c u l a t i o n 
i s said t o have converged. However, t h i s method has some 
drawbacks: i f the t h r e s h o l d i s set too s t i f f l y , an otherwise 
p e r f e c t c a l c u l a t i o n may be r e j e c t e d because i t "diverges"; i f 
set too l o o s e l y , the r e s u l t s w i l l be unnecessarily inaccurate. 
Generally, programs w i l l look f o r vector convergence only a f t e r 
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some convergence f o r the energy value has been achieved, since 
t h i s converges much more r a p i d l y than the vectors. The 
r e l a t i o n s h i p between the t o t a l energy and o r b i t a l energies 
(I.87) may also provide a t e s t f o r the achievement of s e l f -
consistency. The magnitude of the o f f - d i a g o n a l elements 
between occupied and v i r t u a l o r b i t a l s of the Fock matrix i n 
the MO basis may also be considered, since they are zero at 
convergence. 

1.8.4 The SCF Procedure f o r the Open-shell Case 

With respect t o many p o i n t s , the SCF c a l c u l a t i o n 
w i l l proceed f o r the open-shell case i n the same way as f o r 
the c l o s e d - s h e l l case. However, since there are now two sets 
of equations (see sections 1.4.2 and 1.4.3)> the program w i l l 
deal w i t h the closed- and open-shell equations, e i t h e r s i m u l t ­
aneously or successively, a t each i t e r a t i o n . I n t h i s respect, 
the computational burden i s p o t e n t i a l l y twice t h a t of the 
cl o s e d - s h e l l case. Furthermore, an optimal use of f a s t store 
i s now needed to handle the many matrices which appear i n the 
c o n s t r u c t i o n of the Fock matrices. 

The open-shell c a l c u l a t i o n s reported i n t h i s t h e s i s 
were c a r r i e d out using the ATMOL RHF SCF program. This 
minimizes the energy of a single-determinantal wavefunction 
constructed from doubly- and singly-occupied MO. The aims 
of t h i s p r o g r a m ^ and those of RoothaaiJ'^ are i d e n t i c a l i n a l l 
cases where the s t a t e studied i s not o r b i t a l l y degenerate. 
I n the case where states are o r b i t a l l y ( s p a t i a l l y ) degenerate, 
the ATMOL program y i e l d s MO which o p t i m a l l y describe only one 
component of the degenerate manifold, w h i l s t Roothaan's pro­
cedures y i e l d MO which are used t o construct the set of degen­
er a t e wavefunctions. Thus, the ATMOL programs always minimize 
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a one-component energy e x p r e s s i o n of t h e form: 

< YI H I V > ^ 
' / (1.161) 

< v | f > 
whereas Roothaan's p r o c e d u r e s minimize 

/ g 

2 < 4 i M * i 

\ 
i = i x / < i ' 1 l * 1 > (1.162) 

g 

where e a c h w a v e f u n c t i o n ^ i s c o n s t r u c t e d from a common s e t 

o f MO, and g denotes t h e s t a t e degeneracy. I n g e n e r a l , t h e 

ene r g y of a d e g e n e r a t e s t a t e produced by ATMOL w i l l be lo w e r 

t h a n t h a t g i v e n by Roothaan's p r o c e d u r e . F u r t h e r m o r e , t h e 

d i s c o n t i n u i t i e s i n t h e energy s u r f a c e w i t h Roothaan's "symmetry 

e q u i v a l e n c e d " p r o c e d u r e s when J a h n - T e l l e r d i s t o r t i o n s o f t h e 

m o l e c u l a r geometry a r e s t u d i e d , do not o c c u r u s i n g t h e s p t a i a l l y 

u n r e s t r i c t e d methods o f ATMOL. However, the t o t a l w a v e f u n c t i o n 

produced by ATMOL may not be an e i g e n f u n c t i o n of a l l t h e 

symmetry o p e r a t o r s which commute w i t h t h e t o t a l H a m i l t o n i a n , 

w h i l s t t h a t produced by t h e methods o f Roothaan w i l l . 

A " l e v e l - s h i f t i n g " t e c h n i q u e t o p e r m i t g u a r a n t e e d 
On 

c o n v e r g e n c e f o r t h e o p e n - s h e l l c a s e h a s been d e v e l o p e d a s 

a l o g i c a l e x t e n s i o n o f t h e c l o s e d - s h e l l c a s e d i s c u s s e d i n the 

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

Roothaan i s i n c l u d e d a s a s p e c i a l c a s e of the e n e r g y - m i n i m i ­

z a t i o n scheme. The g e n e r a l s t r a t e g y adopted i s s i m i l a r t o 

the c l o s e d - s h e l l c a s e ; the s i t u a t i o n i s more c o m p l i c a t e d , 

however, due to the p r e s e n c e of s i n g l y - o c c u p i e d MO (SOMO) a s 

w e l l a s DOMO and VMO. T h i s means t h a t t h e s i n g l e H a m i l t o n i a n 
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matrix defined i n the MO basis (analogous to (1.159) f o r the 
cl o s e d - s h e l l case) now has three d i s t i n c t damp f a c t o r s A, 
and two l e v e l s h i f t e r s b. This i s a consequence of the f a c t 
t h a t mixing i s now possible between VMO and DOMO; VMO and 
SOMO; and DOMO and SOMO. The appropriate Hamiltonian matrix 
i s diagonalized, and a f t e r s u i t a b l e o r d e r i n g , the r e s u l t i n g 
eigenvectors are used t o define i t e r a t e d MO as l i n e a r combin­
a t i o n s of the t r i a l MO. Ordering may be according to the 
"aufbau" p r i n c i p l e , or by the use of a LOCK d i r e c t i v e , which 
causes i t e r a t e d MO to be selected on the p r i n c i p l e of maximum 
overlap w i t h the t r i a l MO. This 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 i n the study of e x c i t e d s t a t e s , such as the core hole 
s t a t e species encountered i n the c a l c u l a t i o n of core b i n d i n g 
energies, as o u t l i n e d i n the f o l l o w i n g chapter. 
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CHAPTER TWO 

X-RAY PHOTOELECTRON SPECTROSCOPY 

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

I n t h i s chapter a b r i e f d e s c r i p t i o n of the basic processes 
and theory of X-ray Photoelectron Spectroscopy (XPS) w i l l be 
presented. Although of considerable i n t e r e s t and importance, 
photoelectron spectroscopy of valence electrons using r e l a t ­
i v e l y low-energy photons (say, less than 100 eV ) - commonly 
r e f e r r e d to as U l t r a v i o l e t Photoelectron Spectroscopy (UPS) -
w i l l not be t r e a t e d per se here: i t has been e x t e n s i v e l y 

ftp 
reviewed elsewhere. A f t e r i n t r o d u c i n g the fundamental 
processes involved i n XPS, mention w i l l be made of the i n s t r u ­
mentation involved, and of the main features of the spectra 
obtained. There are presently several e x c e l l e n t t e x t s a v a i l -

84-8Q 
able g i v i n g f u l l coverage of the technique, 7 i n a d d i t i o n 

Q0 en 
to the key works of Siegbahn et a l . ^ The remainder of 
the chapter w i l l concentrate on the various methods f o r the 
c a l c u l a t i o n of e l e c t r o n binding energies (BE) and r e l a x a t i o n 
energies (RE). The emphasis w i l l be on ab initio quantum 
mechanical methods, although b r i e f mention w i l l be made of 
many-body p e r t u r b a t i o n theory approaches. Several d e t a i l e d 
review a r t i c l e s are a v a i l a b l e on the t h e o r e t i c a l aspects of 
XPS. 9 2" 9 6 

2.2 Processes involved i n XPS 
The technique of XPS, as used today, was developed and 

named ESCA (Electron Spectroscopy f o r Chemical A p p l i c a t i o n s ) 
by Siegbahn and coworkers i n Uppsala i n the 1950's, although 

97 
some e a r l i e r i n v e s t i g a t i o n s (notably by Robinson ' and de 
B r o g l i e ^ ) i n t o the energies of photoelectrons emitted from 
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samples i r r a d i a t e d by X-rays had previously been c a r r i e d out. 
A recent r e v i e w ^ describes the development of XPS from 1900 

to 1960, w h i l s t much of the e a r l y work of the Uppsala group 
90 91 

i s well-documented i n the two ESCA books of Siegbahn. 

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

I n XPS, the sample being studied i s i r r a d i a t e d 
w i t h a monoenergetic beam of s o f t X-rays, t y p i c a l l y Mg., 

^ 1 , 2 
or Alv „ w i t h energies of 1253-7 and 1486.6 eV, r e s p e c t i v e l y . 

* 1,2 
Electrons which have a bindi n g energy less than the energy of 
the e x c i t i n g r a d i a t i o n may be photoemitted, a l l o w i n g the study 
of both core and valence e l e c t r o n - l e v e l s . The t o t a l k i n e t i c 
energy of the emitted photoelectron, KE (which may include 
c o n t r i b u t i o n s from the v i b r a t i o n a l , r o t a t i o n a l and tra n s -
l a t i o n a l motions), i s given by: 

KE = hv - BE - E (2.1) 
r 

where hv i s the energy of the i n c i d e n t photon, 
h i s Planck's constant, 
v is the frequency of the X-ray r a d i a t i o n , 
BE i s the bindi n g energy of the photoemitted 

e l e c t r o n , defined as the p o s i t i v e energy 
required t o remove an e l e c t r o n to i n f i n i t y 
w i t h zero k i n e t i c energy, 

and E r i s the r e c o i l energy of the sample. 
The r e c o i l energy i s u s u a l l y n e g l i g i b l e , except where high-
energy X-rays are used w i t h l i g h t atoms (e.g., f o r L i using 
A l K o (1486.6 eV) and A g K a (22,000 eV). the r e c o i l energies 
are 0.1 and 2 eV. r e s p e c t i v e l y ) . 9 0 The e f f e c t has been 

100 
studied i n some d e t a i l by Cederbaum and D.imcke, who have 
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r e c e n t l y shown t h a t the v i b r a t i o n a l band envelopes i n the 
XPS spectra of molecules d i f f e r from those p r e d i c t e d by the 
Franck-Condon p r i n c i p l e ; energy s h i f t s i n the A l K a e x c i t e d 
e l e c t r o n bands of up to several tenths of an eV due to r e c o i l -
induced v i b r a t i o n a l and r o t a t i o n a l e x c i t a t i o n , i n a d d i t i o n to 
the t r a n s l a t i o n a l r e c o i l energy of the molecule, have been 
p r e d i c t e d . However, i n t h i s work, since comparison i s gener­
a l l y made w i t h experimental data using low-energy X-rays 
( A l ^ a or Mg^a) p e r t a i n i n g to molecules c o n t a i n i n g atoms higher 
i n the Periodic Table than l i t h i u m , the r e c o i l energy i s neg­
l e c t e d , and the equation f o r the BE of an e l e c t r o n i n a gaseous 
sample (2.1) reduces t o : 

KE = h v - BE (2.2) 

The complementary technique of UPS i s based on 
the same p r i n c i p l e s , and normally employs He I r a d i a t i o n 
(21.22 eV), although other r a d i a t i o n (mainly He I I (40.8 e V ) ) 1 0 

has been used. T y p i c a l l y , only the outer valence-electrons 
can be studied; however, since the t o t a l l i n e - w i d t h s i n UPS 
(^0.015 eV) are much less than those i n XPS ('v-l eV), v i b r a ­
t i o n a l f i n e - s t r u c t u r e may be resolved. This i s both the 
p r i n c i p l e advantage of UPS over XPS, since i t allows consider­
able i n f o r m a t i o n to be derived concerning the nature of the 
valence o r b i t a l s , which determine the chemical and ph y s i c a l 
p r o p e r t i e s of the molecules, but also a drawback, since the 
assignment of each band i n the UPS spectrum of a molecule may 
be a very d i f f i c u l t task. 

2.2.2 Relaxation, Shake-up and Shake-off 

Figure 2.1 shows schematically the r e l a t i o n s h i p 
between d i r e c t p h o t o i o n i z a t i o n , r e l a x a t i o n and shake-up i n XPS. 
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Photoionizotion Relaxation Shake-up 

Virtual 
Orbitals 

Valence 
Orbitals 

hv 

Core 
Orbitals 

-•— 
-•—•-

""Frozen" 

7. "Relaxed" i 
-•—•-

e Virtual e 

/ ; O Core 

Trozen" 

Fig. ( 2 . 1 ) A schematic representation of the basic processes 
i n XPS. 

Although core-electrons are s u f f i c i e n t l y l o c a l i z e d i n space 
i n the p r o x i m i t y of the nucleus not t o take any pa r t i n bonding, 
the major c o n t r i b u t i o n t o the t o t a l energy of an atom or 
molecule a r i s e s from i t s core-electrons, which c l o s e l y monitor 
valence-electron d i s t r i b u t i o n s . The removal of such a 
t i g h t l y - b o u n d c o r e - e l e c t r o n , which i s almost completely screen­
i n g as f a r as the valence-electrons are concerned, leads 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 z a t i o n or " r e l a x a t i o n " accompany­
i n g c o r e - i o n i z a t i o n , predominantly associated w i t h the valence-
e l e c t r o n s ; although i t i s convenient t o conceptually separate 
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t h e processes o f p h o t o i o n i z a t i o n and r e l a x a t i o n , t h e y s h o u l d 

s t r i c t l y be regarded as o c c u r r i n g c o n c u r r e n t l y . T h i s 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 t h e e l e c t r o n i c s t r u c t ­

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

d e t e r m i n i n g n o t o n l y the a b s o l u t e BE o f a c o r e - e l e c t r o n , b u t 

a l s o i n d e t e r m i n i n g t h e l i n e s h a p e s o f observed peaks by means 

o f v i b r a t i o n a l f i n e - s t r u c t u r e . These and o t h e r aspects o f 

the r e l a x a t i o n process w i l l be c o n s i d e r e d i n some d e t a i l i n 

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

The sudden p e r t u r b a t i o n o f t h e v a l e n c e - e l e c t r o n 

c l o u d accompanying c o r e - i o n i z a t i o n g i v e s r i s e t o a f i n i t e 

p r o b a b i l i t y f o r p h o t o i o n i z a t i o n t o be accompanied by s i m u l t ­

aneous e x c i t a t i o n o f a v a l e n c e - e l e c t r o n from an 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 (shake-up), as i l l u s t r a t e d i n 

F i g u r e (2.1), o r even simultaneous e m i s s i o n o f a v a l e n c e -

e l e c t r o n ( s h a k e - o f f ) . T h i s g i v e s r i s e t o s a t e l l i t e peaks 

on t h e low k i n e t i c - e n e r g y s i d e o f the d i r e c t p h o t o i o n i z a t i o n 

peak, which may be t h o u g h t o f as a r i s i n g f r o m e x c i t e d s t a t e s 

o f t h e c o r e - h o l e s t a t e s p e c i e s . Thus, a r e v i s i o n o f (2.2) 

i s needed t o account f o r these m u l t i - e l e c t r o n processes: 

KE = h v - BE - E (2.3) 

where E i s t h e energy o f t h e m u l t i - e l e c t r o n process. I n 

the sudden a p p r o x i m a t i o n , t r a n s i t i o n i n t e n s i t i e s are d i r e c t l y 

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

occupied o r b i t a l s o f the i n i t i a l system and v i r t u a l o r b i t a l s 

o f t h e h o l e - s t a t e s p e c i e s . Thus, t h e p r o b a b i l i t y o f e x c i t i n g 

an e l e c t r o n f r o m t he o r b i t a l denoted by n l j o f the n e u t r a l 
102 

atom, t o t h e o r b i t a l n ' l j o f t h e i o n , i s g i v e n by: 
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Pn'lJ«nlJ - N " { l j f A ' l j d T ' (2.4) 

where N i s t h e number o f e l e c t r o n s i n o r b i t a l n l j 
i 

and * * i are t h e w a v e f u n c t i o n s o f o r b i t a l s n l j , n ' l j 
xi x j n J- j 

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

I t f o l l o w s t h a t e x c i t a t i o n s t o these s t a t e s f o l l o w monopole 

s e l e c t i o n r u l e s : 

A J = A L = AS = AMj = A M L = A M g = 0 (2.5) 

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

i n t h e d o u b l e t m a n i f o l d , as d e p i c t e d i n F i g u r e 2.2, i t i s 

c l e a r t h a t w i t h i n a simple o r b i t a l model, t h e r e are two 

Virtual <*>vf 

Valence — H — <PVi 

11 
-H-

Singlet parentage 

ft— ^ v i ^ f l 
Triplet parentage 

2 A | ft^i*vil 

Electron Count 
k 

K.E. 
shake-off shake up ..direct. 

phobionization 

F i g . ( 2 . 2 ) Schematic i l l u s t r a t i o n o f s i n g l e - t r i p l e t shake-up 
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p o s s i b i l i t i e s . E i t h e r t h e u n p a i r e d e l e c t r o n i n the v a l e n c e -

l e v e l and t h a t e x c i t e d t o t h e v i r t u a l o r b i t a l w i l l have o p p o s i t e 

s p i n s ( " s i n g l e t o r i g i n " ) , o r they b o t h have the same s p i n , 

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

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

t h a n t h a t o f s i n g l e t o r i g i n ; however, s i n c e b o t h r e p r e s e n t 

d o u b l e t s t a t e s , t r a n s i t i o n s from the g r o u n d s t a t e o f t h e core 

h o l e s t a t e may be viewed as b o t h b e i n g a l l o w e d . I n p r i n c i p l e , 

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

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

th e shake-up s t a t e s o f a. g i v e n e x c i t a t i o n c o n f i g u r a t i o n , t h e 

s i n g l e t s t a t e n a i v e l y b e i n g expected t o be the more i n t e n s e . 

Of course, t h e d e t a i l e d t h e o r e t i c a l i n t e r p r e t a t i o n o f shake-up 
10"3 

s t a t e s ^ i s by no means as simple as has been p o r t r a y e d h e r e , 

b u t t h i s s i m p l i s t i c model p r o v i d e s an adequate s t a r t i n g - p o i n t 

f o r d i s c u s s i o n s i n subsequent c h a p t e r s . 
The r e l a t i o n s h i p between r e l a x a t i o n and shake-up 

o io4 
and s h a k e - o f f has been c l e a r l y e l a b o r a t e d by Manne and Aberg. 

Shake-up and s h a k e - o f f t r a n s i t i o n s obey monopole s e l e c t i o n 

r u l e s ; i f t h e r e were no r e l a x a t i o n accompanying c o r e - i o n i z a t i o n , 

c l e a r l y such t r a n s i t i o n s would have zero i n t e n s i t y , s i n c e e i g e n -

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

e i g e n v a l u e s are o r t h o g o n a l . Manne and Aberg showed t h a t t h e 

we i g h t e d average over the d i r e c t p h o t o i o n i z a t i o n and shake-up 

and'shake-off peaks corresponds t o the BE a p p r o p 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), i l l u s t r a t e d 

s c h e m a t i c a l l y i n F i g u r e 2.3. Since RE f a l l w i t h i n a narrow 

range f o r a g i v e n c o r e - 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, w h i l s t RE might t y p i c a l l y f a l l 

i n the range 1 2 - 2 eV), i t i s c l e a r t h a t shake-up and shake-
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Electron count 

Shake-off 

Relaxation 
Energy 

, Shake-up Direct Photoionization 
Koopmans' 

Fig.(2.3) The r e l a t i o n s h i p between RE, Koopmans' theorem 
and t h e d i r e c t p h o t o i o n i z a t i o n and m u l t i - e l e c t r o n 
s a t e l l i t e peaks. 

o f f a re p e r f e c t l y g e n e r a l phenomena p r e s e n t i n every system; 

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

s i t i o n v a r y from system t o system. T r a n s i t i o n p r o b a b i l i t i e s 

f o r h i g h - e n e r g y s h a k e - o f f processes s h o u l d be r e l a t i v e l y s m a l l , 

and t h u s 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 w i l l f a l l reason­

a b l y c l o s e t o t h e wei g h t e d mean. I n p r i n c i p l e , t h e RE s h o u l d 

be a v a i l a b l e from experiment, p r o v i d e d a l l o f the r e l e v a n t 

shake-up and s h a k e - o f f processes can be e s t i m a t e d i n terms o f 

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

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

presence o f 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 f rom photo-

e m i s s i o n f r o m a g i v e n c o r e - l e v e l , f o l l o w e d by energy l o s s by 

a v a r i e t y o f s c a t t e r i n g processes. T h i s g i v e s r i s e t o a broad 

energy d i s t r i b u t i o n , u s u a l l y peaking ( f o r o r g a n i c systems) 

^20 eV below t h e d i r e c t p h o t o i o n i z a t i o n peak, g e n e r a l l y obscur­

i n g any u n d e r l y i n g high-energy s h a k e - o f f processes, a t l e a s t 

i n t h e s o l i d s t a t e . 
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2.2.3 Auger Emission and X-ray Fluorescence 

C o r e - i o n i z a t i o n leaves an atom o r molecule i n a 

h i g h l y e x c i t e d s t a t e : d e - e x c i t a t i o n o f t h e h o l e - s t a t e may 

occur by b o t h f l u o r e s c e n c e and Auger processes, as i l l u s t r a t e d 

s c h e m a t i c a l l y i n F i g u r e 2.4. Auger e m i s s i o n may be viewed 

Virtual 
Orbitals 

Valence 
Orbitals 

Core 
Orbitals 

Photoionization Auger Emission X-ray Fluorescence 

hv 

Virtual 

O 
Valence 

Fig.(2.4) D e - e x c i t a t i o n o f a core h o l e s t a t e by Auger 
and X-ray Fluorescence. 

as a. two-step process, i n which the e j e c t i o n o f a. c o r e - e l e c t r o n 

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

h i g h e r ( v a l e n c e ) l e v e l t o f i l l t h e i n n e r - s h e l l vacancy, w i t h 

th e s i m u l t a n e o u s e m i s s i o n o f a second e l e c t r o n from some 

v a l e n c e - s h e l l . 1 0 ^ - 1 1 0 U n l i k e shake-up o r s h a k e - o f f , which 

may be termed t w o - e l e c t r o n processes, Auger e m i s s i o n i s a 
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t h r e e - e l e c t r o n p r o c e s s , i n v o l v i n g a s e t o f l e v e l s KLM. I f 

one o f the f i n a l v a cancies i s i n the same s h e l l as t h e p r i m a r y 

vacancy, the process i s known as a C o s t e r - K r o n i g t r a n s i t i o n . 

T h i s process i s v e r y e f f i c i e n t , l e a d i n g t o s h o r t l i f e - t i m e s 

o f t he p r i m a r y h o l e - s t a t e , w i t h a co n c o m i t a n t broadening i n 

the XPS spectrum. 1 0^' 1''" 0 The w a v e f u n c t i o n o v e r l a p i s such 

t h a t t h e p r o b a b i l i t y f o r C o s t e r - K r o n i g processes i s more t h a n 

an o r d e r o f magnitude g r e a t e r t h a n f o r Auger processes i n v o l v ­

i n g v a l e n c e - e l e c t r o n s . For a C o s t e r - K r o n i g process, t h e 

d i f f e r e n c e i n t h e BE o f t h e two i n n e r s h e l l s must be s u f f i c ­

i e n t l y l a r g e t o e j e c t an e l e c t r o n from an o r b i t a l i n a h i g h e r 

s h e l l . T h i s s i t u a t i o n g e n e r a l l y o n l y a r i s e s i n elements o f 

atomic number g r e a t e r than 40. 

Auger e l e c t r o n s are a l s o r e c o r d e d i n the XPS 

spectrum; however, s i n c e t h e i r e n e r g i e s are independent o f 

the e x c i t i n g r a d i a t i o n ( p r o v i d e d i t i s s u f f i c i e n t l y g r e a t t o 

c r e a t e t h e p r i m a r y v a c a n c y ) , they may r e a d i l y be d i s t i n g u i s h e d 

f r o m p h o t o e l e c t r o n s by changing t h e energy o f t h e e x c i t i n g 

r a d i a t i o n . Chemical s h i f t s have been observed i n Auger 
90 

spectra -; i n t e r p r e t a t i o n o f Auger s p e c t r a may n o t be s t r a i g h t ­

f o r w a r d , however, s i n c e differences i n e n e r g y - l e v e l s are i n ­

v o l v e d . Auger E l e c t r o n Spectroscopy (AES) as c o n v e n t i o n a l l y 

a p p l i e d i s based on the a n a l y s i s o f the energy o f e l e c t r o n s 

t h a t are e j e c t e d from a. sample as a consequence o f e x c i t a t i o n 

by p r i m a r y e l e c t r o n beams ( t y p i c a l l y ^2 k V ) , r a t h e r t h a n X-ray 

photons. T h i s t e c h n i q u e i s t r u l y a s u r f a c e a n a l y s i s t e c h n i q u e 

i n t h a t t h e p e n e t r a t i o n depth f o r t h e e x c i t i n g e l e c t r o n s i s 

t y p i c a l l y around 5 atomic l a y e r s . Under i d e a l c o n d i t i o n s , 
6 -7 

atoms have been d e t e c t e d down t o 10 atoms cm ^ a t t h e 

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

t o X-ray f l u o r e s c e n c e (XRF), an e x c e l l e n t means o f q u a l i t a t i v e 

a n a l y s i s f o r c o n s t i t u e n t s o f atomic number g r e a t e r than e i g h t . 

C o n 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 e l e ­

ments around Fe, Co and N i have been d e t e c t e d . 1 1 1 X-ray 

e m i s s i o n i s v e r y i n e f f i c i e n t f o r the l i g h t e r elements, and 

n e g l i g i b l e f o r e n e r g i e s l e s s t h a n 500 eV, w i t h Auger e m i s s i o n 

b e i n g more p r o b a b l e , as i l l u s t r a t e d i n F i g u r e 2.5- Auger 

e f f i c i e n c y i s a p p r o x i m a t e l y comparable t o X-ray emission a t 

about 2000 eV. 

Auger electron yield 
1-0 

c 0-8 

0-6 

X-ray yield 
0-0 - T -

35 5 10 15 20 25 30 35 
H B N e P C a M n Z n B r 

F i g . (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. 

2.3 I n s t r u m e n t a t i o n 

The f i r s t commercial XPS i n s t r u m e n t appeared i n 1969; 

s i n c e t h a t t i m e , s e v e r a l designs have been p l a c e d on t h e market. 

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 XPS 

sp e c t r o m e t e r (an A.E.I. ES200 AA/B) i s g i v e n i n F i g u r e 2.6. 
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Fig.(2.6) A schematic o f XPS i n s t r u m e n t a t i o n 

2.3-1 X-ray Generator 

The most commonly-used X-ray sources are non-

monochromatized 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 : 
-5 

<10 ^ t o r r ; 12 kV, 15 mA) and monochromatized Al„. -6 X ' 2 

(<10 ; 15 kV, 35 mA). The X-ray f l u x i s o f t h e o r d e r o f 
112 

0.1 r a d / s e c , which f o r the 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. The component l i n e w i d t h s 

f o r non-chromotized X-ray sources i n the case o f Mg and A l 
90 

t a r g e t s are X̂).7 eV and 0.9 eV, r e s p e c t i v e l y . I n t h e case 
o f t h e A l source, t h e l i n e w i d t h may be reduced by monochroma-

91 
t i z a t i o n , t h e r e b y i m p r o v i n g r e s o l u t i o n , and e l i m i n a t i n g un­

wanted background and X-ray s a t e l l i t e s . The wavelength x o f 

A l K a r a d i a t i o n i s 8.34 A, and by d i f f r a c t i o n f rom t h e (1010) 

plane o f q u a r t z a t an i n c i d e n t angle e o f 78.5°, t h e r e ­
q u i r e d c o n d i t i o n s f o r t h e Bragg e q u a t i o n : 
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n X = 2d s i n n where n I s an I n t e g e r 
(2.6) 

d i s t h e i n t e r a t o m i c s p a c i n g 
91 

a r e s a t i s f i e d . A f t e r s e p a r a t i n g t h e Al„ r a d i a t i o n from 

t h e background, t h e 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 : 

( a ) ' s l i t - f i l t e r i n g ' ( p a s s i n g t h r o u g h a s l i t ) ; 

( b ) ' d i s p e r s i o n compensation' ( p a s s i n g t h r o u g h a l e n s 

system t o a l l o w f o r t h e peak-shape of t h e Ka 

r a d i a t i o n ) ; 

( c ) ' f i n e - f o c u s s i n g ' ( u s i n g 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 0.2 eV can be a t t a i n e d 

by these t e c h n i q u e s . 
2.3.2 Sample Region 

The sample r e g i o n o f t h e s p e c t r o m e t e r i s s e p a r a t e d 

f r o m t h e X-ray g e n e r a t o r 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 o r f i l a m e n t 

i n the X-ray gun do n o t e n t e r t h e sample r e g i o n . Samples may 

be s t u d i e d on t h e t i p o f a probe, which may be i n s e r t e d i n t o 

t h e sample r e g i o n v i a a system o f i n s e r t i o n l o c k s w i t h o u t 

l e t t i n g t h e sample r e g i o n up t o atmosphere; however, t h i s 
-8 

l i m i t s the base-pressure o f the system t o -vLO" t o r r . The 

p r o b e - t i p may be heated t o over 250°C, o r c o o l e d by u s i n g 

l i q u i d n i t r o g e n , and can be o r i e n t e d i n the X-ray beam t o o b t a i n 

maximum s i g n a l i n t e n s i t y , o r t o p e r f o r m a n g u l a r dependent 

s t u d i e s . S o l i d samples are mounted on the p r o b e - t i p u s u a l l y 

by means o f d o u b l e - s i d e d 'Scotch' i n s u l a t i n g t a p e . The f a c i l ­

i t y f u r c o o l i n g the sample p r o b e - t i p a l l o w s l i q u i d o r v o l a t i l e 

s o l i d samples t o be s t u d i e d i n the condensed phase, w h i l s t gases 

may be analyzed d i r e c t l y , u s i n g a l e a k v a l u e . 
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2.3-3 A n a l y z e r 

The e l e c t r o n energy a n a l y z e r on t h e A . E . I . ES 200 
AA/B i s a h e m i s p h e r i c a l d o u b l e - f o c u s s i n g e l e c t r o s t a t i c a n a l -

113 

y z e r , ^ enclosed w i t h i n two mu-metal cans f o r magnetic 

s h i e l d i n g . The r e s o l u t i o n o f the a n a l y z e r i s g i v e n by: 

E W K [ ) 

where E i s t h e energy o f t h e e l e c t r o n s : 

R i s t h e mean r a d i u s o f t h e hemisphere; 

and W i s t h e combined w i d t h s o f e n t r a n c e and e x i t s l i t s . 

R e s o l u t i o n can thus be improved by r e d u c i n g the s l i t w i d t h s 

( w h i c h a l s o reduces the s i g n a l i n t e n s i t y ) ; 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 ( i n c r e a s e s e n g i n e e r i n g d i f f i c u l t i e s 

and c r e a t e s pumping d i f f i c u l t i e s ) ; o r by 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 t h e y e n t e r t h e a n a l y z e r . 

The o v e r a l l r e s o l u t i o n , AE^/E, a l s o depends on 

c o n t r i b u t i o n s from sources o t h e r t h a n t h e a n a l y z e r : 

( A E M ) 2 ' = ( A E X ) 2 + ( A E ^ ) 2 4- ( A E S ) 2 (2.8) 

where AE i s t h e w i d t h o f the X-ray l i n e i n d u c i n g the e m i s s i o n ; 

A E G L i s the n a t u r a l w i d t h o f the e l e c t r o n energy d i s t ­

r i b u t i o n i n the l e v e l b e i n g s t u d i e d ; 

and AE i s t h e l i n e - b r o a d e n i n g due t o s p e c t r o m e t e r i r r e g u -

l a r i t i e s . 

2.3.4 The D e t e c t o r and Data A c q u i s i t i o n 

The e l e c t r o n s p a s s i n g t h r o u g h the c o l l e c t o r s l i t 

a r e d e t e c t e d by an e l e c t r o n m u l t i p l i e r , and the p u l s e s o b t a i n e d 

a r e a m p l i f i e d and f e d i n t o the c o u n t i n g e l e c t r o n i c s . S p e c t r a 

may be generated by one o f two methods: 
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( a ) t h e c o n t i n u o u s scan, i n which the e l e c t r o s t a t i c f r e l d 

i s i n c r e a s e d from t h e s t a r t i n g k i n e t i c energy c o n t i n u o u s l y , 

w h i l e t h e s i g n a l s from the m u l t i p l i e r are m o n i t o r e d by a 

r a t e - m e t e r . I f t h e s i g n a l i s s u f f i c i e n t l y s t r o n g , and 

th e s i g n a l t o background r a t i o s u f f i c i e n t l y h i g h , t h e n 

t h e spectrum (a graph o f counts per second vs. e l e c t r o n 

k i n e t i c energy) i s p l o t t e d o u t d i r e c t l y on an x-y r e c o r d e r . 

(b) t h e s t e p scan, i n which t h e f i e l d i s i n c r e a s e d by p r e - s e t 

i n c r e m e n t s ( t y p i c a l l y 0.1 eV): a t each s e t t i n g , e i t h e r 

a f i x e d number o f counts may be t i m e d , or the counts may 

be measured f o r a f i x e d l e n g t h o f t i m e . The d a t a so 

o b t a i n e d i s s t o r e d i n a m u l t i - c h a n n e l a n a l y z e r (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 t h e background. 

2.4 Reference L e v e l s 

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

between BE observed e x p e r i m e n t a l l y by XPS f o r s o l i d s , as opposed 

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

initio LCAO MO SCF t r e a t m e n t s . The most c o n v e n i e n t r e f e r e n c e 
90 

l e v e l f o r a c o n d u c t i n g sample i s the Fermi l e v e l , d e f i n e d 

i n a m e t a l as t h e h i g h e s t o c c u p i e d l e v e l . The w o r k - f u n c t i o n 

f o r a s o l i d , A , i s d e f i n e d as t h e energy gap between the f r e e 

e l e c t r o n ( o r vacuum) l e v e l and t h e Fermi l e v e l i n t h e s o l i d . 

Since t h e sample and s p e c t r o m e t e r are i n e l e c t r i c a l c o n t a c t , 

t h e i r Fermi l e v e l s are t h e same; however, t h e vacuum l e v e l s 

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

the e l e c t r o n w i l l e x p e r i e n c e e i t h e r an a c c e l e r a t i n g o r r e t a r d ­

i n g p o t e n t i a l e q u a l t o * - <t> . where <l> i s t h e work-
s spec' spec 

114 1 1 ^ 

f u n c t i o n o f t h e s p e c t r o m e t e r . ' ^ I n XPS, i t i s t h e k i n e t i c 
energy KE o f t h e e l e c t r o n when i t e n t e r s t h e a n a l y z e r t h a t i s 
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measured; t h i s w i l l i n g e n e r a l be d i f f e r e n t from t h e k i n e t i c 

energy KE 1 which i t had on emerging from t h e sample. T a k i n g 

zero BE t o be a t the Fermi l e v e l o f t h e sample g i v e s ( f r o m 

(2.2)): 

BE = hv - KE - <f> spec (2.9) 

T h i s i s i l l u s t r a t e d i n F i g u r e 2.7. 

h v 

K E ' 

Vacuum 
"Level (sample) 

KE 

.Vacuum 
"Level (spect) 

spec 
.Fermi 
Level 

B E 
Energy 

core 
level 

SAMPLE SPECTROMETER 

F i g . (2.7) BE r e f e r e n c e l e v e l i n s o l i d s . 

The BE r e f e r r e d t o the Fermi l e v e l does n o t depend on t h e work-

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

*spec ; t n i s r e p r e s e n t s a c o n s t a n t c o r r e c t i o n t o a l l BE. I n 

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

by t h e use o f r e f e r e n c e s t a n d a r d s f o r c a l i b r a t i o n o f t h e BE 
, 116 s c a l e . 



95 

2.5 I m p o r t a n t F e a t u r e s o f XPS S p e c t r a 

2-5.1 B i n d i n g Energies and Chemical S h i f t s 

The BE o f c o r e - e l e c t r o n s , which are e s s e n t i a l l y 

l o c a l i z e d , a re c h a r a c t e r i s t i c o f a p a r t i c u l a r element. T y p i c a l 

examples o f approximate c o r e - e l e c t r o n BE f o r some elements 

are shown i n Table 2.1. 

Table 2.1 E x p e r i m e n t a l c o r e - l e v e l e l e c t r o n BE o f t h e l i g h t 

elements (eV) 

L i Be B C N 0 F Ne 

I s 57.2 115.6 191 289.3 409-9 543.1 696.7 870. 
2 s b 5.4 9.3 14.1 19.4 25.4 32.3 40. 3 48. 

•° 2.4 3-9 4.6 

Ma Mg A l Si P s CI Ar 

I s 1074.0 1306.7 1562.4 1843 2153 2476 2827 3205.9 
2s 65.7 92.3 112.2 153 193 233 274 326.3 
2pi 32.9 53-2 77-3 104 140 169 206 250.6 

2 p % 32.6 52.9 76.9 103 139 168 204 248.6 

2.3 3-7 4.2 

( a ) A l l v a l u e s are quoted from Ref. 117• 

( b ) These v a l u e s are f r e e - a t o m ; a l l o t h e r s are s t a n d a r d - s t a t e . 

( c ) The BE are quoted as r e f e r e n c e d t o the vacuum l e v e l : t o 

o b t a i n BE r e f e r e n c e d t o t h e Fermi l e v e l , t h e w o r k - f u n c t i o n 

A must be s u b t r a c t e d . Where b l a n k , t h e w o r k - f u n c t i o n i s 

e i t h e r n o t a p p l i c a b l e , or n e g l i g i b l e . 

Knowledge o f BE th u s a l l o w s t h e ready d e t e c t i o n o r i d e n t i f i c a t i o n 

o f elements i n a sample.^® A l t h o u g h some c o r e - l e v e l s are t o o 

t i g h t l y bound t o be s t u d i e d w i t h Mg o r A l x - r a y s , t h e r e are 

g e n e r a l l y l e s s t i g h t l y bound c o r e - l e v e l s which can be s t u d i e d . 
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V a r i a t i o n s o f BE w i t h i n a g i v e n c o r e - l e v e l a re 
90,91,118 

a s e n s i t i v e f u n c t i o n o f the e l e c t r o n i c environment o f an atom, 

and thus d i f f e r e n c e s i n t h e e l e c t r o n i c environment o f a g i v e n 

atom i n a molecule g i v e r i s e t o a s m a l l range o f BE, o r chemical 

shifts, o f t e n r e p r e s e n t a t i v e o f a p a r t i c u l a r s t r u c t u r a l f e a t u r e . 

The c l a s s i c i l l u s t r a t i o n o f ch e m i c a l s h i f t s i s t h e C^ spectrum 
I s 

o f e t h y l t r i f l u o r o a c e t a t e P 1 F i g u r e 2.8. S h i f t s i n BE o f over 

10 eV have been observed f o r a g i v e n l e v e l . Models f o r the 

i n t e r p r e t a t i o n o f chemical s h i f t s w i l l be d i s c u s s e d i n more 

d e t a i l l a t e r . For a g i v e n c o r e - l e v e l ( w i t h due allowance f o r 

any shake-up o r s h a k e - o f f p r o c e s s e s ) , t he 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 t o t h e number o f atoms i n a. p a r t i c u l a r e n v i r o n ­

ment . 

0 H 
\ II I 

F—C — C — 0 — C 
/ I 

H 

0 E-29T*«V 

Fig.(2.8) C l s spectrum o f e t h y l t r i f l u o r o a c e t a t e . 

2.5-2 M u l t i p l e t S p l i t t i n g 

M u l t i p l e t s p l i t t i n g s i n XPS occur i f the system 

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

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

e n t way 119 The i n t e r p r e t a t i o n i s r e l a t i v e l y s t r a i g h t f o r w a r d 
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o n l y f o r s h o l e s t a t e s . I f S i s the t o t a l s p i n o f t h e 

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

f i n a l s t a t e s have a t o t a l s p i n o f S - ?. The energy d i f f e r ­

ence between the S + \ and S - \ s t a t e s , AE, i s p r o p o r t i o n a l 

t o t he m u l t i p l i c i t y o f the ground s t a t e : 

AE = (2S + 1) K (2.10) 

where K i s t h e exchange i n t e g r a l between t h e core ( c ) and 

valen c e ( v ) e l e c t r o n s under c o n s i d e r a t i o n , d e f i n e d by 

K = <* v(l)4> c(2) | ̂ r
1 2 | * v ( 2 ) * c ( l ) > 

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

a c i e s o f t h e f i n a l s p i n s t a t e s , v i z : 

(2(S + \) + 1) : (2(S - \) + 1) = 2S + 2 : 2S 
(2.11) 

= S + 1 : S 

M u l t i p l e t s p l i t t i n g s i n XPS have been d i s c u s s e d i n d e t a i l by 
121 

Fadley. The magnitude o f t h e s p l i t t i n g f o r a g i v e n i o n 
can g i v e v a l u a b l e i n f o r m a t i o n c o n c e r n i n g the l o c a l i z a t i o n o r 

90,122,123 
d e r e a l i z a t i o n o f t h e u n p a i r e d v a l e n c e - e l e c t r o n s i n compounds: 

the g r e a t e r t h e s p i n - d e n s i t y on an atom, t h e g r e a t e r t h e 

s p l i t t i n g . 

A simple example o f m u l t i p l e t s p l i t t i n g i s p r o ­

v i d e d by Siegbahn e t a l . ^ 1 I n a gas-phase study o f N 2, NO 

and 0 2* t h e y found t h a t w h i l s t t he N 2 molecule d i d n o t possess 

c o r e - l e v e l s p l i t t i n g , t h e NO and 0g molecules d i d , as shown i n 

F i g u r e 2.9- Thus, on p h o t o e m i s s i o n from an 0 l s o r N l s c o r e -

l e v e l i n NO, t h e m o l e c u l a r N0 + i o n i s l e f t i n e i t h e r a. t r i p l e t 

.vr s i n g l e t s t a t e . The s p l i t t i n g observed i n t h e I s s p e c t r a 

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

and u n p a i r e d 2 TT e l e c t r o n s , g i v i n g r i s e t o d i f f e r e n t e n e r g i e s 
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3 * 
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F i g . (2.9) 0, and N, c o r e - l e v e l s p e c t r a o f N Q, NO and 0 
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f o r those s t a t e s . For the N-^ l e v e l , there i s an energy 

sepa r a t i o n of 1.5 eV; i n the case of the 0-. l e v e l , the separ-
J- s 

a t i o n of 0.7 eV leads to line-broadening of 0.3 eV. A s i m i l a r 

s i t u a t i o n a r i s e s f o r the 0^ molecule. 
2.5-3 Spin-Orbit S p l i t t i n g 

I f p h otoionization occurs from an o r b i t a l with 

an o r b i t a l quantum number 1 greater than 1, then a doublet 
90 

s t r u c t u r e w i l l be observed i n the XPS spectrum. T h i s a r i s e s 

from coupling between the s p i n and angular moments, S and L 

r e s p e c t i v e l y , g i v i n g r i s e to two p o s s i b l e v a l u e s of the t o t a l 

momentum J for the h o l e - s t a t e formed. The i n t e n s i t i e s of 

the peaks i n the doublet are proportional to the r a t i o s of 

the degeneracies of the s t a t e s (2J + 1 ) . The r e l e v a n t i n ­

t e n s i t y r a t i o s are shown i n Table 2.2. 
TABLE 2.2 I n t e n s i t y R a t i o s f o r D i f f e r e n t L e v e l s 

O r b i t a l quantum T o t a l quantum , . . . 
nUibtF nUmbiF I n t e n s i t y r a t i o 

1 J = (1-s) (2J+1) : (2J+1) 

s 0 J? No s p l i t t i n g 

p 1 \ 5 / 2 1:2 

d 2 5^2 5^2 2:3 
f 3 5/ 2 7/ 2 ^.4 

2.5-4 E l e c t r o s t a t i c S p l i t t i n g 

S p l i t t i n g s i n the 5p l e v e l s of uranium and 
3/2 

thorium metals and t h e i r compounds, and i n some compounds of 
124 125 

gold, ' ^ have been observed, and 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 i n t e r n a l e l e c t r o s t a t i c 

f i e l d with the M = and M = -^/2 s p i n s t a t e s of the 5p^, 
~/2 
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e l e c t r o n s . A d e f i n i t e c o r r e l a t i o n 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 i n Mossbauer 

spectroscopy ( a r i s i n g from the i n t e r a c t i o n of the n u c l e a r quad-

rupole moment with an inhomogeneous e l e c t r i c f i e l d ) , has 

been found. Bancroft et al.have r e c e n t l y observed such s p l i t t -
127 

ings i n the s p e c t r a of some t i n compounds. 1 

2.5-5 S a t e l l i t e Peaks 

S a t e l l i t e peaks a r i s i n g from shake-up (and shake-

o f f ) processes occur on the low k i n e t i c energy s i d e of the 

d i r e c t photoionization peak. T h i s has been d i s c u s s e d i n 

s e c t i o n 2.2.2, 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 -
1 p O 

c u l a t i n g such s a t e l l i t e peaks has been given by S h i r l e y . 

Other s a t e l l i t e peaks may be observed: 

(1) "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 s t a t e s with the same symmetry and 

with energies c l o s e to, but g r e a t e r than, the s i n g l e 
129 

h o l e - s t a t e energy. y They may be considered as 

a r i s i n g from doubly e x c i t e d s t a t e s of the h o l e - s t a t e , 

as opposed to shake-up and shake-off, which are 

singly e x c i t e d s t a t e s . Such peaks have been ob­

served i n some a l k a l i metal h a l i d e s . 1 2 ^ ' 1 - ^ 0 

(2) I n s o l i d s , d i s c r e t e peaks can a r i s e from s u r f a c e 
an 

and bulk l o s s , and interband t r a n s i t i o n s . 

(3) I n gases, s a t e l l i t e peaks may be caused by energy 

l o s s of the photoelectron a f t e r emission, i f i t 

undergoes a secondary c o l l i s i o n with an atom or 

molecule, leading to e x c i t a t i o n of that atom or 

lilt VI. C l ' I I 1.0 . 
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(4) The X-ray source I t s e l f may be a cause of s a t e l l i t e 

peaks with a higher k i n e t i c energy than the d i r e c t 

photoionization peak. These peaks are formed by 
91 

the small percentage of K and K„ r a d i a t i o n , ^ 
a3,4 a5,6 

but may be elimina t e d by monochromatization of the 

X-ray source. 

2.5.6 Linewidths 

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 
A E have been d i s c u s s e d i n (2.8). The n a t u r a l f u l l - w i d t h at m 
half-maximum (FWHM) of the c o r e - l e v e l under i n v e s t i g a t i o n , 

AE. c , and that of the i n c i d e n t r a d i a t i o n , AE , (un l e s s mono-
J- X 

chromatization i s used) depend on the Uncertainty P r i n c i p l e : 1 ^ 

AE . At = V2TT (2.12) 

where At i s the l i f e t i m e of the s t a t e . 

Some n a t u r a l l i n e w i d t h s of c o r e - l e v e l s derived from X-ray 

spectroscopic s t u d i e s are given i n Table 2.3. A li n e w i d t h 

of ^1 eV corresponds to a l i f e - t i m e of approximately 6.6 x 

1 0 ~ l 6 s , from ( 2 . 1 2 ) . 1 5 0 Table 2.3 emphasizes the f a c t that 

there i s no p a r t i c u l a r v i r t u e i n studying the innermost core-

l e v e l : f o r Au, f o r example, the halfwi d t h of -v-54 eV f o r the 

I s l e v e l would swamp any chemical s h i f t s . 

TABLE 2.3 Approximate n a t u r a l l i n e w i d t h s , AE ,, f o r some 
-1-

core l e v e l s (eV). 

L e v e l 

I s 

2 p 3 / S 

s Ar Ti Mn Cu Mo Ag Au 

0.35 0.5 0.8 1.05 1.5 5.0 7.5 54 
0.10 - 0.25 0.35 0.5 1.7 2.2 4.4 
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2.6 Methods for the C a l c u l a t i o n of Binding Energies 
and R e l a x a t i o n Energies 

2.6.1 Koopmans1 Theorem 

I n the d e r i v a t i o n of the Hartree-Fock equations 

( S e c t i o n 1.3-1), Lagrangian m u l t i p l i e r s & are introduced 

to guarantee that a l l p a i r s of Hartree-Fock o r b i t a l s <j> and 

• w i l l be orthogonal. v Upon s o l u t i o n of the HF equations, 

only the diagonal elements c have non-zero v a l u e s . These 
PP 

diagonal elements are g e n e r a l l y designated and c a l l e d 

orbital energies', Koopmans' Theorem^-^ s t a t e s that these or­

b i t a l energies f o r a c l o s e d - s h e l l system may be a s s o c i a t e d 

with the BE (or i o n i z 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 = (2.13) 

More p r e c i s e l y , the o r b i t a l energy may be w r i t t e n 
as; 

M 

= X ^ *p I *p> + S [ 2 ( *p ^ I * a *. : i

) " < V q l 4p<l>q)] 
q 

M (2.14) 
= h * + Y ( 2 J * - K* ) PP ^ v pq pq' 

Consider now a two-step process: 

(1) C a l c u l a t e an SCF wavefunction f o r a n e u t r a l molecule, 

and evaluate i t s t o t a l energy using (1.41 ) : 

M M M 
E = 2 Y h * +V Y ( 2 J * - K* ) pp £-j K pq pq' 

P P q 

(;-2) Using the SCV o r b l t a i a I'roin tlie above n e u t r a l mole­

cule c a l c u l a t i o n , remove one s p i n - o r b i t a l and e v a l ­

uate the s i n g l e determinantal energy of the r e s u l t i n g 
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p o s i t i v e ion. 

Koopmans showed that the energy d i f f e r e n c e (or i o n i z a t i o n 

p o t e n t i a l ) c a l c u l a t e d i n t h i s way i s j u s t the o r b i t a l energy 

ep given by (2.14). 

The d e f e c t s of using Koopmans1 Theorem as a quant-

a t i v e model f o r BE are w e l l k n o w n i t does not allow for 

the r e o r g a n i z 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 z a t i o n ; nor does i t include any accounting 

f o r d e f e c t s inherent i n the MO model i t s e l f , v i z . , c o r r e l a t i o n 

and r e l a t i v i s t i c c o r r e c t i o n s . Nevertheless, t h i s simple model 

has many u s e f u l q u a l i t a t i v e and semi-quantative a p p l i c a t i o n s . 

I n p a r t i c u l a r , although c o r e - o r b i t a l energies w i l l not repres­

ent q u a n t a t i v e l y the absolute values of core BE, provided a 

p h y s i c a l l y balanced b a s i s s e t of double z e t a q u a l i t y or b e t t e r 
134 

i s used, ^ and provided the r e l a x a t i o n , c o r r e l a t i o n and r e l a t ­

i v i s t i c c o r r e c t i o n s are constant or vary i n a r e g u l a r manner, 

a reasonable quantative d e s c r i p t i o n of shifts i n BE w i t h i n a 

s e r i e s of molecules can be obtained. T h i s i s i l l u s t r a t e d i n 

Table 2.4, from which i t i s c l e a r that there i s considerable 
TABLE 2.4 C, BE s h i f t s f o r fluoromethanes from Koopmans' Theorem 2l ( i n e V ) a 

Molecule ST0-3G ST0-4.31G "Double Z e t a " b Experimental 

CH 4 0(305-43)° 0(304.35)° 0 (304.95)° 0 (290.7)° 
CH^F 4.21 3.08 2.80 2.8 

CH 2P 2 8.47 6.47 5-86 5-6 

CHF^ 12.81 10.05 9.13 8.3 
CF^ 17.26 13.61 12.43 11.0 

(a) Values taken from r e f . 135-

(b) A (9s 5p/5s 3p) b a s i s s e t , contracted according to the 
p r i n c i p l e s o u t l i n e d by Dunning, 9 0 f approximately Double 
Zeta q u a l i t y . 

( c ) Absolute binding energy 
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b a s i s set dependence i n the BE s h i f t s . Even for the "double 

z e t a " b a s i s s e t , however, the s h i f t between CH^ and CF^ i s 

overestimated by.some 20$, and absolute values of the BE are 

considerably overestimated. 

2.6.2 The ASCF Method and Rel a x a t i o n Energy 

The major drawback of Koopmans1 Theorem, as f a r 

as c a l c u l a t i o n s of core BE are concerned, i s that i t r e l i e s 

s o l e l y on the ground-state p r o p e r t i e s of the wave-function; 

however, the BE a l s o depends on the pr o p e r t i e s of the f i n a l 

( i o n i z e d ) s t a t e . I n the AgcF method, the BE of an e l e c t r o n 

i s c a l c u l a t e d as the d i f f e r e n c e between the energies of the 

ground-state and i o n i z e d s t a t e of an atom or molecule: 

B E - C - ( 2 - 1 5 ) 

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 . How­

ever, fo r the h o l e - s t a t e c a l c u l a t i o n s , there i s no absolute 

guarantee that v a r i a t i o n a l upper bounds to the true t o t a l 

energies fo r the i o n i z e d s p e c i e s are obtained, s i n c e the com­

puted h o l e - s t a t e s are not n e c e s s a r i l y orthogonal to a l l lower 
1"56 

energy s t a t e s of the same symmetry. ^ They are, t h e r e f o r e , 

s t r i c t l y speaking not protected from v a r i a t i o n a l c o l l a p s e . 

The ATMOL s u i t e of programs dis c u s s e d p r e v i o u s l y ( S e c t i o n 1.8) 

allows one to force a c o r e - o r b i t a l to be s i n g l y occupied; the 

core-hole c o n f i g u r a t i o n can then be "locked" to that of the 

ground-state, with i n i t i a l t r i a l MO for the h o l e - s t a t e being 

taken as the ground-state eigenvectors. The core hole s t a t e s 

are found to be so f a r away from other bound s t a t e s of the 

io n i z e d system that there i s no attempted "mixing", and are 
1-54 1"55 

thus not s u b j e c t to v a r i a t i o n a l c o l l a p s e . ^ ' 
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1^6 
Bagus f i r s t performed A SCF c a l c u l a t i o n s f o r 

137 
var i o u s ions of Ne and Ar; Schwartz c a r r i e d out the f i r s t 

c a l c u l a t i o n s of t h i s type on molecules (the f i r s t - r o w h y d r i d e s ) . 

As shown from the examples given i n Table 2.5* the h o l e - s t a t e 

r e s u l t s are i n good o v e r a l l agreement with the experimental 

values, and appear to confirm Bagus 1 contention that s i n g l e -

c o n f i g u r a t i o n SCF wavefunctions can provide p r a c t i c a l , but not 

rigorous upper bounds to the energies of i n n e r - s h e l l hole-

s t a t e s . ^ 
TABLE 2.5 A SCF BE f o r I s i o n i z a t i o n i n f i r s t - r o w hydrides 

( i n eV) 

Molecule GTO b a s i s 3 , "Double Z e t a " b Hartree-Fock c Experimental ( 

CH 4 292.8 291.0 290.8 290.7 

NH^ 407.6 405-7 - 405-6 

H 20 541.6 539-4 539.1 539-7 

HF - 693.3 - 694.2 e 

Ne 872.2 868.8 868.6 870.2 

(a) Ref. 138 
(b) (10s 5p / 6s 3p) f o r c e n t r a l atom; (5s / 2s) for hydrogen 

atoms: r e f . 137 

(c ) CH 4, r e f . 139; HgO, r e f . l 4 0 j Ne, r e f . 136 

(d) Ref. 91 

(e) Ref. 141 

I n molecules containing no equivalent c e n t r e s , 

there i s no doubt of the l o c a l i z e d nature of the core-hole. 

However, many molecules of i n t e r e s t have s e v e r a l e quivalent 

s i t e s for the core-hole, e.g., Ng, C 2H 2, C2H^, F 2 - The pro­

blem therefore a r i s e s of whether the core-hole i s l o c a l i z e d , or 

d e l o c a l i z e d over the equivalent s i t e s . With t h i s i n mind, 
142 

Bagus and Schaefer performed c a l c u l a t i o n s on the l o c a l i z e d 
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and d e l o c a l i z e d I s h o l e - s t a t e s of Og. They found that the 

h o l e - s t a t e c a l c u l a t i o n s with gerade or ungerade symmetry 

imposed on the I s h o l e - s t a t e gave a BE of 554.4 eV, whereas 

r e l a x i n g the symmetry r e s t r i c t i o n ( equivalent to a l o c a l i z e d 

I s hole on an oxygen atom) gave a BE of 542.0 eV, i n reasonable 

agreement with the experimental value of 5 4 ^ 1 eV. There i s 

now a l a r g e body of evidence i n the l i t e r a t u r e i n favour of a 
142-146 

l o c a l i z e d d e s c r i p t i o n of core h o l e - s t a t e s . I t should 
146 

be noted, however (as pointed out by H. Siegbahn), that the 

d i f f e r e n c e i n the energies of l o c a l i z e d and d e l o c a l i z e d hole-

s t a t e s p e c i e s f o r a given system disappears when a CI procedure 

(which takes c o r r e l a t i o n i n t o account) s t a r t i n g from e i t h e r 

l o c a l i z e d or d e l o c a l i z e d Hartree-Fock wavefunctions, i s adopted. 

The l a r g e s t defect i n Koopmans1 Theorem for core-

o r b i t a l s i s the n e g l e c t 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 (or r e o r g a n i z a t i o n ) energy, RE, 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 described by Koopmans' 

Theorem, and the ASCF method: 
RE = (-e) - ASCF BE (2.16) 

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 i s c l e a r : 

f o l l o w i n g photoionization from a c o r e - l e v e l , the remaining 

v a l e n c e - e l e c t r o n s i n the atom or molecule w i l l experience an 

i n c r e a s e d n u c l e a r p o t e n t i a l . T h i s w i l l cause the e l e c t r o n s 

to " r e l a x " or reorganize, to minimize the energy of the system. 

Since Koopmans' Theorem uses the ground-state wavefunction only, 

no account i s taken of the change i n s p a t i a l distribution of the 

e l e c t r o n s caused by photoionization; f o r 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 ­

ship between Koopmans' Theorem, AscF BE and experimental BE 

i s shown i n Figure 2.10. 
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Binding Energy 

F i g . (2.10) The r e l a t i o n s h i p between Koopmans' Theorem, 
ASCF and experimental BE. 

Re l a x a t i o n energies are by no means n e g l i g i b l e 

f o r c o r e - i o n i z a t i o n , as i l l u s t r a t e d f o r both atoms and mole­

c u l e s i n Table 2.6. The change of n u c l e a r p o t e n t i a l caused 

by v a l e n c e - e l e c t r o n i o n i z a t i o n w i l l be much sm a l l e r than f o r 

c o r e - e l e c t r o n i o n i z a t i o n , s i n c e v a l e n c e - e l e c t r o n s have much 

sm a l l e r screening c o e f f i c i e n t s . T h i s i s r e f l e c t e d i n the RE 

values, which are sm a l l e r by a f a c t o r of ten f o r valence-

e l e c t r o n i o n i z a t i o n . For example, the RE Tor 0, and 0 o 

J. s d s 
holes i n water are c a l c u l a t e d to be l^.'fj eV and 2.2 eV, r e s ­

p e c t i v e l y , using a S l a t e r double-zeta b a s i s s e t . 
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TABLE 2.6 ASCF R e l a x a t i o n Energies f o r some atoms and 
Molecules ( i n eV) 

Atom R E a Molecule R E b 

B 10.6 
C 13-7 CH 4 13.9 
N 16.6 NH, 

3 
17.1 

0 19.3 H 20 20.0 
F 22.0 HF 21.9 
Ne 23.2 

Ref. 147 
Ref. 137 

Most of the e l e c t r o n i c r e l a x a t i o n which occurs on 

c o r e - i o n i z a t i o n i s a s s o c i a t e d with the v a l e n c e - e l e c t r o n s . 

T h i s point w i l l be d i s c u s s e d i n much more d e t a i l i n subsequent 

chapters, but may be i l l u s t r a t e d by considering the r a d i a l 

expectation values of various e l e c t r o n s , obtained from Hartree-

Fock c a l c u l a t i o n s on neon and i t s h o l e - s t a t e s , ^ ^ Table 2.7-

TABLE 2.7 R a d i a l expectation values for e l e c t r o n s i n Ne and 
i t s h o l e - s t a t e s ( i n a u ) a 

Ground-state I s hole 2s hole 

<r\s 0.1576 0.1545 0.1578 
< r > 2 s 0.8921 0.8171 0.8536 
< r > 2 p 0.9652 0.7993 0.8841 

(a) Values taken from r e f . 136 

Removal o f a I s e l e c t r o n h as l i t t l e e f f e c t on t h e r a d i u s o f 

U i o remaining'; I:.-. o.l o u t r u n , but. I.ho outer" e l e c t r o n s c o n t r a c t 

m; 11'koil.ly . :.iliu"o i v . l.;i.x.at I 011 i ; ; ;iaaoc i ; i t o d l a r g e l y w i t h t h e 

v a l e n c e - e l e c t r o n s , t h e RE w o u l d be e x p e c t e d t o v a r y somewhat 
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with e l e c t r o n i c environment. Indeed, a trend between s h i f t s 

i n BE and RE has been e s t a b l i s h e d f o r s e v e r a l s e r i e s of mole-
148 149 

c u l e s , ' * and t h i s point w i l l a l s o be elaborated i n sub­

sequent chapters where i t w i l l become c l e a r that i n some s e r i e s 

of molecules, i t i s the v a r i a t i o n i n RE that leads to changes 

i n BE. 

So f a r , i t has been assumed that both the molecule 

and i t s core hole s t a t e are i n t h e i r v i b r a t i o n a l ground-states, 

and zero point energies have not been considered. Although 

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 z a t i o n i n 
82 83 

UPS i s well-documented and comparatively well-understood, ' ^ 
i t i s only with the advent of h i g h - r e s o l u t i o n XPS instrument-

150 151 
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 monochromatization, ' ^ 

that the presence of 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 z a t i o n , manifest as a broadening and asymmetry of the 

observed photoionization peak, has been observed. When a 

c o r e - e l e c t r o n leaves a molecule, there w i l l be a change ( g e n e r a l l y 

a decrease) i n the bond-lengths; a new e q u i l i b r i u m bond-distance, 

with a d i f f e r e n t force constant, i n the c o r e - i o n i z e d s p e c i e s 

w i l l r e p l a c e the previous ground-state v a l u e s . Two types of 

i o n i z 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 : 

(1) 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 the 

most l i k e l y v e r t i c a l change from a v i b r a t i o n a l l e v e l 

v" = 0 i n the ground s t a t e . T h i s i m p l i e s that no changes 

i n n u c l e a r geometry occur during photoemission. T h i s 

assumption i s s u b s t a n t i a t e d by c o n s i d e r a t i o n of the time-

s c a l e of photoemission (-vlO^s)^"*^ as compared with a 

t y p i c a l v i b r a t i o n a l frequency ( ^ l b ^ s ) ^ ^ ' , 

(2) 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 from a 

v i b r a t i o n a l l e v e l v" = 0 i n the ground-state to a v i b r a t ­

i o n a l l e v e l v' = 0 i n the c o r e - i o n i z e d s p e c i e s . 



110 

The new, c o r e - i o n i z e d p o t e n t i a l contains 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 populated by Franck-Condon t r a n s i t i o n s . 
1^4-1^6 

The Franck-Condon p r i n c i p l e ^ ^ gives the t r a n s i t i o n pro­

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 n and ^ t a s : 
v v 

P i t i oC | / i|> , , i|) ,d-u| 2 (2.17) 
These q u a n t i t i e s are commonly r e f e r r e d to as Franck-Condon 

f a c t o r s . 

I n the harmonic approximation, the Franck-Condon 

f a c t o r s depend on the three parameters a
v i t , a i and A r = 

r v i i - r v t , where A r i s the d i f f e r e n c e i n e q u i l i b r i u m bond-
i 

length, a = ( v i k v i ) 2 / h , p i s the reduced mass f o r the system, 

and k v^ i s the molecular force constant fo r the s t a t e i . Thus, 

from knowledge of 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-

lengths, f o r c e - c o n s t a n t s ) fo r the ground and core hole s t a t e s , 
1"57 

and from the recurrence r e l a t i o n s h i p s defined by Ansbacher, 

i t i s p o s s i b l e to compute the Franck-Condon f a c t o r s . These 

may be used to q u a l i t a t i v e l y e x p l a i n l i n e - s t r u c t u r e i n XPS peaks, 

as i l l u s t r a t e d i n Figure 2.11 for methane, using the C I c a l c u l -
1"5Q l'SS a t i o n s of Meyer, ^ and the experimental data of Siegbahn J 

et a l . F u r t h e r examples of such v i b r a t i o n a l e x c i t a t i o n w i l l 

be d i s c u s s e d i n subsequent chapters. 

Since t h i s t h e s i s w i l l l a r g e l y be concerned with d e t a i l e d 

s t u d i e s of e l e c t r o n i c r e l a x a t i o n phenomena, i t i s worthwhile 

emphasizing the importance of the r e l a x a t i o n process. Thus, 

r e l a x a t i o n i s of considerable importance not only i n deter­

mining the absolute BE of a molecule, but a l s o i n determining 

the o v e r a l l lineshape of the observed peak by means of v i b r a t ­

i o n a l f i n e - s t r u c t u r e . Furthermore, the r e l a x a t i o n process 

provides the p e rturbation which leads to the shake-up and 
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Pig.(2.11) A schematic r e p r e s e n t a t i o n of the v i b r a t i o n a l 
e x c i t a t i o n i n methane, with the C- ŝ peak i n methane 

shake-off s a t e l l i t e peaks. A f i n a l f e a t u r e of c o r e - i o n i z a t i o n 

of some i n t e r e s t i s i n the enhancement of weak i n t e r a c t i o n s 

between or w i t h i n molecules. 

The f a i l u r e of Koopmans' Theorem to agree with 

experimental BE need not s o l e l y be due to r e l a x a t i o n e f f e c t s . 



112 

The BE may more p r e c i s e l y be defined a s : 

BE = A E h f + A E c o r + A E r (2.18) 

where AEjjp i s t n e d i f f e r e n c e i n the Hartree-Fock energies 

between the ground and core hole s t a t e s , p r e v i o u s l y 

defined as the ASCF BE (2.15); 

A E c o r 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 energies; 

and AE^ i s the 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 nergies. 

S t r i c t l y , a term A E v i b , the d i f f e r e n c e between the v e r t i c a l 

and a d i a b a t i c i o n i z a t i o n p o t e n t i a l , should a l s o be included 

i n (2.18); however, i n the few cases where t h i s has been i n v e s t ­
ing 

igated, A E V ^ ^ ) i s small enough to be ignored. J 

I n S e c t i o n 1.7.2, i t was pointed out that r e l a t i v ­
es 

i s t i c energies f o r l i g h t atoms are reasonably s m a l l . S h i r l e y ^ 

has made rough estimates of the magnitude of the r e l a t i v i s t i c 

energies i n atoms; he obtained, f o r example, estimates of 

O.01 au and ^1.2 au f o r C and Ar, which compare w e l l with the 

accurate values of 0.01381 au and 1.76094 au obtained by 

V e i l l a r d and Clementi. For r e f e r e n c e , the r e l a t i v i s t i c 
energies ( i n eV) f o r the ground-states of f i r s t - r o w atoms are 

161 
given here. 

L i Be B C N 0 F Ne 

-0.015 -0.060 - 0 . 1 6 4 -0.376 -0.755 -1.344 -2.255 -3-570 
I t has g e n e r a l l y been assumed that the r e l a t i v i s t i c c o n t r i b u t i o n 

of any s u b s h e l l i s independent of the number of e l e c t r o n s i n the 
p 

outer s h e l l s , and simple I s r e l a t i v i s t i c c o r r e c t i o n s are 
162 

applied. G e n e r a l l y , f o r c o r e - i o n i z a t i o n of f i r s t - r o w atoms, 
16̂ 5 

AE r can be neglected, ^ although f o r h e a v i e r atoms, i t may 

be of importance. 
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There have been few accurate c o r r e l a t e d wave-

functi o n c a l c u l a t i o n s f o r c o r e - e l e c t r o n i o n i z a t i o n . Some of 

these are summarized i n Table 2 .8 . 

TABLE 2.8 C o r r e l a t i o n energy c o r r e c t i o n s to ASCF BE f o r 
I s i o n i z a t i o n ( i n eV) 

System Configuration ^cor Reference 

c * + I s 2 1.24 164 

C I s 2 a s 2 2p 2 -0.21 165 

CH 4 i s 2 l t f -0.08 139 

co ( c l s ) 10 2 2 0 2 3o 2 4 a 2 I , 4 5« 2 0.41 159 

0 6 + i s 2 1.24 164 

0 i s 2 2 s 2 2p* -0.24 165 

H 20 i s 2 2 a 2 l b
2 3 a 2 

»>? 0.50 140 

co ( o l s ) l o 2 2o 2 ? o 2 4o 2 1,* 5o 2 0.54 159 

Ne i s 2 1.24 164 

Ne i s 2 a s 2 2P 6 0.60 166 

I t had been n a i v e l y assumed that the n e a r l y constant c o r r e c t i o n 
p 

of 1.2 eV f o r the I s H e - l i k e ions could be used to c o r r e c t the 
ASCF BE (AEflp) for c o r r e l a t i o n i n a l l systems i n v o l v i n g I s 

i o n i z a t i o n . T h i s i s c l e a r l y not the case; the value of 
A E c o r i s smal l e r f o r the molecules due to the c o n t r a c t i o n of 

the outer o r b i t a l s i n these systems, r e s u l t i n g i n an i n c r e a s e 

i n the c o r r e l a t i o n energy of the core-hole s p e c i e s (compared 

to the He-li k e systems). Although A E c o r i s r e l a t i v e l y s m a l l , 

and may be ignored i n many cases ( p a r t i c u l a r l y where BE s h i f t s 

r a t h e r than absolute I3E are bei MR: considered), the need for a 

ca r e l ' i i l , :;y sternal.:! e corrolat. i on energy study I'or core- I o n i z a t i o n 

in molecules i s apparent. 
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2.6.3 The Equivalent Cores Approximation 

I t i s g e n e r a l l y recognized that c o r e - e l e c t r o n s 

are c l o s e l y bound to the nucleus, and that they are r e l a t i v e l y 

i n e r t and i n a c c e s s i b l e compared to the v a l e n c e - e l e c t r o n s . I t 

i s t h e refore reasonable to assume t h a t the 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 z a t i o n of 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 the same way as they would by the a d d i t i o n of a 

proton to the nucleus. T h i s approximation, i n which an atomic 

core which l a c k s one e l e c t r o n i s considered chemically equiv­

a l e n t to the complete core of the next element i n the p e r i o d i c 

t a b l e , i s c a l l e d the equivalent cores approximation. Use of 

t h i s approximation i n the p r e d i c t i o n of chemical shifts i n core 
-1 f r y 

BE was f i r s t reported i n 1970 by J o l l y and Hendrickson. ' 

When the experimental thermodynamic data required to c a l c u l a t e 

BE s h i f t are not a v a i l a b l e , SCF c a l c u l a t i o n s on the molecules 

and ions i n t h e i r ground-states may be used to obtain the r e ­

quired heats of r e a c t i o n , and f o r the isodesmic r e a c t i o n s i n ­

volved i n the equivalent cores method, i t has been found that 

even minimal (e.g. ST0-3G) b a s i s s e t c a l c u l a t i o n s can r e l i a b l y 

reproduce heats of r e a c t i o n . 1 ^ 

As an example of the use of t h i s approach, Table 2.9 

shows the equivalent cores BE s h i f t s i n the CH^ to CF^ s e r i e s . 

There i s an improvement i n accuracy as the b a s i s s e t f l e x i b i l ­

i t y i n c r e a s e s ; the b a s i s s e t dependence i s much sma l l e r than 

i s the case f o r e i t h e r Koopmans' Theorem (Table 2.4) or ASCF 

c a l c u l a t i o n s . Furthermore, BE s h i f t s are reasonably w e l l -

p r e d i c t e d even at the computationally modest ST0-3G l e v e l , 

though they tend to be overestimated. 
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TABLE 2.9 Equivalent cores BE s h i f t s f o r fluoromethanes(in eV) 

Molecule ST0-3G STO-4.33G "Double Zeta" Experimental 

CH^ 0 0 0 0 

CĤ .F 3 2.95 3.05 2.82 2.8 

6.34 6.31 5.99 5.6 

CH F^ 10.16 9.66 9.31 8.3 
CF 4 14.37 12.92 12.64 11.0 

(a) Values taken from r e f . 135 

An i n t e r e s t i n g development of t h i s approach, f i r s t 
l69 

suggested by McWeeny and Velenik, 7 i s the use of modest basis 
sets such as ST0-3G or ST0-4.31G using the A SCF method, but 
employing valence exponents of the equivalent core species f o r 
the core hole s t a t e wavefunction. This i s an i n t u i t i v e l y 
reasonable suggestion, since the valence-electrons of the core 
hole s t a t e and the equivalent cores species both experience a 
s i m i l a r p o t e n t i a l due to nucleus and core-electrons which w i l l 
be d i f f e r e n t from t h a t experienced i n the n e u t r a l molecule. 
Indeed, a d e t a i l e d i n v e s t i g a t i o n of basis set o p t i m i z a t i o n f o r 
CO by Clark and M u l l e r 1 ^ l e d to the conclusion t h a t f o r small 
basis sets (such as STO-4.31G), the c a l c u l a t e d absolute BE w i t h 
the optimum best-atom valence exponents on the core-hole atom 
i s i n close agreement w i t h t h a t c a l c u l a t e d using valence expon­
ents appropriate to the equivalent cores species. Basis sets 
using the valence exponents of the equivalent species f o r the 
core-hole atom are somewhat loosely r e f e r r e d t o as "optimized" 
basis sets, and as i l l u s t r a t e d i n Table 2.10 f o r an ST0-4.3K} 
basis set, are found to give e x c e l l e n t values of the absolute 
BE. Differences i n BE, however, are adequately described w i t h 
"ordinary" A SCF c a l c u l a t i o n s at the 4.31G l e v e l , c e r t a i n l y f o r 
molecules composed of f i r s t - r o w elements. 
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TABLE 2.10 The e f f e c t of using "optimized" valence exponents. a 

Molecule Unoptimized "Optimized" Experimental 
C H 4 294.18 290.71 290 . 8 

H 2 0 5 4 5.49 5 3 9 - 1 2 5 3 9 . 4 

co ( c l s ) 300.78 296.71 296.2 

CO ( 0 l s ) 5 4 8 . 4 7 5 4 1.89 5 4 2 . 3 

(a) Values taken from r e f . 1 4 9 

2.6.4 P e r t u r b a t i o n Theory Methods 

The ASCF method, as an improvement on Koopmans' 
Theorem, i s very successful f o r c o r e - i o n i z a t i o n s , where the 
dominant e f f e c t i s the e l e c t r o n i c r e l a x a t i o n . This i s not 
the case f o r valence i o n i z a t i o n s , however; here, although the 
ASCP method does represent the best o n e - c o n f i g u r a t i o n a l MO 
model, i t does present some problems. F i r s t l y , when there are 
many i o n i c s t a t e s o f 'the same symmetry i n the same energy re g 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 l i t a t i v e d e s c r i p t i o n of such 
near degeneracy, and there may be a tendency toward v a r i a t i o n a l 

137,171 
collapse to a lower-energy c o n f i g u r a t i o n of the same symmetry. 
A second problem a r i s e s even when several i o n i c s t a t e s are the 
lowest of t h e i r symmetries, but the SCF MO model contains 
d i f f e r e n t c o r r e l a t i o n defects f o r the d i f f e r e n t s t a t e s . Here, 
the ASCF method may not even give the c o r r e c t o r d e r i n g of valence-
e l e c t r o n BE. The next step i n improving the c a l c u l a t i o n s must 
take i n t o account the e l e c t r o n c o r r e l a t i o n energy e x p l i c i t l y 
by some type of C I procedure, and several studies have now 
appeared, using f o r example the PNO-CI and CEPA methods of 

172 Meyer. ' 

Since the I3E i s a t o t a l energy d i f f e r e n c e between 
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two s t a t e s , i t has been of i n t e r e s t t o c a l c u l a t e the d i f f e r e n c e 
directly by a p e r t u r b a t i o n - t y p e c a l c u l a t i o n on a reference 
s t a t e , r a t h e r than by t a k i n g a r e l a t i v e l y small d i f f e r e n c e 
between two separate c a l c u l a t i o n s which are each subject t o 
d i f f e r e n t kinds and magnitudes of e r r o r s . The study of valence-
i o n i z a t i o n by UPS has i n s p i r e d several p e r t u r b a t i o n approaches. 
These include the T r a n s i t i o n Operator Method of Gosinski and 

173 174 Pickup, 1 ̂  the Equations-of-Motion method developed by Rowe 
1715 

and extended by Simons et a l . t o describe i o n i z a t i o n ; 
Rayleigh-Schrodinger Per t u r b a t i o n Theory developed by Chong 
et a l ; ' and Time-Independent P e r t u r b a t i o n Theory developed 
and applied by Hubac and Kvasni6ka. Several authors have 
used Green's f u n c t i o n techniques t o c a l c u l a t e c o r r e c t i o n s to 
Koopmans' Theorem. I n p a r t i c u l a r , a general survey of the 
Green's f u n c t i o n has been given by Csanak et a l . , and more 

H 179 
s p e c i f i c aspects have been discussed by Linderberg and Ohrn. 

1 Rn 

Cederbaum et a l . at Munich have developed an approach based 
on the second-quantization f o r m u l a t i o n of many-body p e r t u r b a t i o n 
theory, i n which the BE are found from the negative r e a l p a r t s 
of the poles of the o n e - p a r t i c l e Green's f u n c t i o n . With a 
Hartree-Pock reference s t a t e f o r the p e r t u r b a t i o n scheme, the 
zero-order poles correspond to BE = - c f o r the occupied MO, 
which i s j u s t Koopmans' Theorem. F i r s t - o r d e r terms vanish i n 
t h i s f o r m u l a t i o n , and higher-order terms are analyzed by diag­
ram techniques. The second-order expansion of the self-energy 
operator contains sums over three o r b i t a l i n d i c e s , and i t be­
comes i n c r e a s i n g l y d i f f i c u l t to consider higher-order expansions, 
though methods have been developed t o do t h i s . 

i Rn 

From the c a l c u l a t i o n s published, t h i s approach 
seems t o be an a t t r a c t i v e one. As an i l l u s t r a t i v e example, 
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the v a l e nce-level BE f o r c a l c u l a t e d by various methods are 
shown i n Table 2.11. 

TABLE 2.11 Valence e l e c t r o n BE f o r No ( i n eV) 

O r b i t a l Koopmans 'Theorem3- A SCFa MBPTb Experimental 0 

3o 17-28 15-85 15-50 15.60 

lw 16.75 15-50 16.83 16.98 

2 ^ 21.17 19.80 18.59 18.78 

(a) Ref. 181 
(b) Ref. 182 
(c) Ref. 82 

This 'direct" approach, r a t h e r than dealing w i t h i n i t i a l and 
f i n a l - s t a t e wavefunctions, i s of use not only i n the accurate 
c a l c u l a t i o n of BE, but also i n the c a l c u l a t i o n of v i b r a t i o n a l 
f i n e - s t r u c t u r e , i n both UPS and XPS, where the " t r a d i t i o n a l " 
c a l c u l a t i o n of separate accurate potential-energy surfaces f o r 
i n i t i a l - and f i n a l - s t a t e s would seem t o be ap p l i c a b l e only t o 
the smallest polyatomic molecules. F i n a l l y , a " d i r e c t " approach 
would seem t o have considerable promise f o r c a l c u l a t i o n s of 
many-electron processes such as shake-up accompanying core-
i o n i z a t i o n , and the Auger p r o c e s s . 1 ^ 



119 

CHAPTER THREE 

SOME THEORETICAL ASPECTS OF PHOTOIONIZATION 
PHENOMENA INVOLVING THE CORE ( I s ) AND VALENCE ( 2 s ) 

LEVELS OF A SERIES OF ALKANES 

Ab initio LCAO MO ASCF C-, bindi n g energies and r e l a x -
a t i o n energies have been computed at the STQ-4.31G l e v e l f o r 
l i n e a r and branched alkanes (up to Cg) and are compared w i t h 
experimental data. The s t r u c t u r a l dependence of bi n d i n g 
energies and r e l a x a t i o n energies i s discussed, and i t i s 
concluded t h a t binding energy s h i f t s i n these alkanes (com­
pared w i t h methane) a r i s e mainly from r e l a x a t i o n energy changes 

i 

A s i m i l a r study f o r the valence 2s binding energies and 
r e l a x a t i o n energies has been c a r r i e d out. These o r b i t a l s are 
found to be s u f f i c i e n t l y c o r e - l i k e i n character to allow a. 
reasonably good d e s c r i p t i o n of the binding energy s h i f t s t o 
be obtained at the ASCF l e v e l , even w i t h a modest basis set. 

Changes i n e q u i l i b r i u m geometries and force constants 
consequent upon both core- and valence ( 2 s ) - i o n i z a t i o n have 
been i n v e s t i g a t e d f o r methane and ethane. Some comment on 
the r e l a t i v e line-broadenings found i n the XPS spectra of 
these molecules i s made, and some general comments f o r the 
higher members of the alkanes series are made based on 
Mull i k e n p o p u l a t i o n analyses. 
3-1 E l e c t r o n i c Relaxation Accompanying C o r e - I o n i z a t i o n 

J . l . l I n t r o d u c t i o n 

For a given s t r u c t u r a l class of m a t e r i a l s , i t has 
been recognized f o r some time t h a t absolute and r e l a t i v e 



120 

bind i n g energies of core-electrons are s u b t l y dependent on 
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 of 
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 energies f o r a given 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 a t i o n energies 

1'54 14Q 
accompanying c o r e - i o n i z a t i o n . y ' * The f a c t o r s which 
determine both absolute and r e l a t i v e binding energies f o r 
saturated hydrocarbons are s u f f i c i e n t l y short-range i n nature 
t h a t the s i m i l a r i t y i n valence e l e c t r o n i c environment about 
any given carbon atom compresses the t o t a l s h i f t range i n t o a 
narrow region of the bin d i n g energy scale, which f o r gas-phase 

184 
samples extends over ^0.6 eV (methane to t r i d e c a n e ) . Indeed, 
f o r a given hydrocarbon system w i t h i n e q u i v a l e n t carbons the 
s h i f t i s o f t e n so small t h a t there are even ambiguities i n 
assignments derived from line-shape a n a l y s i s . Thus i n the 
p a r t i c u l a r case of neopentane, c o r r e l a t i o n of bin d i n g energies 
w i t h model systems l e d Thomas and co-workers 7 ' to assign 
the higher b i n d i n g energy component to the carbons of the 
methyl groups; however the only d e t a i l e d attempt at i n t e r ­
p r e t i n g the data 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 the o v e r a l l l i n e -
shape could be equally w e l l - f i t t e d w i t h the a l t e r n a t i v e assign­
ment of the methyl carbons at lower b i n d i n g e n e r g y . 1 ^ To 
resolve such ambiguities, and t o shed new l i g h t on changes i n 
r e l a x a t i o n energy as a f u n c t i o n of branching and chain-length 
i n saturated hydrocarbons, the r e s u l t s of non-empirical LCAO 
MO SCF computations on the ground and l o c a l i z e d core hole 
states of the s e r i e s methane, ethane, propane, n-butane, 
n-pentane and n-hexane, and iso-butane and neopentane, are 
reported here. 

The t h e o r e t i c a l work described here complements 
the d e f i n i t i v e experimental study of the absolute core b i n d i n g 
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energies of a s e r i e s of l i n e a r alkanes r e c e n t l y discussed 
1 8 4 

by Siegbahn and co-workers. By comparing the experimental 
s h i f t s i n core b i n d i n g energies w i t h those c a l c u l a t e d from 
Koopmans' Theorem employing e i t h e r S T 0 - 4 . 3 1 G or S T 0 - 3 G basis 
sets, i t was i n f e r r e d t h a t the s h i f t i n b i n d i n g energy i n 
going from methane t o hexane ( ^ - 0 . 5 eV) a r i s e s from the much 
l a r g e r r e l a x a t i o n energy associated w i t h p h o t o i o n i z a t i o n of 
core-electrons i n the extended-chain molecule; t h i s was 
q u a l i t a t i v e l y confirmed by d i r e c t estimates of r e l a x a t i o n 

173 
energies using the t r a n s i t i o n p o t e n t i a l model w i t h i n the 
CNDO/2 formalism. I n t h i s s e c t i o n , r e l a x a t i o n energies as 
a f u n c t i o n of e l e c t r o n i c environment are analyzed; i t i s shown 
t h a t the conclusion p r e v i o u s l y drawn on the basis of the 

1 8 4 
experimental studies i s s u b s t a n t i a l l y c o r r e c t . 

3 . 1 . 2 Computational D e t a i l s 
Previous i n v e s t i g a t i o n s have shown t h a t s h i f t s 

i n core b i n d i n g energies, and d i f f e r e n c e s i n r e l a x a t i o n 
energies, are well-described at the S T 0 - 4 . 3 1 G l e v e l , w i t h i n 
the ASCF f o r m a l i s m . 1 ^ ' 1 4 9 ' 1 7 0 ' 1 8 8 C a l c u l a t i o n s have t h e r e ­
f o r e been c a r r i e d out on the ground- and l o c a l i z e d core-hole 
s t a t e s , using Clement! and Raimondi's best-atom exponents.^ 
Where a v a i l a b l e , optimized geometries were taken from the 

1 8 9 

l i t e r a t u r e ; * however, f o r n-butane, isobutane, n-pentane 
and n-hexane, standard geometries were employed along the 
l i n e s suggested by Pople and Gordon. 1 9 0 C a l c u l a t i o n s were 
c a r r i e d out w i t h the ATMOl/ 2'^ s u i t e of programs, implemented 
on an IBM 3 7 0 / 1 9 5 . 

3 - 1 . 3 Results and Discussion 

The c a l c u l a t e d core b i n d i n g energies and r e l a x a t i o n 
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energies are displayed i n Table 3 . 1 - Using the ASCF method 
w i t h an S T 0 - 4 . 3 1 G basis set, i t i s well-known t h a t the absolute 
magnitudes of the r e l a x a t i o n energies tend to be s l i g h t l y 
underestimated; as a r e s u l t , the c a l c u l a t e d absolute b i n d i n g 
energies are somewhat l a r g e r than those determined experiment­
a l l y . I t i s c l e a r from the data displayed i n Table J>.1 t h a t 
the s h i f t s i n b i n d i n g energy, both w i t h i n a given molecule 
w i t h i n e q u i v a l e n t core-holes and between s i t e s i n d i f f e r e n t 
molecules, are small. Since the experimental data l a r g e l y 
p e r t a i n t o the peak maxima ( c e n t r o i d s ) , which obviates any 
necessity of line-shape a n a l y s i s , i t i s convenient to discuss 
the t h e o r e t i c a l r e s u l t s on the same basis. Accordingly, 
Figure 3 - 1 shows a p l o t of the ce n t r o i d s of the c a l c u l a t e d 
ASCF core b i n d i n g energies and r e l a x a t i o n energies as a 
f u n c t i o n of chain-length. The decrease i n binding energy as 
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a f u n c t i o n of Increase i n chain-length i s well-reproduced 
by the ASCF c a l c u l a t i o n s and the absolute magnitude of the 
change as a f u n c t i o n of the incremental change i n chain-length 
shows good agreement w i t h experiment. By c o n t r a s t , s h i f t s 
c a l c u l a t e d from Koopmans1 Theorem have the i n c o r r e c t s i g n ; 
thus the s h i f t between methane and n-hexane of + 0 . 1 eV com­
pares w i t h the experimentally determined s h i f t of - 0 . 5 eV and 
t h a t appropriate t o the ASCF computation of - 0 . 8 eV. Figure 
3 . 1 c l e a r l y shows t h a t increasing chain-length i s associated 
w i t h i ncreasing r e l a x a t i o n energy and t h a t t h i s determines the 
o v e r a l l s h i f t as a f u n c t i o n of chain-length. The data f o r 
the branched-chain systems (isobutane and neopentane) accord 
w i t h t h a t f o r t h e i r s t r a i g h t - c h a i n counterparts. An analysis 
of the s h i f t s i n core binding energy w i t h i n a given molecule 
i n the series n-propane, n-butane, n-pentane and n-hexane 
i n d i c a t e s t h a t the terminal-CH^ groups are the highest b i n d i n g 
energy components, since the r e l a x a t i o n energy i s lowest f o r 
these s t r u c t u r a l f e a t u r e s . On t h i s basis, 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 i n the branched-chain systems of isobutane 
and neopentane, the methyl groups should i n each case form 
the higher b i n d i n g energy component. That t h i s i s the case 
i s r e a d i l y confirmed by the d i r e c t hole s t a t e c a l c u l a t i o n s ; 
however, the s h i f t s are small ( O . l eV i n both cases). The 
r e s u l t s would t h e r e f o r e support the o r i g i n a l assignment f o r 

1 8 5 , 1 8 6 

neopentane; however, the d i f f i c u l t i e s of analyzing line-shapes 
f o r systems i n which the s h i f t range i s small can lead t o 
considerable ambiguity. 

The a v a i l a b l e data from these computations allows 
a r e l a t i v e l y complete i n v e s t i g a t i o n of the s t r u c t u r a l depend­
ence 01 ' r e l a x a t i o n energy. Figure 3 - 2 shows the c a l c u l a t e d 
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C1<a s h i f t s i n binding energy and r e l a x a t i o n energy f o r : 

(a) the t e r m i n a l -CH^ carbon atom i n the l i n e a r alkanes; 
(b) the "adjacent" ( f i r s t methylene, -CHg-CH^) carbon atom 

i n the l i n e a r alkanes; 
(c) the c e n t r a l carbon atom i n the branched-chain alkanes; and 
(d) the "terminal" carbon atom i n the branched-chain alkanes. 

Considering the t e r m i n a l methyl carbon bin d i n g energy and 
r e l a x a t i o n energy changes as a f u n c t i o n of increasing chain-
length i n the l i n e a r alkanes, ( a ) , i t i s found t h a t the r e g u l a r 
decrease i n bin d i n g energy c l o s e l y approaches an asymptotic 
value of ^ 0 . 6 5 eV at n-hexane, t h i s being p a r a l l e d by an i n ­
crease i n r e l a x a t i o n energy. I f the f i r s t methylene group 
i s now considered, ( b ) , a steeper i n i t i a l decrease i n bin d i n g 
energy t o an asymptotic value of < v 0 . 9 eV at n-hexane i s again 
mirrored by increasing r e l a x a t i o n energy t o a near asymptotic 
value of ^ 1 . 0 eV. 

I n going from methane to neopentane, the c a l c u l a t e d 
s h i f t i n bi n d i n g energy f o r the c e n t r a l carbon, ( c ) , of - 0 . 9 eV 
i s l a r g e l y a t t r i b u t a b l e t o the increase i n r e l a x a t i o n energy 
of 1 . 4 eV concomitant w i t h r e p l a c i n g hydrogen by the more po l a r -
i z a b l e methyl groups. Indeed, the almost l i n e a r decrease i n 
ASCF binding energy f o r the c e n t r a l carbon atom i n the branched-
chain alkane s e r i e s i s almos t e x a c t l y mirrored by the increase 
i n r e l a x a t i o n energy. F i n a l l y , the decrease i n binding energy 
f o r the " t e r m i n a l " carbon i n the branched-chain alkanes, ( d ) , 
i s much steeper than i n the equivalent case f o r l i n e a r alkanes, 
although not as dramatic as f o r the c e n t r a l carbon atom i n the 
branched-chain s e r i e s . 

By performing M u l l i k e n population analyses on the 
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ground- and core-hole states of the alkanes, I t i s possible 
to o b t a i n the charge flow accompanying c o r e - i o n i z a t i o n . This 
should only be used as a q u a l i t a t i v e guide t o the e l e c t r o n i c 
reorganizations accompanying i o n i z a t i o n , however; f o r more de­
t a i l e d c o n s i d e r a t i o n , the appropriate density d i f f e r e n c e should 
be consulted. Figure 3 0 shows the Mu l l i k e n charge flow 
accompanying c o r e - i o n i z a t i o n i n the l i n e a r alkanes. A nega­
t i v e value i n d i c a t e s an increase i n e l e c t r o n - d e n s i t y , consequent 
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on c o r e - i o n l z a t l o n ; thus f o r methane, there i s a net flow of 
over one e l e c t r o n to the core-ionized carbon atom, correspond­
ing to 0 . 2 6 5 electrons from each hydrogen. The percentage 
values given i n Figure 3 « 3 show the amount of charge flow 
( r e l a t i v e t o the t o t a l charge flow to the core-ionized atom) 
from the f o u r nearest neighbours. For c o r e - i o n i z a t i o n on the 
t e r m i n a l (methyl) carbon the percentage of charge flow i s 
f a i r l y constant at around 7 0 $ , t h i s coming mainly from the 
neighbouring hydrogen atoms. This being the case, there i s 
a dramatic decrease i n t h i s percentage value ( t o around 4 5 $ ) 

when methylene carbon atoms are core-ionized. The p a t t e r n 
of charge flow f o r the carbon atoms i n the chain i s also of 
i n t e r e s t . I n nearly a l l cases, the immediate neighbours to 
the core-hole carbon atom show a loss of charge; a f t e r t h a t , 
however, there i s a build-up of charge on the carbons i n the 
chain, decreasing along the chain u n t i l i t i s v i r t u a l l y zero 
(as i n the t e r m i n a l methyl group i n n-pentane and n-hexane, 
w i t h c o r e - i o n i z a t i o n on the opposite methyl group). 

Figure 3 « 4 shows the charge flow accompanying core-
i o n i z a t i o n f o r the branched-chain alkanes. As i n the l i n e a r 

— Q — » H 

Isobulane 

on *OOH .000 tOfm >0jQB 
J j S 
I 
r 

I I I 1 I I 

I <0OM - M M I "0-229 
I 1-0996 I.0O0B JhOOJ7 1.0017 l-KW 

— ^ • O — «0OM -0-079—y O • — •0-229 

- O - 2H - O -

NMpentan* 
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alkanes, the percentage of charge flow from the immediate 
neighbouring atoms t o the core-ionized atom i s r e l a t i v e l y 
constant f o r the " t e r m i n a l " methyl atom ( 6 9 $ and 67%). For 
the c e n t r a l carbon atoms, the percentage flow decreases r e g u l ­
a r l y as the number of nearest-neighbour carbon atoms increases, 
the appropriate values being 100$ f o r methane w i t h no nearest-
neighbour carbon atoms, 12%, 4 9 $ , 2 5 $ and 2% f o r neopentane 
w i t h a l l nearest-neighbour carbon atoms,showing c l e a r l y t h a t 
the charge-flow a r i s e s mainly from the hydrogen atoms attached 
t o the core-ionized carbon. 

I t has p r e v i o u s l y been noted t h a t i n the p a r t i c u l a r 
case of the C, l e v e l s , there i s a d i r e c t r e l a t i o n s h i p between i s 

149 
core binding energy and r e l a x a t i o n energy, which can be 
understood i n t u i t i v e l y i n terms of a charge p o t e n t i a l type 

191 
model f o r both. ^ This contrasts s t r o n g l y w i t h the more 149 complex behaviour found f o r N, , 0, and F, l e v e l s ; i t X S X S I S 
should be noted, however, t h a t the range of e l e c t r o n i c environ-

1 4 9 , 1 9 2 
ments and s t r u c t u r a l types f o r 0-, l e v e l s p r e v i o u s l y studied 

193 
was somewhat l i m i t e d , and a recent, more extensive study ^ 
has shown t h a t c l e a r trends are e x h i b i t e d i f a t t e n t i o n i s 
focussed on a given s t r u c t u r a l type. Over the r e s t r i c t e d 
range of binding and r e l a x a t i o n energies encompassed by the 
alkanes, the tr e n d f o r higher binding energy t o be associated 
w i t h lO'.ver r e l a x a t i o n energy, previously found f o r the C-, 

X s 
149 

l e v e l s , * i s also evident here, and t h i s i s shown i n Figure 
3 - 5 ' The numerals by the p o i n t s i n the p l o t i n d i c a t e the 
number of carbon atoms i n the alkane: o represents the cent­
r a l carbon atom i n the branched-chain alkanes; x represents 
the t e r m i n a l carbon atoms, and + i n d i c a t e s the methylene 
carbon atoms. The p l o t of ASCF binding energy against 
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r e l a x a t i o n energy i s i n t e r e s t i n g i n t h a t , despite the small 
s h i f t range a v a i l a b l e , the component pa r t s f a l l i n t o these 
three c l e a r l y - d e f i n e d groups: the c e n t r a l carbon atoms i n 
branched-chain s e r i e s ; methylene groups i n l i n e a r alkanes; 
and t e r m i n a l methyl groups f o r both l i n e a r and branched-chain 
alkanes. 

3.2 E l e c t r o n i c Relaxation Accompanying Valence (2s) I o n i z a t i o n 

3 . 2 . 1 I n t r o d u c t i o n 

Whilst the main e f f o r t s i n high r e s o l u t i o n X-ray 
photoelectron spectroscopy (XI" 1. ) and i n u l t r a v i o l e t photo-
e l e c t r o n spectroscopy (UPS) have been d i r e c t e d towards the 
i n v e s t i g a t i o n of co r e - l e v e l s and h i g h e r - l y i n g valence-levels 
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r e s p e c t i v e l y , r a t h e r less emphasis has h i t h e r t o been placed 
on the i n v e s t i g a t i o n of deeper-lying valence-levels, such as 
those predominantly of 2s character f o r molecules i n v o l v i n g 

194 
f i r s t - r o w atoms. ^ The advent of high i n t e n s i t y f i n e - f o c u s 
X-ray monochromators, coupled w i t h the design of e f f i c i e n t 
discharge lamps f o r the production of H e ( l l ) r a d i a t i o n , and 
the i n c r e a s i n g i n t e r e s t i n the a p p l i c a t i o n s of synchrotron 

195 
r a d i a t i o n , ^ has l e d t o an upsurge of i n t e r e s t i n t h i s p o r t i o n 
of the photoelectron spectrum of simple molecules. The 
mo t i v a t i o n f o r t h i s i s not d i f f i c u l t to understand, since the 
a b i l i t y t o study the complete valence bands of molecules as 
opposed t o j u s t the highest few l e v e l s w i t h i o n i z a t i o n energies 
<21.21 eV generates data of considerable i n t e r e s t to t h e o r e t ­
i c i a n s concerned w i t h the dependence of d i f f e r e n t i a l changes i n 
p h o t o i o n i z a t i o n cross-sections on photon energies,and i n the 

196 
i n v e s t i g a t i o n of asymmetry parameters. Whilst the advent 
of high r e s o l u t i o n , high s e n s i t i v i t y XPS spectrometers has 
l e d t o an increasing i n t e r e s t i n v i b r a t i o n a l f i n e - s t r u c t u r e 

Ln the 
201-205 

accompanying c o r e - i o n i z a t i o n s , 1 2 0 , 1 - 9 7 - 2 0 0 a n d l n t h g 

i n v e s t i g a t i o n of shake-up and shake-off s a t e l l i t e s , ' 
there has been much less emphasis t o date i n studies of the 
corresponding phenomena f o r the deeper-lying valence-levels 
of simple molecules. This also contrasts w i t h the s i t u a t i o n 
i n UPS, where the study 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 and 
c o n f i g u r a t i o n i n t e r a c t i o n bands f o r l e v e l s w i t h i o n i z a t i o n 
energies a t t a i n a b l e w i t h a high i n t e n s i t y He( I ) source i s 
well-developed. 

Some attempts a t r e c t i f y i n g t h i s s i t u a t i o n have 
appeared r e c e n t l y . Thus i n a pioneering s e r i e s of s t u d i e s , 
Price and co-workers 2 <^' 2 <"^ have i n v e s t i g a t e d a t comparatively 
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low r e s o l u t i o n the deeper-lying 2 s - l i k e valence-levels of a 
number of simple molecules and t h i s has been developed i n t o a 

194 
systematic approach by Heilbronner and co-workers. With 
a H e ( I I ) source, however, despite the small inherent width of 
the photon source, the cross sections f o r p h o t o i o n i z a t i o n are 
q u i t e small and the t y p i c a l s i g n a l to noise r a t i o s achieved 
i n such studies are r e l a t i v e l y poor compared w i t h those 
normally achieved by He(I) studies of the h i g h e r - l y i n g valence-
l e v e l s . The most comprehensive and systematic study reported 
to date p e r t a i n s to a d e t a i l e d i n v e s t i g a t i o n of the deeper-
l y i n g valence-levels of the alkanes employing a f i n e - f o c u s 
X-ray monochromator, w i t h advantage being taken of the r e l a t ­
i v e l y high cross section f o r p h o t o i o n i z a t i o n compared w i t h the 

184 
h i g h e r - l y i n g valence-levels. 

I n t h i s s e c t i o n , t h e r e f o r e , the r e s u l t s of ab 
initio LCAO MO SCF c a l c u l a t i o n s on the ground and valence (2s) 
hole-states of the series methane, ethane, propane, n-butane 
and n-hexane, and also isobutane and neopentane are reported. 

3-2.2 Computational D e t a i l s 

The valence (2s) h o l e - s t a t e c a l c u l a t i o n s were 
performed f o r the above molecules using the geometries and 
exponents p r e v i o u s l y discussed ( s e c t i o n J>.1.2). 

3-2.3 Results and Discussion 

The computed aSCF valence (2s) b i n d i n g energies 
and r e l a x a t i o n energies f o r the complete s e r i e s of alkanes 
studied i n t h i s i n v e s t i g a t i o n are displayed i n Figure 3.6, 
i n which i t has been convenient t o separate the data i n t o the 
series of l i n e a r and branched-chain alkanes. Least-squares 
p l o t s of c a l c u l a t e d versus experimentally determined 2s b i n d i n g 
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energies have been performed, t o give an i n d i c a t i o n of the 
adequacy of the t h e o r e t i c a l treatment (Figure 3'7)' 

Considering f i r s t l y the l i n e a r alkanes, the devel­
opment of the energy l e v e l p a t t e r n as a f u n c t i o n of chain-
l e n g t h i s r e a d i l y understandable i n terms of a simple Huckel 

194 
model, as has pre v i o u s l y been pointed out by Heilbronner. 
Using the commonly-accepted designation of l a b e l l i n g o r b i t a l s 
w i t h respect to the valence-levels, the i o n i z a t i o n p o t e n t i a l 
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of the lbg "non-bonding" l e v e l of propane i s c a l c u l a t e d to 
be c l o s e l y s i m i l a r t o t h a t f o r methane (24.4 eV vs. 24.6 eV), 
and t h i s reproduces q u i t e c l o s e l y the experimental data 
(22.1 eV vs. 22.9 eV). For n-hexane, the most t i g h t l y bound 
2s l e v e l has not as yet been experimentally determined; however 
i t would appear from the c a l c u l a t i o n s t h a t the energy gap f o r 
the l a and l b l e v e l s i s l i k e l y t o be q u i t e small ( s i eV) 
and thus may not be resolved. The r e l a x a t i o n energies f o l l o w 
a r a t h e r i n t e r e s t i n g sequence, which co n t r a s t s s t r o n g l y w i t h 
the s i t u a t i o n f o r the core hole s t a t e s . Thus f o r the l o c a l -

210 
lzed C-̂ s hole-states as discussed i n section 3-1-3* the 
r e l a x a t i o n energy increases w i t h the size of the molecule, as 
might have been a n t i c i p a t e d on p o l a r i z a b i l i t y arguments. Ex­
tensive d e r e a l i z a t i o n of the valence 2s l e v e l s however, leads 
to a decrease i n r e l a x a t i o n energy as a f u n c t i o n of the i n ­
crease i n size of the molecule. A least-squares p l o t of the 
ca l c u l a t e d versus experimentally determined 2s bin d i n g energies 
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provides a slope of 1.2 and an i n t e r c e p t of -2.7 eV, the 
p 

c o r r e l a t i o n c o e f f i c i e n t r being 0.97' I t i s i n t e r e s t i n g 
to note t h a t the computations i n d i c a t e q u i t e large d i f f e r e n c e s 
i n r e l a x a t i o n energies f o r the 2s l e v e l s . For example, the 
computed r e l a x a t i o n energy f o r the ° o r b i t a l i s ^ 5 0 % l a r g e r 

S 
than f o r the ° o r b i t a l i n ethane. 

Turning to the corresponding data f o r the branched-
chain alkanes, a p l o t of the experimental versus the &SCF com­
puted b i n d i n g energies y i e l d s a least-squares f i t w i t h a slope 
of 1.28 and i n t e r c e p t -3-7 eV, the c o r r e l a t i o n c o e f f i c i e n t r 
being 0.98. The computed r e l a x a t i o n energies again span a 
s i g n i f i c a n t range. Thus f o r the l a ^ o r b i t a l of neopentane, 
which i s predominantly the C 0 o r b i t a l of the c e n t r a l carbon, 
the r e l a x a t i o n energy i s some 50$ higher than f o r the 2a^ 
o r b i t a l which corresponds to the symmetric 2s combination of 
the methyl carbons. 

For the 2s l e v e l s , c o r r e l a t i o n energy changes 
are important. For example the 2s b i n d i n g energy of methane 
i s overestimated by ^..6 eV, which i s i n the opposite sense 
to t h a t t y p i c a l l y found f o r the outermost (p type) valence-
l e v e l s , where the c o r r e l a t i o n energy f o r the ion i s t y p i c a l l y 

140 
smaller than f o r the n e u t r a l molecule. This has been w e l l -
documented i n the l i t e r a t u r e f o r a number of small molecules. 
The c o r r e l a t i o n energy changes w i t h i n t h i s c l o s e l y r e l a t e d 
s e r i e s of molecules are nevertheless very s i m i l a r , so t h a t 
s h i f t s i n b i n d i n g energies and changes i n r e l a x a t i o n energies 
are described t o a good degree of accuracy w i t h i n the Hartree-
Fock ASCF formalism, as demonstrated above. 
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5-3 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 of V i b r a t i o n a l Fine-
S t r u c t u r e Accompanying Core-Ionization 

3.3-1 I n t r o d u c t i o n 

V i b r a t i o n a l e x c i t a t i o n as a manifestation of 
the changes i n p o t e n t i a l energy surfaces consequent upon core-
i o n i z a t i o n represents a t o p i c of considerable current i n t e r e s t , 
both from an experimental and t h e o r e t i c a l stand-point. The 
published experimental data to date has been l i m i t e d to CH^, 

158 
CO and N 2; J t h i s was i n t e r p r e t e d i n i t i a l l y i n terms of 
Franck-Condon f a c t o r s derived from c a l c u l a t i o n s on equivalent 

158 
cores species. Recent t h e o r e t i c a l work, however, i n d i c a t e d 
a s i g n i f i c a n t d i f f e r e n c e i n bond-length and force constant 

149 
between the equivalent cores and core hole s t a t e species, ^ 
which l e d Clark and Muller to a f u r t h e r t h e o r e t i c a l study of 

170 CO and N 0. 1 I t was found t h a t the experimental C. , 0 , 2 ^ I s I s 
and N-. spectra were well-reproduced using Pranck-Condon 
f a c t o r s derived from h o l e - s t a t e c a l c u l a t i o n s at the " t r i p l e 
zeta" l e v e l . An a l t e r n a t i v e approach has been developed by 
Cederbaum and Domcke, using Many Body Pe r t u r b a t i o n Theory 
employing Green's f u n c t i o n s t o generate o n e - p a r t i c l e coup­

o n 
l i n g constants, and hence v i b r a t i o n a l envelopes. This 

197 
method also leads t o e x c e l l e n t agreement w i t h experiment. -71 

I t has been shown t h a t o p t i m i z a t i o n of exponents 
169 

w i t h i n the s p i r i t of the equivalent cores concept * provides 
a means of accurately d e s c r i b i n g both absolute and r e l a t i v e 

212 
b i n d i n g energies, and geometry and force constant changes 

149 170 
accompanying c o r e - i o n i z a t i o n , y ' 1 w i t h basis sets at the 
ST0-4.31G l e v e l . Accordingly, the ana l y s i s of 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 z a t i o n has been extended 

199,200 
at t h i s l e v e l t o a series of somewhat more complicated systems. 
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To provide a s u i t a b l e background f o r the discussion i n the 
next s e c t i o n on 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 valence 
(2s) i o n i z a t i o n i n alkanes, and to allow comparison to be made 
w i t h c o r e - i o n i z a t i o n , the r e s u l t s of such c a l c u l a t i o n s on 
methane and ethane are presented here. 

3•3•2 Computational D e t a i l s 

Non-empirical aSCF LCAO MO SCF c a l c u l a t i o n s have 
been c a r r i e d out w i t h i n the Hartree-Fock formalism f o r the 
ground- and core-hole s t a t e species. This approach i s known 
to provide an e s s e n t i a l l y q u a n t i t a t i v e description of core 
binding energies, at le a s t f o r f i r s t row atoms, due t o the 
e s s e n t i a l l y atomic nature of r e l a t i v i s t i c and c o r r e l a t i o n 
e f f e c t s ? 1 ^ The basis set used was STO-4.31G, w i t h best-atom 

30 
exponents f o r the ground-state, while f o r core hole s t a t e s , 
the valence exponents used were those appropriate to the 
equivalent cores species (a so-c a l l e d "optimized" ST0-4.31G). 
The v i b r a t i o n a l analysis presented here i s w i t h i n the harmonic 
approximation; to generate the p o t e n t i a l energy surfaces, the 
experimental geometry was taken as a s t a r t i n g p oint and a 
parabola computed corresponding to extensions or compressions 
i n bond-length of 0.1 au. A process of successive refinement 
was then c a r r i e d out u n t i l the i n t e r v a l s were decreased t o 
f i n a l values of 0.01 au. Having computed energy minima, i t 
i s important to e s t a b l i s h t h a t the shape of the p o t e n t i a l 
energy curve i n the v i c i n i t y of the minimum i s also adequately 
described; accordingly, extensions or compressions of ̂ 0.15 au 
were examined and f i t t e d to a parabola, to give the force con­
st a n t s . Having established the e q u i l i b r i u m bond-lengths and 
force constants f o r the ground- and core-hole s t a t e species, 
the Franck-Condon f a c t o r s were computed using the recurrence 
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1S7 
r e l a t i o n s h i p s derived by Ansbacher. The changes i n 
v i b r a t i o n a l separation due to anharmonicity have been shown 
to be n e g l i g i b l e . ^ ® 

Of the 3N-6 v i b r a t i o n a l modes f o r a. non-linear 
N-atomic molecule, only the s t r e t c h i n g modes i n which l o c a l 
symmetry was not destroyed were considered, since only even 

Op 
quanta ( v i z . , v"=0 to v'=0,2,4....) may be e x c i t e d . Such 
modes are perhaps more properly denoted as i n t e r n a l d i s p l a c e ­
ment coordinates. Bending modes were not e x p l i c i t l y consid­
ered since: 

(a) the v i b r a t i o n a l quanta are small leading to an 
asymmetry i n the spectra which would be l a r g e l y 
undetectable w i t h present i n s t r u m e n t a t i o n ; 

and (b) v i b r a t i o n a l f i n e - s t r u c t u r e i s i n f r e q u e n t l y observed 
even i n the f i e l d of valence-level photoelectron 

82 
spectroscopy (UPS). 

For these reasons, coupled w i t h the considerable computational 
expense which an i n v e s t i g a t i o n of bending v i b r a t i o n s would 
i n c u r , t h i s work was r e s t r i c t e d to a study of selected s t r e t c h ­
ing modes only. 

For ethane, the modes discussed are the symmetric 

C-H s t r e t c h ( ^ y m ) , the antisymmetric s t r e t c h (^"Vr 1) and the 

C-C s t r e t c h (v^, v,_ and v^ r e s p e c t i v e l y , u s i n g the n o t a t i o n of 

Herzberg). ̂  Vc-H w a s studied i n CH^. 

3.3.3 Results and Discussion The binding energies and r e l a x a t i o n energies are 
shown i n Table 3.2. C l e a r l y , use of the "optimized" STO-4.31G 
basis provides a computationally inexpensive means f o r the 
accurate d e s c r i p t i o n of absolute as w e l l as r e l a t i v e b i n d i n g 
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TABLE 3.2 Cn BE and RE ( i n eV) f o r methane and ethane i s ] ' 

Methane Ethane 
Binding Energy 

V e r t i c a l , ST0-4.31G 294.2 293-9 
V e r t i c a l , "optimized" ST0-4.31G 290.8 290.5 
Experimental 8 , 290.8 290.7 
Adiabatic, "optimized" ST0-4.31G 290.6 290.5 

Relaxation Energy 
ST0-4.31G 11.0 11.4 
"optimized" STO-4.31G 14.4 14.4 

(a) References 91 and 185. 

energies. The r e l a x a t i o n energies i l l u s t r a t e the expected 
increase i n absolute value f o r the "optimized" r e l a t i v e t o 
the basic ST0-4.31G basis set. 

The e q u i l i b r i u m bond-lengths and force constants 
f o r the n e u t r a l molecules and core-ionized species, together 
w i t h the c a l c u l a t e d Franck-Condon f a c t o r s , are shown i n 
Table 3 - 3 -

Considering f i r s t l y methane, the e q u i l i b r i u m 
n e u t r a l molecule CH bond-length and force constants are i n 
good agreement w i t h those determined from experimental data, 
and compare very favourably w i t h those reported by Blom and 

215 
coworkers ^ using a comparable 4.31G basis. Blom et a l . also 
i n v e s t i g a t e d the harmonic force constants f o r the CC and 
symmetric CH s t r e t c h i n ethane and the r e s u l t s reported here 
are i n good agreement. Although the computed bond-lengths 
are i n good agreement w i t h the experimental data, there i s a 
tendency f o r the 4.31G basis set computations t o s l i g h t l y under­
estimate and the ST0-4.31G to overestimate the bond-lengths. 
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TABLE 3 - 3 T h e o r e t i c a l Bond-Lengths (R Q, atomic u n i t s ) and 
( i ) Some S t r e t c h i n g Force Constants (k, millidynes/A*) 

f o r Methane and Ethane, and t h e i r Respective 
Changes on Core-Ionization 

Molecule 

CH, ,sym 
C-H 

CH,CH, v n 3 3 c - c 

,sym 
C-H 

a n t i 
C-H 

Neutral Molecule 

R expt. e 

2 . 0 7 6 2 . 0 6 6 

2 . 9 5 0 2 . 8 9 9 

2 . 0 7 9 2 . 0 6 6 

2 . 0 7 9 

(c) (d) 
k expt. 

5 - 7 6 5 - 9 2 

4 . 9 8 4 . 5 0 

5 -68 4 . 7 9 

5 - 6 6 

C, hole- s t a t e — I s 

R. e 

1 . 9 5 8 

2 . 9 0 2 

( A ) 

' 0 . 1 1 9 ) 

(0.048) 

2 . 0 0 7 ( 0 . 0 7 ) 

(a) 
2 . 0 1 3 1 

2.1449 (b) 
( 0 . 0 7 ) 

k 

7 - 5 9 

4 . 6 7 

6 . 6 7 

5 - 5 3 

(a) C-H (b) C-H (where i n d i c a t e s the core-hole) 

( i i ) Franck-Condon f a c t o r s 

T r a n s i t i o n Methane: Ethane 

00 6 2 . 5 2 

01 2 8 . 0 6 

02 7 . 6 6 

03 1.50 
04 0 . 2 6 

Separation (eV) 0.45 

sym a n t i 
v c - c Vc-H v C-H 

9 3 . 2 9 8 7 . 1 5 8 9 . 2 3 

6 . 5 1 1 1 . 1 8 1 0 . 1 8 

0 . 2 0 0 . 9 8 O.56 

- 0 . 6 9 0 . 0 3 

0 . 1 2 0 . 3 9 O.36 

For comparison purposes, the t h e o r e t i c a l data of 
215 

Blom et a l ^ are as f o l l o w s 

methane 
ethane 

R C-C e 

2 . 8 8 9 

k C-C R C-H k C-H e 
2.044 5-84 

4.57 2.047 5 . 31 

(c) Ref. 214 (d) Ref. 61 
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For methane,previous t h e o r e t i c a l studies have 
established t h a t f o r the core-ionized species the e q u i l i b r i u m 
bond-length i s short e r and force constant f o r the symmetric 
CH s t r e t c h l a r g e r than f o r the n e u t r a l molecule. This i s i n 
f a c t found to be a general f e a t u r e . Thus, f o r the l o c a l ­
ized core-hole s t a t e of ethane, the e q u i l i b r i u m CH bond-length 
i s considerably smaller than f o r the n e u t r a l molecule, the r e ­
duction i n bond-length being somewhat s i m i l a r to the comparable 
s i t u a t i o n f o r methane. I n the case of the antisymmetric CH-̂  
s t r e t c h i n g mode, the e q u i l i b r i u m bond-length corresponds t o a 
reduct i o n i n CH bond-length f o r the hydrogens attached to the 
carbon bearing the core-hole and a concomitant increase f o r 
the other methyl group. I n consequence, w h i l s t the force 
constant f o r the symmetric CH-̂  s t r e t c h increases on core-
i o n i z a t i o n , t h a t f o r the antisymmetric mode remains e s s e n t i a l l y 
the same as f o r the n e u t r a l molecule. 

Turning now t o the C-C bond, c o r e - i o n i z a t i o n of 
the C l g l e v e l i n ethane leads to a decrease i n e q u i l i b r i u m 
bond-length, the absolute magnitude of the change being some­
what smaller than f o r the CH bonds. The force constant also 
changes by a r e l a t i v e l y small amount, a c t u a l l y decreasing 
s l i g h t l y . As an a n c i l l a r y p o i n t , the b a r r i e r to r o t a t i o n i n 
ethane f o r both the n e u t r a l and core-ionized species has been 
computed. This would i n d i c a t e a small decrease i n going to 
the i o n i z e d species ( c a l c u l a t e d 3 . 2 k c a l mol - 1 and 2 . 5 

k c a l mol - 1 r e s p e c t i v e l y ) . 

From the data presented i n Table 3 - 3 i t i s possible 
to make a few broad g e n e r a l i z a t i o n s concerning the l i k e l y 
v i b r a t i o n a l p r o f i l e s accompanying c o r e - i o n i z a t i o n . Rather 
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complete discussions have pr e v i o u s l y been presented f o r 
1"39 197 

methane, ^ y and the c a l c u l a t e d b a n d - p r o f i l e has been 
shown i n Figure 2.11.It i s cl e a r t h a t i n going from methane 
to ethane there should 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
posite l i n e - w i d t h f o r the C-̂ s l e v e l s , since the changes i n 
both e q u i l i b r i u m geometry and force constants are s u b s t a n t i a l l y 
smaller. Computations of Franck-Condon f a c t o r s t a k i n g only 
the three s t r e t c h i n g modes discussed p r e v i o u s l y i n t o account 
suggests >90# of the 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 , 
compared w i t h ^S2% i n the case of methane. Although h i g h -
r e s o l u t i o n spectra f o r the C, l e v e l s of ethane are not c u r r -

I s 
e n t l y a v a i l a b l e , the spectra recorded at medium r e s o l u t i o n 
i n d i c a t e t h a t the FWHM f o r the C, l e v e l s of methane are 

I s 
s i g n i f i c a n t l y broader than f o r ethane. 
3 -4 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 V i b r a t i o n a l Fine-

Structure Accompanying Valence (2s) I o n i z a t i o n 

3-4.1 I n t r o d u c t i o n 

One of the most s i g n i f i c a n t and i n t e r e s t i n g features 
t o emerge from the d e t a i l e d studies of Siegbahn et a l . on the 

184 

deeper-lying valence-levels of the alkanes was the f a c t 
t h a t i n d i v i d u a l components i n the predominantly C 0 manifold 
had s i g n i f i c a n t l y d i f f e r e n t composite l i n e w i d t h s . Thus i n 
ethane, the f u l l width at h a l f maximum (FWHM) f o r the in-phase 
(gerade), e s s e n t i a l l y C0a l e v e l s i s some 12$ l a r g e r than f o r 
the out-of-phase (ungerade) component. Moreover, under the 
same instrumental c o n d i t i o n s , w h i l s t the FWHM f o r the C, 

Is 
l e v e l of methane i s ̂ 0 . 8 eV, t h a t f o r the C0_ l e v e l i s <\,1.27 
eV. Even a l l o w i n g f o r the small d i f f e r e n c e i n analyzer con­
t r i b u t i o n s to the l i n e w i d t h o r i g i n a t i n g i n the d i f f e r e n c e s i n 
k i n e t i c energy f o r the photoemitted e l e c t r o n s (^1196 eV and 
^1464 eV f o r the C, and C„ l e v e l s r e s p e c t i v e l y ) , there i s I s 2s 
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s t i l l a s u b s t a n t i a l d i f f e r e n c e i n l i n e w i d t h f o r the two l e v e l s . 
Although there w i l l be a s i g n i f i c a n t c o n t r i b u t i o n to the com­
pos i t e observed FWHM o r i g i n a t i n g from the inherent width of 
the i r r a d i a t i n g s o f t X-ray beam, t h i s i s not expected to 
change from l e v e l to l e v e l . A priori , the d i f f e r e n c e i n l i n e -
w idth might a r i s e from d i f f e r e n c e s i n l i f e t i m e s f o r the hole-
states ( u n c e r t a i n t y broadening), or from d i f f e r e n c e s i n v i b ­
r a t i o n a l f i n e - s t r u c t u r e , or indeed from c o n t r i b u t i o n s from 
both sources. Since the inherent w i d t h f o r the Cn l e v e l i s 

I s 
known to be O.l eV and since i t would seem u n l i k e l y t h a t the 
l i f e t i m e f o r the 2s hole - s t a t e would be very s i g n i f i c a n t l y 
shorter ( i . e . d i f f e r i n g by greater than an order of magnitude) 
than f o r the I s l e v e l , the most l i k e l y explanation f o r d i f f e r ­
ences i n l i n e w i d t h s and asymmetries of peaks would seem to be 
di f f e r e n c e s i n v i b r a t i o n a l f i n e - s t r u c t u r e . (Although of 
course d i f f e r e n c e s i n l i f e t i m e s could give r i s e to broadening, 
t h i s should be symmetrical; the asymmetry of o v e r a l l l i n e -
p r o f i l e s i n the absence of low energy shake-up s a t e l l i t e s or 
of d i s c r e t e energy-loss peaks can only i n p r i n c i p l e be a t t r i b ­
uted to unresolved v i b r a t i o n a l f i n e - s t r u c t u r e ) . This would 
not be unreasonable, since v i b r a t i o n a l e x c i t a t i o n accompanying 
the removal of a non-bonding core-electron o r i g i n a t e s i n the 
s u b s t a n t i a l r e o r g a n i z a t i o n of the valence-electrons i n response 
to the e l e c t r o n demand which i s c r e a t e d . 1 5 8 ' 1 5 0 , 1 9 9 , 2 0 0 By 
co n t r a s t , r e l a x a t i o n or r e o r g a n i z a t i o n phenomena i n v o l v i n g 
p h o t o i o n i z a t i o n of the valence-levels themselves are q u i t e 
small; however, since electrons are being removed from o r b i t a l s 
w i t h c e r t a i n bonding and antibonding c h a r a c t e r i s t i c s , we might 
a n t i c i p a t e s u b s t a n t i a l v i b r a t i o n a l f i n e - s t r u c t u r e which would 
only f o r t u i t o u s l y correspond t o t h a t f o r the c o r e - l e v e l s . 
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I n t h i s s e c t i o n , t h e r e f o r e , some aspects of the 
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 p h o t o i o n i z a t i o n of 
the C 0 e l e v e l s of methane and ethane have been i n v e s t i g a t e d 
i n d e t a i l . 

3.4.2 Computational D e t a i l s 

C a l c u l a t i o n s were performed f o r the C0_ hole-
c. S 

states of methane and ethane i n a s i m i l a r manner t o t h a t 
described i n section 3 . 3 . 2 , using an "optimized" ST0-4.31G 
basis set. The v i b r a t i o n a l modes i n v e s t i g a t e d were those 
pr e v i o u s l y d e t a i l e d f o r the C,„ l e v e l s . 

i s 
Using the STO-4.31G basis set described i n 

sections ~5.1.2 and 3*2.2, Mull i k e n population analyses were 
performed on the n e u t r a l molecules and corresponding i o n i z e d 
states f o r the se r i e s methane, ethane, propane and n-butane 
to provide bond overlap populations. I n the p a r t i c u l a r case 
of ethane, density d i f f e r e n c e contours f o r the core and valence 
2s i o n i z e d states were computed w i t h respect to the n e u t r a l 
molecule. A mesh of 97 x 97 p o i n t s was used, w i t h the same 
geometry f o r both ground and io n i z e d s t a t e s ; the planes studied 
were the "molecular" plane con t a i n i n g the C-C bond (11 x 11 au), 
and a plane b i s e c t i n g the C-C bond ( 8 x 8 au). Since the 
d i f f e r e n c e contours are ground s t a t e minus hole s t a t e , the 
negative contours (dashed l i n e s ) represent an increase i n 
e l e c t r o n density on i o n i z a t i o n . Contour l i n e s are drawn from 
0.004 au, successively doubling i n value t o a maximum of 0 . 8 au. 

3.4 . 3 Results and Discussion 

(a) Methane 
l84 2 l 6 

The a v a i l a b l e experimental data ' suggest 

t h a t there i s considerable asymmetry i n the high r e s o l u t i o n 
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spectrum of the 2s l e v e l of methane, and t h i s i n i t s e l f would 
m i t i g a t e against any explanation of the l a r g e r composite FWHM 
f o r t h i s l e v e l compared w i t h t h a t f o r the I s l e v e l based on 
di f f e r e n c e s i n l i f e t i m e s f o r the relevant h o l e - s t a t e s . As 
has been noted, the d i f f e r e n c e s i n composite l i n e w i d t h s are 
of the order of 50$, a small p r o p o r t i o n of which may be 
a t t r i b u t e d to the s l i g h t l y l a r g e r c o n t r i b u t i o n o r i g i n a t i n g 
from the e l e c t r o n o p t i c s . The a v a i l a b l e high r e s o l u t i o n 
spectra f o r methane have pre v i o u s l y been q u a n t i t a t i v e l y des-

1"5Q 197 
crib e d •7( i n terms of v i b r a t i o n a l e x c i t a t i o n of the sym­
metric CH s t r e t c h i n g mode consequent upon the large d i f f e r e n c e 
i n p o t e n t i a l energy surface f o r ground and core hole s t a t e 
species. The e q u i l i b r i u m CH bond-length and force constant 
f o r the h o l e - s t a t e are computed to be shorter and l a r g e r res­
p e c t i v e l y than f o r the n e u t r a l molecule. ' By comparison, the 
asymmetric nature of the o v e r a l l l i n e - p r o f i l e f o r the 2s l e v e l 
of methane might also, t h e r e f o r e , be expected to a r i s e from 
v i b r a t i o n a l e x c i t a t i o n s . The l a r g e r inherent FWHM could then 
a r i s e merely from a more extended v i b r a t i o n a l envelope, imply-
inga much greater change i n p o t e n t i a l energy surface on valence-
as opposed to c o r e - i o n i z a t i o n ; superimposed on t h i s , however, 
could be d i f f e r e n c e s i n l i f e t i m e s f o r the 2s compared w i t h the 
I s l e v e l . 

The e q u i l i b r i u m bond-length and force constant 
f o r the 2s hol e - s t a t e of methanehave been computed. The r e l e ­
vant data are displayed i n Table 3 - 4 . Whilst f o r the core-
i o n i z e d species (Table 3 . 3 ) , the e q u i l i b r i u m bond-length i s 
computed t o be considerably shorter w i t h respect t o the n e u t r a l 
molecule, the change i n bond-length and forc e constants are 
l a r g e r i n absolute magnitude, and i n the opposite sense f o r 
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TABLE 3.4 Theoretical Bond-Lengths and Force Constants for Methane and Ethane, and t h e i r Respective Changes on Valence (2s) 
Ionization. 

Equilibrium 
Bond-Length 

(au) 
Force Constant 
(mlllldyne/K) 

Koopjnans1 

Equilibrium 
Bond-Length 

Koopmans' 
Force 

Constants 

ASCF 
Binding 
Energies 

(eV) 

Relaxation 
Energies 

(eV) 

(ethane 
>H stre t c h (symmetric), v!|^J 

C—H 
Ground State 2.0761 5.760 
C, hole state 
28 

2.2442 4.126 2.232 4.865 24.56 1.36 

•thane 
!-C st r e t c h , VC-C 

Ground State 2.9503 4.982 
1 C j s gerade 3.2848 3.269 26.38 1.25 
1 C j s ungerade 2.7998 7.006 22.05 0.81 

l-H str e t c h (symmetric), v**? 
1 C —H 
1 Ground State 2.0790 5.683 
• C^E gerade 2.1470 5.008 
1 C j s ungerade 2.1860 4.515 

l-H str e t c h (antisymmetric), v*"' 1 

• C—H 
I Ground State 2.0790 5.657 
1 C j B gerade 2.1470 5.864 
1 ungerade 2.1068 3.425 

Franck-Condon FactorB 

Methane Ethane 

C-H VC-C 
syra 

WC-II 
a n t l 
C-ll 

Hansition C 2 s C 2 s <*>" C 2 s , U ' C 2 s (*> C 2 s ( U ) C 2 s ( " C 2 s ( U ) 

I 00 43.19 5.35 49.14 88.26 74.40 99.23 97.39 1 01 38.60 17.52 32.65 10.73 22.63 - -1 02 14.34 25.45 13.24 0.54 2.76 0.07 2.61 

1 03 3.27 23.40 3.86 0.02 0.21 - -
1 04 0.60 15.50 0.90 • - - - -1 05 - 7.93 0.21 - - - -

Kraration (eV) 0.33 0.10 0.15 0.34 0.32 0.37 0.28 

Not a l l of the Franck-Condon factors are shown here. 
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the 2s valence-ionized s t a t e . Meyer has presented a large 
scale CI computation of aspects of the p o t e n t i a l energy sur­
faces f o r the ground, core and valence (2s) i o n i z e d states of 
methane, 1-^ and i t i s g r a t i f y i n g to note t h a t the l i m i t e d basis 
set computations reported here e x a c t l y reproduce the p r e d i c t e d 
changes i n e q u i l i b r i u m geometry on i o n i z a t i o n . The computed 
Franck-Condon f a c t o r s (also shown i n Tables j5.3 and 3.4) reve a l 
more extended 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 the v a l ­
ence (as opposed t o core) p h o t o i o n i z a t i o n , w i t h up to 5 v i b ­
r a t i o n a l quanta e x c i t e d . This i s also apparent from Meyer's 

1"5Q 
work; -^however,he only considered the f i r s t three v i b r a t i o n a l 
quanta there, 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 compare d i r e c t l y 
w i t h the work reported here. To p a r t i a l l y o f f s e t the l a r g e r 
FWHM which might be i n f e r r e d from t h i s more extended v i b r a t ­
i o n a l s e r i e s compared w i t h the I s l e v e l s , i t should be noted 
t h a t the v i b r a t i o n a l frequency f o r the 2s ho l e - s t a t e i s consid-
derably lower than f o r the I s h o l e - s t a t e , since the changes 
i n bond-length are opposite i n sign. I f as a s t a r t i n g p o i n t 
i t i s assumed t h a t the instrumental and other f a c t o r s con­
t r i b u t i n g to the o v e r a l l l i n e w i d t h are the same f o r both the 
I s and 2s l e v e l s , then w i t h the computed Franck-Condon f a c t o r s 
i t may be shown t h a t the FWHM f o r the o v e r a l l b a n d - p r o f i l e s 
i s a few per cent l a r g e r f o r the C Q l e v e l s . Although t h i s 
i s i n the c o r r e c t sense, the experimental data i n d i c a t e t h a t 
the FWHM f o r the l a t t e r are <vlOO# l a r g e r than f o r the I s l e v e l s . 
Since the k i n e t i c energies of the photoemitted e l e c t r o n s are 
not g r e a t l y d i f f e r e n t (-̂ 1197 eV and 1464 eV f o r the I s and 2s 
le v e l s r e s p e c t i v e l y ) , i t would seem u n l i k e l y t h a t the c o n t r i b ­
u t i o n a r i s i n g from the e l e c t r o n o p t i c s would be d r a s t i c a l l y 
d i f f e r e n t f o r the two l e v e l s ; the only reasonable conclusion 
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would seem to be t h a t the inherent width ( l i f e t i m e ) f o r the 
2s h o l e - s t a t e i s somewhat greater ( s h o r t e r ) than f o r the I s 
h o l e - s t a t e . The d i f f e r e n c e i n l i f e t i m e s could be w e l l w i t h i n 
an order of magnitude t o e x p l a i n the r e s u l t s , and t h i s would 
not be unreasonable on the basis of e f f i c i e n t d e - e x c i t a t i o n 
of the 2s hole i n v o l v i n g electrons from o r b i t a l s dominantly 
of 2p character, since no change i n p r i n c i p a l quantum number 
i s i n v o l v e d . 

I n s p e c t i o n of the a v a i l a b l e data f o r the 2s 
l e v e l s of the higher alkanes shows i n p a r t i c u l a r cases r a t h e r 
narrow l i n e w i d t h s f o r i n d i v i d u a l components, and the i n t e r ­
p r e t a t i o n of such data w i l l be presented i n a subsequent s e c t i o n . 
However, the narrowest component, f o r which the t h e o r e t i c a l 
c a l c u l a t i o n s would suggest a r a t h e r small p r o b a b i l i t y of v i b ­
r a t i o n a l e x c i t a t i o n , has a l i n e w i d t h of ^1.1 eV. With a 
component l i n e w i d t h of t h i s magnitude, the o v e r a l l computed 
b a n d - p r o f i l e f o r the C 0 l e v e l of methane i s i n good o v e r a l l 
agreement w i t h the experimental data, as i s c l e a r from the 
data presented i n Figure 3.8. Although the p o s s i b i l i t y of so-
c a l l e d c o n f i g u r a t i o n i n t e r a c t i o n resonances c o n t r i b u t i n g t o 
the o v e r a l l b a n d - p r o f i l e s cannot be discounted, the c l e a r - c u t 
nature of the spectra f o r the 2s l e v e l s of methane and the 
higher alkanes ( w i t h l i t t l e evidence of extensive s a t e l l i t e 
s t r u c t u r e to higher k i n e t i c energy, at l e a s t i n the regions 
w i t h i n a few eV of the d i r e c t p h o t o i o n i z a t i o n peaks), would 
make i t seem u n l i k e l y t h a t such i n t e r a c t i o n s , i f present, 
c o n t r i b u t e to the o v e r a l l p r o f i l e s . The consistent nature 
of the i n t e r p r e t a t i o n of v a r i a t i o n s i n l i n e w i d t h s and asymmet­
r i e s of the 2s l e v e l s which i s presented subsequently lends 
strong support to an analysis based on u n d e r l y i n g v i b r a t i o n a l 
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by 0-33 eV. 

f i n e - s t r u c t u r e s . 

I t i s of i n t e r e s t to compare the d i r e c t l y 
computed changes i n e q u i l i b r i u m bond-lengths and force cons­
t a n t s w i t h those derived from Koopmans' Theorem. I t i s c l e a r 
from t h i s t h a t without due consideration f o r r e l a x a t i o n accom­
panying i o n i z a t i o n , although the pre d i c t e d bond-length changes 
are q u i t e close to those c a l c u l a t e d d i r e c t l y , the changes i n 
shape of the p o t e n t i a l energy surfaces are poorly described. 
The manifestations of e l e c t r o n i c r e l a x a t i o n s are apparent i n 
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the p o t e n t i a l energy surfaces which i n the case of the I s 
l e v e l i s c a l c u l a t e d to be narrow and steep, w i t h a s i g n i f i c ­
a n t l y increased force constant, which c o n t r a s t s w i t h the 
s i t u a t i o n f o r the 2s l e v e l s , where the surface i s r e l a t i v e l y 
broad and f l a t w i t h a s u b s t a n t i a l l y reduced force constant. 

(b) Ethane 

The C^s hole-states of ethane have pr e v i o u s l y 
been diseussed ( s e c t i o n 3-3«3)j i t i s c l e a r l y of i n t e r e s t t o 
i n v e s t i g a t e the corresponding s i t u a t i o n f o r the hole-
s t a t e s , more p a r t i c u l a r l y since the experimental data show 
two c l e a r l y resolved components which d i f f e r s i g n i f i c a n t l y 
i n t h e i r FWHM. 

The r e l e v a n t t h e o r e t i c a l data are presented 
i n Table Considering f i r s t l y the v q C s t r e t c h i n g mode, 
there i s a s t r i k i n g c o n t r a s t i n behaviour f o r the core as 
opposed to valence 2s i o n i z a t i o n s . Whilst f o r the core-
l e v e l s (Table 3-3) removal of an e l e c t r o n r e s u l t s i n a r e l a t ­
i v e l y small decrease i n e q u i l i b r i u m bond-length and concomitant 
change i n force constant, f o r the symmetric combination of the 
2s o r b i t a l s there i s a large increase and f o r the antisymmetric 
combination a large decrease i n e q u i l i b r i u m CC bond-length. 
This i s r e a d i l y understood i n terms of the bonding and a n t i -
bonding c h a r a c t e r i s t i c s of these o r b i t a l s r e s p e c t i v e l y , as 
f a r as the carbon-carbon bond i s concerned. For the Og 
o r b i t a l , removal of an e l e c t r o n to produce the 2s valence-
i o n i z e d species r e s u l t s i n a s u b s t a n t i a l change i n p o t e n t i a l 
energy surface w i t h the force constant f o r the v

c c mode being 
s i g n i f i c a n t l y less than f o r the n e u t r a l molecule. The mani­
f e s t a t i o n of t h i s i s t h a t the v

n n mode i s computed to be 
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s t r o n g l y e x c i t e d on p h o t o i o n i z a t i o n . The corresponding 
data f o r the l e v e l are also shown i n Table 3.4, and i t 
i s c l e a r t h a t the computed p r o f i l e shows considerably less 
extended v i b r a t i o n a l e x c i t a t i o n than f o r the o l e v e l . Turn-

g 
i n g now t o the symmetric C-H s t r e t c h i n g modes, i o n i z a t i o n i s 
computed to lead t o a lengthening of the CH bonds and concom­
i t a n t decrease i n force constants f o r both the o and o l e v e l s . 

g u 
The computed Franck-Condon f a c t o r s i n d i c a t e a somewhat more 
extended series f o r the a as compared to the o o r b i t a l . 

u g 
For the antisymmetric s t r e t c h , only even v i b r a t i o n a l quanta 
may be e x c i t e d and whereas the force constant f o r the 
ion i z e d s t a t e i s computed to be somewhat l a r g e r than f o r the 
n e u t r a l molecule, f o r the sta t e the force constant i s sub­
s t a n t i a l l y smaller. C l e a r l y , there should be s u b s t a n t i a l 
broadening f o r both the a and 0 2s l e v e l s of ethane. The 

g u 
computed Franck-Condon f a c t o r s , taken w i t h a component l i n e -
w idth of 1.1 eV, do indeed reveal a s l i g h t l y l a r g e r l i n e w i d t h 
f o r the ag component as compared w i t h the o u; however, the 
composite l i n e w i d t h s are smaller than those observed e x p e r i ­
mentally (1.64 eV and 1.46 eV r e s p e c t i v e l y ) . I t i s a 
s t r a i g h t f o r w a r d matter t o show on energetic grounds t h a t 
p r e d i s s o c i a t i o n i s l i k e l y t o be of considerable importance 
i n ethane f o r the valence 2s l e v e l s , and since there i s strong 
coupling to the CC s t r e t c h i n g mode there i s a d i r e c t channel 
to methyl c a t i o n plus methyl r a d i c a l . Such a p r e d i s s o c i a t i v e 
pathway i s l i k e l y t o be less important f o r methane since the 
valence 2s io n i z e d s t a t e only couples to the symmetric CH 
s t r e t c h i n g mode and the corresponding channel t o methyl c a t i o n 
and hydrogen atom i s t h e r e f o r e less accessible. The net 
e f f e c t would be an increased broadening of the 2s l e v e l s f o r 
ethane, t h a t f o r the o l e v e l being the l a r g e r since the 
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e l e c t r o n being removed provides s u b s t a n t i a l C-C bonding. 

The c a l c u l a t e d absolute and r e l a t i v e b i n d i n g 
and r e l a x a t i o n energies f o r the 2s l e v e l s i n methane and 
ethane are also displayed i n Table 3«^- Since there i s an 
increase i n c o r r e l a t i o n energy i n going from the n e u t r a l t o 
the valence 2s io n i z e d species, the ASCP computations a c t u a l l y 
overestimate the i o n i z a t i o n p o t e n t i a l s ; however, i t has been 
seen i n sec t i o n 3.2.3 t h a t the c o r r e l a t i o n energy c o n t r i b u t i o n 
changes i n a consistent manner across the s e r i e s , and the 
r e l a t i v e b i n d i n g energies and s h i f t s f o r the 2s l e v e l s are 
well-reproduced by the computations at the STO-4.31G l e v e l . 
I n summary, t h e r e f o r e , the d i f f e r e n c e i n l i n e w i d t h f o r the 
2s l e v e l s of ethane may be q u a l i t a t i v e l y understood i n terms 
of the d i f f e r e n c e s i n p o t e n t i a l energy surfaces f o r the ground 
and i o n i z e d species. The C Q r e l a x a t i o n energy of methane 
computed i n t h i s work i s i n e x c e l l e n t agreement w i t h the more 
extended basis set computations of Meyer. 

(c) Higher Alkanes 

One of the most i n t e r e s t i n g aspects of the 
184 

i n v e s t i g a t i o n s which have been reported t o date i s the 
considerable v a r i a t i o n i n l i n e w i d t h f o r the components of the 
2s l e v e l s of the alkanes. Although the l o c a l i z a t i o n character­
i s t i c s of the i n d i v i d u a l molecular o r b i t a l s which are dominantly 
of 2s character d i f f e r s i g n i f i c a n t l y across the series of alkanes 
of i n t e r e s t t o t h i s work, the v a r i a t i o n s i n c o r r e l a t i o n energy 
c o r r e c t i o n s w i l l not be s u f f i c i e n t to cause any reo r d e r i n g of 
stat e s w i t h respect to t h a t produced from the a S C F c a l c u l a t i o n s . 
For propane, the order of incr e a s i n g i o n i z a t i o n p o t e n t i a l s i s 
2 ^ < l b 2 < la.^ (Figure 3-6). The experimentally determined 
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FWHM f a l l i n the order la-^ > l b ^ > 2a-^. As a s t a r t i n g p o i n t 
i n the discussion of t h i s data, i t might be a n t i c i p a t e d t h a t 
by analogy w i t h the data p r e v i o u s l y presented f o r ethane, 
removal of an e l e c t r o n which c o n t r i b u t e s a bonding i n t e r a c t i o n 
between a p a i r of atoms w i l l r e s u l t i n an increase i n t h a t 
e q u i l i b r i u m bond-length f o r the i o n i z e d species. Corres­
pondingly, f o r an antibonding i n t e r a c t i o n the bond-length 
would be expected to decrease. I n a s i m p l i s t i c model, since 
i t might be a n t i c i p a t e d t h a t bond extension would be e n e r g e t i ­
c a l l y less expensive than bond compression, the absolute mag­
nitude of the change i n bond-length should be l a r g e r f o r removal 
of a bonding i n t e r a c t i o n compared w i t h t h a t appropriate t o 
removal of an antibonding i n t e r a c t i o n . On t h i s basis, i t i s 
c l e a r t h a t the removal of an e l e c t r o n from the most s t r o n g l y 
bonding of the valence 2s l e v e l s i n propane, namely the l a ^ 
o r b i t a l , should lead to s u b s t a n t i a l e x c i t a t i o n of both C-C and 
CH s t r e t c h i n g modes. The M u l l i k e n population analysis shown 
i n Figure 3.9 reveals a s u b s t a n t i a l decrease i n the C2-Cl(C3) 
bond overlap populations and smaller changes i n the C2-H 
populations. Although i n a r e l a t i v e sense the Mulliken 
population a n a l y s i s may be used as a q u a l i t a t i v e guide t o the 
e l e c t r o n i c r e o r g a n i z a t i o n s accompanying i o n i z a t i o n s , the sub t l e 
d e t a i l s of changes i n e l e c t r o n d i s t r i b u t i o n s i n the i n t e r -
bonding regions may only be i n f e r r e d from d e t a i l e d consider­
a t i o n of appropriate density d i f f e r e n c e contours. 

Before considering the alkanes i n greater 
d e t a i l , i t i s worthwhile i l l u s t r a t i n g t h i s p o i n t by reference 
to ethane. Whilst core and valence i o n i z a t i o n of the 0 

o r b i t a l s leads t o a decrease i n e q u i l i b r i u m C-C bond-length, 
f o r the o o r b i t a l there i s a s u b s t a n t i a l increase i n computed 
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Fig- (3-9) M u l l i k e n bond overlap populations 

e q u i l i b r i u m bond-length. The corresponding CC bond overlap 
populations (evaluated at the e q u i l i b r i u m bond-length f o r the 
n e u t r a l molecule) q u a l i t a t i v e l y r e f l e c t these changes i n 
geometry, being 0.28, 0.39 and 0.27 f o r the I s , a and o 

u g 
ionized species r e s p e c t i v e l y . Comparison w i t h the bond over­
lap computed f o r the n e u t r a l molecule (0.39) i l l u s t r a t e s the 
l i m i t a t i o n s of the Mu l l i k e n population analysis i n r a t i o n a l ­
i z i n g the data, since although the bond overlap population 
f o r the I s i o n i z e d s t a t e i s s u b s t a n t i a l l y less than f o r the 
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n e u t r a l molecule, the computed e q u i l i b r i u m bond-length i s 
shorter than f o r the n e u t r a l molecule. 

The reason f o r t h i s i s r e a d i l y apparent on 
considering density d i f f e r e n c e contours computed f o r a plane 
b i s e c t i n g the molecular axis (Figure 10). Although the 
t o t a l bond overlap populations f o r the I s core and o valence 

S 

ionized s t a t e s are both smaller than f o r the n e u t r a l molecule, 
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Fig. (3-10) Density d i f f e r e n c e contours f o r C-̂ s, gerade 
and C 0 ungerade i o n i z a t i o n of ethane. 

the contours reveal t h a t f o r the former there i s a c t u a l l y a 
b u i l d up of e l e c t r o n density i n the bonding region close to 
the i n t e r n u c l e a r axis at the expense of the regions remote 
from the a x i s . On t h i s basis the shorter e q u i l i b r i u m bond-
length f o r the core-ionized species i s r e a d i l y understandable. 
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I o n i z a t i o n from the 0 o r b i t a l leads t o a s i g n i f i c a n t increase 
i n valence population i n the bonding region, and i t i s thus 
possible t o understand why the e q u i l i b r i u m bond-length i s 
decreased, despite the f a c t t h a t the t o t a l bond overlap popul­
a t i o n i s almost the same as f o r the n e u t r a l molecule. By 
c o n t r a s t , the s u b s t a n t i a l decrease i n bond overlap population 
f o r the a o r b i t a l i s accompanied by a uniform decrease i n 6 
population i n the CC bonding regions, and the e q u i l i b r i u m bond-
len g t h i s t h e r e f o r e computed to be s u b s t a n t i a l l y l a r g e r than 
f o r the n e u t r a l molecule. 

Returning now to the r e s u l t s of the population 
analysis f o r the valence 2s i o n i z e d states of propane, the 
change i n CC bond overlap populations i n going from the n e u t r a l 
molecule to valence-ionized species f a l l s i n the order 
l a ^ > lbp > 2a^. Comparison w i t h the population analysis f o r 
ethane suggests t h a t the la-^ and lbg valence-ionized states 
should have s i g n i f i c a n t l y longer C-C bond-lengths, the changes, 
however, being somewhat smaller than f o r ethane. For the 2a-̂  
o r b i t a l , there i s a small percentage decrease (^5$) i n CC bond 
overlap population and again by comparison w i t h ethane t h i s 
would suggest a small change i n e q u i l i b r i u m bond-length on 
i o n i z a t i o n . 

As f a r as the CH bond overlaps are concerned, 
w h i l s t the methylene CH bond overlap populations f o r the 2a^ 
i o n i z e d species are much smaller than f o r the n e u t r a l molecule, 
those f o r the l b ^ i o n i z e d s t a t e are somewhat l a r g e r and f o r 
the la-^ i o n i z e d s t a t e somewhat smaller than f o r the n e u t r a l 
molecule. For the methyl CH bonds, the bond overlap popul­
ations f o r the la-, and 2a, valence-ionized states are not too 
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d i f f e r e n t than f o r the n e u t r a l molecule; however, f o r the 
lt > 2 i o n i z e d s t a t e there i s a s i g n i f i c a n t decrease i n population. 
On the basis of the foregoing discussion, i t i s not unreason­
able t h a t the o v e r a l l FWHM f o r the i n d i v i d u a l valence 2s l e v e l s 
should occur i n the order l a ^ > lbg > 2a-̂  based on the expected 
c o n t r i b u t i o n s from the l i k e l y v i b r a t i o n a l modes which would be 
ex c i t e d . 

Although l i n e w i d t h v a r i a t i o n s are c l e a r l y 
apparent f o r the higher alkanes, the experimental data has 
only been subjected to a d e t a i l e d a nalysis f o r the series up 
to and i n c l u d i n g n-butane. The l i n e w i d t h v a r i a t i o n f o r 
t h e i n d i v i d u a l components i s s u b s t a n t i a l , ranging from ^2.2 eV 
f o r the most t i g h t l y - b o u n d l a to 1.1 eV f o r the 2b io n i z e d 

g u 
sta t e s . Analysis of the CC and CH bond overlap populations 
provides a q u a l i t a t i v e r a t i o n a l e f o r these observations. 
Thus f o r the l a i o n i z e d species, the CC and methylene CH bond 

O 
overlap populations decrease s i g n i f i c a n t l y compared w i t h the 
ground-state molecule, suggesting t h a t the symmetric CC and 
CH s t r e t c h i n g modes would c o n t r i b u t e s i g n i f i c a n t l y to the 
o v e r a l l b a n d - p r o f l i e s . By c o n t r a s t , f o r the 2b u i o n i z e d 
s t a t e the major d i f f e r e n c e i n bond overlap populations i s i n 
respect of the methylene CH groups. An i n t e r e s t i n g s i t u a t i o n 
i s apparent f o r the l b u and 2a^ i o n i z e d s t a t e s , since the l i n e -
w i d t h f o r the l a t t e r i s s i g n i f i c a n t l y l a r g e r than f o r the former. 
Whereas f o r the l b u i o n i z e d s t a t e the major changes i n bond 
overlap population w i t h respect to the ground s t a t e are f o r 
the C1(C3)-C2(C4) bonds, f o r the 2a ion i z e d s t a t e there are 

S 
s u b s t a n t i a l changes f o r the C2-CjJ bond overlap and f o r the 
methyl CH bond overlap populations. I t would not seem un­
reasonable t h e r e f o r e t h a t the l i n e w i d t h should be somewhat 



158 

smaller f o r the l t > u compared w i t h the 2a g i o n i z e d s t a t e . 

A d e t a i l e d analysis of the asymmetric band-shape 
associated w i t h i o n i z a t i o n of the predominantly 2s o r b i t a l 
of methane i n terms of v i b r a t i o n a l f i n e - s t r u c t u r e would seem 
to i n d i c a t e t h a t the l i f e t i m e f o r the hole i s s i g n i f i c a n t l y 
smaller than f o r the core-ionized species. An elementary 
analysis of the lineshape associated w i t h i o n i z a t i o n from the 
corresponding a ^ and ° u o r b i t a l s of ethane i n terms of changes 
i n p o t e n t i a l energy surfaces accompanying i o n i z a t i o n provides 
a q u a l i t a t i v e basis f o r r a t i o n a l i z i n g the experimental data. 
I n the p a r t i c u l a r cases of propane and n-butane ta q u a l i t a t i v e 
discussion of the s u b s t a n t i a l d i f f e r e n c e s i n o v e r a l l band-pro­
f i l e s may be presented i n terms of v i b r a t i o n a l e x c i t a t i o n s as 
evidenced by changes i n bond overlap populations. I t would 
appear t h e r e f o r e t h a t a consistent p i c t u r e may be presented 
of the d i f f e r e n c e s i n l i n e w i d t h f o r i n d i v i d u a l components of 
the valence 2s regions of the alkanes i n terms of d i f f e r e n c e s 
i n v i b r a t i o n a l e x c i t a t i o n s accompanying i o n i z a t i o n . 
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CHAPTER POUR 

SOME THEORETICAL CONSIDERATIONS 
OF CORE-IONIZATION IN CARBOCATIONS 

A SCF c a l c u l a t i o n s on simple carbocations a t the STO-4.J51G 
l e v e l are reported. Readily understood trends i n b i n d i n g 
energy s h i f t 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 energy are found. 
The p o t e n t i a l of XPS as a t o o l f o r i n v e s t i g a t i n g such systems 
i s pointed out. For the p a r t i c u l a r cases of t - b u t y l c a t i o n , 
and 2-norbornyl c a t i o n , comparison i s made w i t h the a v a i l a b l e 
XPS experimental data. E x c e l l e n t agreement w i t h experiment 
i s found i n both cases only i f the n o n - c l a s s i c a l form of the 
2-norbornyl system i s considered. F i n a l l y , f o r the c l a s s i c a l 
and n o n - c l a s s i c a l forms of e t h y l , 1-propyl and 2-norbornyl 
c a t i o n , i t i s found t h a t the energetic preferences of the core-
i o n i z e d species magnify the small energy-differences of the 
ground-state systems. 

4.1 E l e c t r o n i c Relaxation Accompanying Cor e - I o n i z a t i o n 
i n Some Simple Carbocation Systems 

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

Ab initio MO theory has played an impressive r o l e 
i n the discussion of the s t r u c t u r e and s t a b i l i t y of r e a c t i v e 

217-220 
chemical intermediates. ' Such species are g e n e r a l l y too 
s h o r t - l i v e d t o be amenable t o d i r e c t spectroscopic observation 
and c h a r a c t e r i z a t i o n , w i t h the r e s u l t t h a t t h e o r e t i c a l r a t h e r 
than experimental probes have been used e x t e n s i v e l y t o gain 
i n s i g h t i n t o the p r o p e r t i e s of these species. I t should 
however be stressed at the outset t h a t t h e o r e t i c a l c a l c u l a t i o n s 
r e f e r to the i s o l a t e d i o n i n the gas phase. The c a l c u l a t i o n s , 
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t h e r e f o r e , r e f l e c t the fundamental e l e c t r o n i c p r o p e r t i e s of 
the i s o l a t e d i o n , and caution must be exercised i n making 
comparisons w i t h experimental 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 a c t i o n s w i t h solvent 
molecules. The problem of d i f f e r e n t i a l solvent e f f e c t s i s 
only now beginning t o be studied from a quantum mechanical 
viewpoint. 237-240 

Carbonium ions occupy a s p e c i a l place i n the 
realm of r e a c t i v e chemical intermediates, as evidenced by 

221 
the comprehensive volumes e d i t e d by Olah and Schleyer on 
the subject. I n order to account properly f o r t h e i r p r o p e r t -

222 
i e s , Olah proposed two classes of carbocation (the most 
general name f o r a l l c a t i o n i c carbon compounds, c f . carbanions 
f o r the negative i o n s ) : 

( i ) carbenium ions, which are t r i v a l e n t ( " c l a s s i c a l " ) 
ions 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 ions, which are penta- (or t e t r a - ) co­
ordinated ("non-classical") ions. 

The t o p i c of n o n - c l a s s i c a l carbocations has aroused much 
pp"5 224 22*5 controversy; recent reviews by Kramer, ^ Brown and Olah ^ 

give good accounts of the d i f f e r i n g viewpoints, and a recent 
book attempts t o provide a c r i t i c a l examination of the 
whole f i e l d . 

227 223 
I t was recognized at an e a r l y stage t h a t 

the core binding energy s h i f t s would make XPS a p a r t i c u l a r l y 
s u i t a b l e technique f o r the study of carbocations. I n view 
of the XPS data already p u b l i s h e d , 2 2 ^ 2 2 9 - 2 - 5 2 and as a l o g i c a l 
extension of the previous chapter on alkanes, a study of the 
core binding energies, and of the e l e c t r o n i c r e l a x a t i o n 
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accompanying c o r e - i o n i z a t i o n i n some simple model-system 
l i n e a r and branched carbocations i s presented i n t h i s s e c t i o n . 
This represents the f i r s t d e t a i l e d systematic study of carbo-
c a t i o n systems at the a S C F l e v e l ; previous studies of i n d i v i d ­
u a l carbocations r e l i e d on Koopmans' Theorem. Since d i f f e r ­
e n t i a l r e l a x a t i o n e f f e c t s might be a n t i c i p a t e d t o be important 
i n such charged species, i t might be expected t h a t Koopmans' 
Theorem provides only a poor estimate of the bind i n g energy 
i n such systems. 

4 . 1 . 2 Computational D e t a i l s 

A S C F c a l c u l a t i o n s at the ST0 -4.31G l e v e l em­
pl o y i n g best-atom exponents^ were performed on the f o l l o w i n g 
s e r i e s of simple carbocations: methyl, e t h y l , bridged e t h y l , 
n-propyl (methyl-staggered 1 - p r o p y l ) , "bent" propyl (methyl-
eclipsed 1 - p r o p y l ) , corner-protonated cyclopropane, i s o p r o p y l 
( 2 - p r o p y l ) , n - b u t y l , and t e r t i a r y - b u t y l c a t i o n . Where a v a i l ­
able, the ST0 -4.31G (or ST0-3G) optimized g e o m e t r i e s 2 1 8 , 2 1 9 

were used; f o r t - b u t y l c a t i o n , the p a r t i a l l y - o p t i m i z e d geometry 
a 
190,234 

220 
quoted by Hehre was used, w h i l s t f o r n - b u t y l c a t i o n , a 
model geometry along the l i n e s suggested by Pople et a l . 
was employed. 

4.1.3 Results and Discussion 

The c a l c u l a t e d b i n d i n g energies and r e l a x a t i o n 
energies are shown i n Table 4.1. I t i s well-known t h a t use 
of an ST0-4.31G basis set tends t o over-estimate the absolute 
values of the bi n d i n g energy, since the magnitude of the 
r e l a x a t i o n energy i s under-estimated. That t h i s i s s t i l l 
the case f o r c a t i o n i c species was confirmed by performing 
ASCF c a l c u l a t i o n s f o r methyl and e t h y l c a t i o n using a S l a t e r 
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TABLE 4.1 Calculated Binding Energies and Relaxation Energies (in eV) of 
Simple Carbocatlons. 

Molecule 
ASCF Koopmans' 

Molecule 
B.E. AB.E. B.E. AB.E. R.E AR.E. 

Methyl cation C 309.04 (0) 317.<99 (0) 8.96 (0) 

Et h y l cation C l + 

C2 
306.22 -2.82 
301.78 -7.26 

316.62 -1.38 
312.74 -5.25 

10.40 +1.44 
10.96 +2.01 

Bridged ethyl cation 304.06 -4.98 314.98 -3.02 10.92 +1.96 

n-Propyl cation C l + 

C2 
C3 

304.87 -4.16 
301.01 -8.03 
299.98 -9.06 

316.09 -1.90 
312.47 -5.52 
311.63 -6.36 

11.22 +2.26 
11.46 +2.51 
11.65 +2.70 

"Bent" propyl cation C l + 

C2 
C3 

304.06 -4.98 
300.98 -8.06 
300.31 -8.72 

315.41 -2.58 
312.84 -5.19 
312.43 -5.56 

11.35 +2.39 
11.83 +2.87 
12.12 +3.16 

Corner-protonated 
cyclopropane Cl,C2 

C3 
302.36 -6.67 
301.03 -8.01 

313.97 -4.02 
312.85 -5.15 

11.61 +2.66 
11.82 +2.86 

Iso-propyl cation C1,C3 
C2 + 

300.86 -8.17 
304.94 -4.10 

312.11 -5.88 
315.93 -2.07 

11.25 +2.29 
10.99 +2.03 

n-Butyl cation C l + 

C2 
C3 
C4 

304.59 -4.45 
300.64 -8.40 
299.42 -9.62 
298.20 -10.84 

316.09 -1.90 
312.16 -5.83 
311.31 -6.68 
309.81 -8.18 

11.50 +2.54 
11.52 +2.56 
11.89 +2.93 
11.60 +2.64 

t-Butyl cation Cl,C2,C3 
C2 + 

300.23 -8.81 
303.98 -5.06 

311.62 -6.37 
315.35 -2.64 

11.39 +2.44 
11.37 +2.41 
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Double Zeta basis s e t ^ - ^ w i t h d e m e n t i ' s exponents;^ a 
comparison of the r e s u l t s f o r the two basis sets i s given 
below i n Table 4 . 2 . However, i t i s c l e a r from t h i s t a b l e 

TABLE 4 .2 BE and RE ( i n eV) f o r methyl and e t h y l c a t i o n , 
using d i f f e r e n t basis sets. 

S l a t e r Double Zeta ST0-4 .31G 
Molecule 

B E a B E R E A R E B E A B E R E A R E 

Methyl 306.21 (0) 12.05 (0) 309-04 (0) 8 .96 (0) 

E t h y l C I + 303.58 - 2 . 6 3 13.39 I . 3 O 0 6 . 2 2 - 2 . 8 3 10.40 1.44 
C2 299.18 - 7 . 0 3 13.87 I . 8 3 301.78 - 7 . 2 6 10.96 2.01 

t h a t s h i f t s i n bind i n g energy and changes i n r e l a x a t i o n energy 
are well-described even at the ST0-4 .31G l e v e l . 

As 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 on the e f f e c t of 
a n g l e - s t r a i n on bindi n g and r e l a x a t i o n energies of bridge­
head carbons i n species such as the 2-norbornyl c a t i o n , an 
angle-deformation study on methyl c a t i o n was undertaken, 
Figure 4 . 1 . As the molecule i s deformed from the planar e q u i l ­
i b r i u m geometry, there i s a ' s l i g h t increase i n the bindi n g 
energy ( l e s s than 0 .2 eV, even f o r severe deformations). The 
concomitant r e l a x a t i o n energy change, however, i s an order of 
magnitude smaller, and may the r e f o r e be neglected. This i s 
an i n d i r e c t c o n f i r m a t i o n of the conclusion reached i n the pre­
vious chapter, i n which bending modes i n methane and ethane 
were not considered i n the study of v i b r a t i o n a l f i n e - s t r u c t u r e ; 
i f such modes were s i g n i f i c a n t , i t might be a n t i c i p a t e d t h a t 
s i g n i f i c a n t changes i n binding energy would be observed d u r i n g 
angle deformation. This t o p i c i s p r e s e n t l y being analyzed i n 
some d e t a i l , w i t h an i n v e s t i g a t i o n of the s t r e t c h i n g and bending 
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F i g . ( 4 . 1 ) E f f e c t of angle-deformation on BE and RE 
of methyl c a t i o n . 

modes i n both s i n g l e t and t r i p l e t methylene, and i t s corres­
ponding core hole s t a t e s . 

Figure 4 .2 shows a p l o t of the c a l c u l a t e d C^g 

b i n d i n g energy s h i f t and change i n r e l a x a t i o n energy (as 
compared w i t h methyl c a t i o n ) f o r the series methyl, e t h y l , 
i s o p r o p y l and t - b u t y l c a t i o n ( a ) , and methyl, e t h y l , n-propyl, 
n - b u t y l c a t i o n ( b ) . The c i r c l e s o show the changes f o r the 
carbon atom bearing the p o s i t i v e charge i n the c a t i o n , w h i l s t 
the crosses x show the changes f o r the methylene carbon atom 
adjacent to t h i s p o s i t i v e charge. 

For the l i n e a r carbocations, Figure 4 . 2 ( b ) , t h e r e 
i s a pronounced decrease i n bi n d i n g energy f o r the -CH P

+ carbon 
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Fig.(4.2) ASCF BE and RE as a f u n c t i o n of the number of 
carbon atoms i n : 
(a) branched-chain carbocations; 
(b) l i n e a r carbocations. 

atom ( o ) , which seems to l e v e l o f f at a value of <\.-4.5 eV. 
Although there i s a corresponding increase i n r e l a x a t i o n 
energy, t h i s does not account f o r a l l of the s h i f t i n the 
binding energy, increasing only to a value of ̂ 2.5 eV. This 
c o n t r a s t s w i t h the s i t u a t i o n f o r the C-. binding-energies of 
the corresponding hydrocarbons, where almost the e n t i r e s h i f t 
i n b i n d i n g energy could be ascribed to changes i n r e l a x a t i o n 
energy. The s i t u a t i o n i s even worse f o r the adjacent methy­
lene carhnn atoms, -CH^ - C M 1 " , ( x ) ; here, the value of the 
bindiii| r. oiiei't-iY i'hil't decreases only by about 1 eV from the 
value o f e V i n e t h y l c a t i o n , w h i l s t the r e l a x a t i o n energy 
remains f a i r l y constant at ̂  2 eV. 
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The s i t u a t i o n i s somewhat s i m i l a r i n the case of 
the branched-chain carbocations, Figure 4 . 2 ( a ) . I n t h i s case, 
the b inding energy decreases do not l e v e l o f f as i n the case 
of the l i n e a r carbocations; the r e l a x a t i o n energy increase, 
however, i s much the same as f o r the l i n e a r carbocations, being 
much less i n magnitude than the s h i f t s i n binding energy. 

Previous c a l c u l a t i o n s have shown t h a t a s l i g h t l y 
bent, methyl-eclipsed 1-propyl c a t i o n i s e n e r g e t i c a l l y pre-

p "56 

f e r r e d t o the methyl-staggered 1-propyl c a t i o n . v I t was 
the r e f o r e of i n t e r e s t t o compare the c a l c u l a t e d ASCF 
binding energies i n these species, together w i t h the values 
f o r the l i m i t i n g form of "bent" p r o p y l c a t i o n , corner-proton-
ated cyclopropane, as shown i n Figure 4.J>. The ground-state 
energies of a l l three species f a l l w i t h i n 1.6 k c a l mol ^; the 
changes i n bind i n g energies along the se r i e s are much more 
dramatic, however. I n going from the n-propyl t o the "bent" 
propyl c a t i o n , the C I b i n d i n g energy decreases w h i l s t the C3 
binding energy increases, leading t o a decrease i n the i n t e r n a l 
chemical s h i f t (as i n d i c a t e d by the line-diagrams i n Figure 
4.3) of 1.15 eV (equivalent to ̂ 2 6 . 5 k c a l mol""1"). On going 
to corner-protonated cyclopropane, there i s a s i g n i f i c a n t 
decrease i n the bind i n g energy, leading t o a f u r t h e r decrease 
i n the chemical s h i f t of 2.42 eV. The changes i n r e l a x a t i o n 
energies i n t h i s series are much less marked. This i s a good 
i l l u s t r a t i o n of the f a c t t h a t although the ground-state energies 
are very s i m i l a r , the core - e l e c t r o n b i n d i n g energies are very 
s e n s i t i v e t o these s t r u c t u r a l changes. This w i l l be discussed 
i n more d e t a i l i n section 4.3. 

Figure 4.4 shows a p l o t of bi n d i n g energy against 
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r e l a x a t i o n energy f o r the simple carbocation systems. I n 
common w i t h the r e s u l t s obtained from a study of the C-, bi n d i n g 

x s 
149 

energies i n a series of n e u t r a l molecules, the span i n 
bin d i n g energies i s greater than the span i n r e l a x a t i o n energies. 
Clear trends are d i s c e r n i b l e : f o r the carbon-atoms bearing the 
p o s i t i v e charge i n the c a t i o n , there are almost l i n e a r trends 
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F i g . (4.4) BE vs. RE f o r carbocation systems. The numbers 
by each p o i n t i n d i c a t e the number of carbon atoms 
i n the carbocation. 

f o r both the l i n e a r carbocations (x) and the branched-chain 
carbocations ( o ) . This may be q u a l i t a t i v e l y understood as 
f o l l o w s : on going from methyl c a t i o n t o t - b u t y l c a t i o n , the 
charge on the p o s i t i v e s i t e i s pr o g r e s s i v e l y s t a b i l i z e d by 
the methyl groups. On simple e l e c t r o n e g a t i v i t y grounds, t h i s 
would lead to a decrease i n binding energy. Coupled w i t h t h i s , 
however, i s the expectation t h a t the i n c r e a s i n g l y more p o l a r -
i s a b l e e l e c t r o n - c l o u d would lead t o a greater r e l a x a t i o n energy. 
This i s e x a c t l y what i s observed f o r the c e n t r a l carbon atom 
i n the branched-chain alkanes. 

The methylene carbon atoms adjacent to the p o s i t i v e 
charge are grouped w e l l t o the low bi n d i n g energy side of the 
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carbon atoms bearing the p o s i t i v e charge. Here, also, a 
trend seems t o be observable between the binding energy and 
r e l a x a t i o n energy. 

A comparison of Figure 4 .4 w i t h the corresponding 
p l o t f o r the b i n d i n g and r e l a x a t i o n energies of the parent 
alkanes, Figure 3-5» c l e a r l y shows the greater span i n energies 
f o r the carbocations. This i s g r a p h i c a l l y i l l u s t r a t e d i n 
Figure 4 . 5 , which shows the cal c u l a t e d ASCF binding energy 
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F i g . ( 4 . 5 ) Calculated ASCF C-, BE s h i f t s f o r carbocations 
J- s 

and alkanes. 

s h i f t s as line-diagrams f o r both the carbocations and the 
parent alkanes, on the same scale. Not only are the c a t i o n 
binding energies well-separated from those of the alkanes, but 
also the i n t e r n a l chemical s h i f t s are much greater than i n the 
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alkanes. This provides strong support f o r the suggestions 
t h a t XPS would be an eminently s u i t a b l e technique f o r the study 
of such species; t h i s w i l l be discussed i n more d e t a i l i n 
sect i o n 4 . 2 . 

The valence-electron flow accompanying core-
i o n i z a t i o n i n these carbocations, as revealed by Mulli k e n 
p o p u l a t i o n analyses, i s shown i n Figure 4 . 6 . Comparison w i t h 
Figure 3 - 3 reveals t h a t the valence-electron flow from each 
hydrogen decreases from 0 .265 i n HE thane to 0 .231 i n methyl 
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F i g . ( 4 . 6 ) M u l l i k e n valence-electron flow accompanying 
c o r e - i o n i z a t i o n i n simple carbocations. 

c a t i o n . This may be n a i v e l y r a t i o n a l i z e d on the grounds t h a t 
the e l e c t r o n - c l o u d i n the c a t i o n i s already somewhat contracted 
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due t o the p o s i t i v e charge, making f u r t h e r c o n t r a c t i o n con­
sequent on c o r e - i o n i z a t i o n more d i f f i c u l t than i n the case 
of the n e u t r a l molecule. On t h i s basis, i t would be expected 
t h a t f o r the anion,. there should be a l a r g e r flow from each 
hydrogen atom; t h i s i s indeed found to be the case (0 .287 

e l e c t r o n s ) . This conclusion i s r e i n f o r c e d by a co n s i d e r a t i o n 
of the r e l a x a t i o n energies, which are 8 .96 eV, 10.96 eV and 
H . 3 2 eV f o r methyl c a t i o n , methane and methyl anion, respect­
i v e l y . 

The percentages shown i n Figure 4 .6 are the 
nearest neighbour c o n t r i b u t i o n s t o the t o t a l valence-electron 
flow t o the core-ionized carbon. As i n the case of the alkanes, 
the m a j o r i t y of the flow a r i s e s from the hydrogen atoms; thus 
i n the l i n e a r carbocations, c o r e - i o n i z a t i o n of the carbon atom 
bearing the p o s i t i v e charge r e s u l t s i n a c o n t r i b u t i o n of 46 -49$. 

This value decreases t o 26$ f o r i s o p r o p y l c a t i o n , and f o r 
t - b u t y l c a t i o n , there i s i n f a c t no flow t o the c e n t r a l carbon 
atom on c o r e - i o n i z a t i o n from the nearest neighbours. S i m i l a r 
considerations hold f o r c o r e - i o n i z a t i o n of the carbon atom 
adjacent to the p o s i t i v e charge; t h i s i s 79$ i n e t h y l c a t i o n , 
^64$ f o r the branohed-chain carbocations, and ^50$ f o r methy­
lene carbon atoms i n the l i n e a r carbocations. 

One i n t e r e s t i n g d i f f e r e n c e from the alkanes i s 
t h a t there i s considerably greater flow from the carbon chain 
i n the carbocations. For example, c o r e - i o n i z a t i o n i n ethane 
leads to a c o n t r i b u t i o n of +0.020 e l e c t r o n s t o the core-hole 
from the neighbouring carbon atom. I n e t h y l c a t i o n , however, 
i f the core-hole i s created on the carbon already bearing the 
p o s i t i v e charge (CH^-CH 2

+), there i s a flow of +0.064 e l e c t r o n s 
from the other carbon, w h i l s t i f the methyl carbon i n e t h y l 
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c a t i o n (CH-̂ -CHg ) i s core-ionized, there i s a c o n t r i b u t i o n 
of +0.126 e l e c t r o n s from a f o r m a l l y p o s i t i v e l y - c h a r g e d carbon 
atom. 

4.2 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 Core Hole States 
of the 2-Norbornyl Cation 

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

Despite the intense research a c t i v i t y i n t o the 
c l a s s i c a l or no n - c l a s s i c a l nature of the 2-norbornyl system, 
opinion i s s t i l l as diverse as ever. ^~ T h e o r e t i c a l 
c a l c u l a t i o n s at various l e v e l s of s o p h i s t i c a t i o n agree i n t h a t 
the energy d i f f e r e n c e f o r i s o l a t e d systems between the class-

241 
i c a l and no n - c l a s s i c a l formulations i s small. I t would, 
t h e r e f o r e , seem reasonable to focus a t t e n t i o n on p r o p e r t i e s 
of the system which would provide a d i r e c t means of d i s t i n g ­
uishing between the two, and accordingly a whole host of 
spectroscopic techniques has been applied t o t h i s problem. 
However, the only such technique which would a priori appear 
capable of e f f e c t i n g t h i s d i s t i n c t i o n i s XPS, f o r which the 
time-scale precludes any ambiguities 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 . Unfortunately, the issue has been 
clouded by 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 appropriate core-
l e v e l spectra, and the a v a i l a b l e d a t a 2 2 ^ ' 2 ^ 1 , 2 ^ 2 have been 
i n t e r p r e t e d as supporting both p o s s i b i l i t i e s . Comparison must 
even t u a l l y be made w i t h model systems, from which inferences 
are then drawn concerning the i n t e r p r e t a t i o n of the experimental 
data. A fundamental d i f f i c u l t y has been the lack of s u i t a b l e 
models f o r comparison; i n t h i s s e c t i o n , an attempt i s made t o 
r e c t i f y t h i s s i t u a t i o n . 
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4.2.2 Computational D e t a i l s 
135 149 188 

T h e o r e t i c a l studies p r e v i o u s l y reported 
i n d i c a t e t h a t r e l a x a t i o n energies accompanying c o r e - i o n i z a t i o n 
are dependent on e l e c t r o n i c s t r u c t u r e , and d i f f e r e n c e s i n 
r e l a x a t i o n energies can 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 bindi n g 
energy s h i f t s , p a r t i c u l a r l y f o r systems w i t h considerable 

210 
valence-electron asymmetry. E l e c t r o n i c r e o r g a n i z a t i o n 
accompanying c o r e - i o n i z a t i o n should, t h e r e f o r e , be taken i n t o 
account; the most s t r a i g h t f o r w a r d means accomplishing t h i s i s 
by the A S C F m e t h o d . A n a l t e r n a t i v e method involves 
the equivalent cores concept, '* whereby bi n d i n g energy 
s h i f t s are computed from the heats of r e a c t i o n of the approp­
r i a t e isodesmic process. Previous c a l c u l a t i o n s have i n d i c a t e d 
t h a t s h i f t s are accurately described a t the ASCF ST0-4.31G 
l e v e l , w h i l s t f o r the less basis set dependent equivalent cores 
approach, c a l c u l a t i o n s at the ST0-3G l e v e l are gene r a l l y 
adequate. 

242 
A l l e n and Goetz have d e t a i l e d an extensive non-

em p i r i c a l LCAO MO SCF i n v e s t i g a t i o n a t both the ST0-3G and 
ST0-4.31G l e v e l on the e l e c t r o n i c s t r u c t u r e s of c l a s s i c a l and 
no n - c l a s s i c a l 2-norbornyl c a t i o n . As a basis f o r the d e t a i l e d 
i n t e r p r e t a t i o n of the experimental XPS data, the core-hole 
spectra a t the ASCF ST0-4.31G and equivalent cores ST0-3G l e v e l 
have been c a l c u l a t e d , employing the optimized geometries 
obtained by A l l e n and Goetz. The numbering convention used 
f o r the c l a s s i c a l and n o n - c l a s s i c a l forms of the 2-norbornyl 
c a t i o n i s i l l u s t r a t e d i n Figure 4.7' I n a d d i t i o n , an " o p t i ­
mized" ST0-3G basis set has also been used, since i t i s known 
th a t absolute bin d i n g energies are well-reproduced by t h i s 
method. 
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and n o n - c l a s s i c a l forms of the 2-norbornyl c a t i o n . 

4.2.3 Results and Discussion 

To i l l u s t r a t e the importance of relaxation,Table 
4.3 shows the c a l c u l a t e d binding energy s h i f t f o r e t h y l c a t i o n . 

TABLE 4.3 BE s h i f t s f o r e t h y l c a t i o n ( i n eV) 
Double Zeta STO-4.31G ST0-3G 

ASCF Koopmans' ASCF Koopmans1 ASCF "Optimized" 
E t h y l Cation 4.40 3-92 4.44 3 .87 4-90 4.19 

At the S l a t e r Double Zeta l e v e l , neglect of r e l a x a t i o n e f f e c t s 
leads to an underestimation of the s h i f t of ̂ 0 . 5 eV. Previous 
studies have shown t h a t f o r f i r s t - r o w atoms, s h i f t s and indeed 
absolute b i n d i n g energies are well-reproduced at t h i s l e v e l , c a l ­
c u l a t i o n s at t h i s l e v e l f o r large systems such as the 2-norbornyl 
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c a t i o n would, however, be p r o h i b i t i v e both i n terms of computer 
resources and expense. As f a r as bindi n g energy s h i f t 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 energy are concerned, the ASCF method 
at the STO-4.31G l e v e l i s p e r f e c t l y adequate. Furthermore, 
use of the "optimized" ST0-3G basis set i s found t o give reason­
able agreement w i t h the S l a t e r Double Zeta basis, w h i l s t the 
normal ST0-3G ASCF r e s u l t i s only i n poor agreement. 

Before considering the r e s u l t s f o r the 2-norbornyl 
c a t i o n , comparison may be made w i t h experiment f o r the t - b u t y l 
c a t i o n , Table 4.4, f o r which there i s no dispute concerning 
i t s " c l a s s i c a l " nature. The reported c o r e - l e v e l spectrum 2 2"^ 

TABLE 4.4 BE S h i f t s f o r t - B u t y l ( i n eV) 

ST0-4 .31G ST0-3G 

ASCFKoop- ASCF Koop- " ? P t i -
mans mans C o r e s mized" M I N D 0 / 3 

t - B u t y l c a t i o n 3 .75 3 .73 4 .13 4 .67 3-72 4 .19 3-40 a 

(a) Ref. 244 

con s i s t s of a doublet 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 a 
C l s b i n d i n g energy s h i f t of 3 . 9 - 0 . 2 eV. C l e a r l y , the ST0-4 .31G 

ASCF and equivalent cores ST0-3G r e s u l t s are i n e x c e l l e n t agree­
ment w i t h experiment, i n cont r a s t to the Koopmans' value using 
a small basis set ( S T 0 - 3 G ) , which g r e a t l y over-estimates the 
bind i n g energy s h i f t . The MINDO/3 method, 2^ which has been 
extensively parametrized to reproduce thermodynamic data, does 
r e l a t i v e l y p oorly. 

The good agreement between theory and experiment 
i s s i g n i f i c a n t , since although the mode of sample pre p a r a t i o n 
used f o r the X P S i n v e s t i g a t i o n s i n v o l v e s a r e l a t i v e l y unchar-
a c t e r i z e d system, p o s s i b l y i n v o l v i n g i o n - p a i r s i n a frozen 
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solvent matrix, i t i s almost inconceivable t h a t agreement 
could be e n t i r e l y f o r t u i t o u s . Previous work, however, 
suggests t h a t s h i f t s (but not absolute bin d i n g energies) com­
puted f o r an i s o l a t e d i o n should c o r r e l a t e d i r e c t l y w i t h 
experimental data p e r t a i n i n g t o the s o l i d s t a t e . 

The computed s h i f t s and assignments f o r the C-, 
J- s . 

binding energies of the c l a s s i c a l and n o n - c l a s s i c a l 2-norbornyl 
c a t i o n are shown i n Table 4 .5 - The main feat u r e evident from 
t h i s i s t h a t the span i n bindi n g energies f o r the c l a s s i c a l 
i o n i s much l a r g e r than f o r the n o n - c l a s s i c a l i o n (4.4 eV 
compared w i t h 2.1 eV, r e s p e c t i v e l y , f o r the ASCF STO-4.31G 
b a s i s ) . The ST0-3G (Koopmans1 and ASCF) c a l c u l a t i o n s seem 
to overestimate the bindi n g energy s h i f t s , w h i l s t the ASCF 
STO-4.31G, the STO-̂ G equivalent cores, and the "optimized" 
STO-j5G c a l c u l a t i o n s are i n e x c e l l e n t o v e r a l l agreement w i t h 
one-another w i t h regard t o both s h i f t s i n binding energies, 
and r e l a t i v e ordering. This contrasts s t r i k i n g l y w i t h the 

/ 244 MINDO/3 equivalent cores c a l c u l a t i o n s of Dewar. This may 
be a t t r i b u t a b l e t o the d i f f e r e n t geometries obtained by the 

244 
MINDO/3 o p t i m i z a t i o n : f o r example, i n the c l a s s i c a l i o n , 
the C6-C1-C2 angle i s 8 . 5 ° greater than i n the ST0-4.31G 

24? 
geometry, w h i l s t i n the no n - c l a s s i c a l i o n , the C6-C1 (C6-C2) 

o 
and C1-C2 bond-lengths are 0.2 and 0.05A shorter and longer, 
r e s p e c t i v e l y , than the ST0-4.31G geometry. I t seems more 
l i k e l y , however, t h a t the discrepancy i s due t o the inadequacy 
of the MIND0/3 method f o r c a l c u l a t i n g heats of r e a c t i o n f o r 
the isodesmic core-exchange processes involved i n the equiv­
a l e n t cores concept. Indeed, p r e v i o u s l y published equivalent 
cores MIND0/3 c a l c u l a t i o n s of XPS s h i f t s ^ ^ gave only reason­
able agreement w i t h experiment - f o r example, the i n t e r n a l C, 

J. s 
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chemical s h i f t i n acetone i s given as 3 . 5 eV (A S C F ST0-4.31G 

gives 2 . 6 e V ; 1 ^ experiment 2 . 6 eV); the CH^ to CF^ C l s s h i f t 
i s quoted as 14 . 5 eV (12 .9 eV, 11.0 eV f o r equivalent cores 
ST0-4.31G'1'^^ and experiment, r e s p e c t i v e l y ) ; and the o r d e r i n g 
f o r the 0 n l e v e l s i n formic acid i s i n c o r r e c t , whereas & S C F I s 
ST0-4.31G p r e d i c t s the c o r r e c t ordering. ^ Furthermore, a 
recent p u b l i c a t i o n demonstrates t h a t MIND0/3 i s not s u i t e d t o 
t r e a t f o u r - e l e c t r o n , three-centre bonds, since thermodynamic 
data f o r such compounds are both rare and u n r e l i a b l e , and thus 
not included i n the determination of the MIND0/3 parameters. 

The computed ST0-4.31G d i f f e r e n c e s i n r e l a x a t i o n 
energy span ranges of 0 .31 eV and 0 .59 eV f o r the c l a s s i c a l 
and n o n - c l a s s i c a l ions, r e s p e c t i v e l y . The s l i g h t l y less 
adequate treatment of r e l a x a t i o n phenomena at the ASCF " o p t i ­
mized" and equivalent cores ST0-3G i s manifest i n the s l i g h t 
d i f f e r e n c e i n ordering f o r the C4 and C7 hole-states i n the 
c l a s s i c a l i o n , and the C4 and C5 h o l e - s t a t e s f o r the non-
c l a s s i c a l i o n . 

The d i f f e r e n c e s i n e l e c t r o n i c r e l a x a t i o n accompany­
in g c o r e - i o n i z a t i o n are best i l l u s t r a t e d by means of density-' 
d i f f e r e n c e contour p l o t s . Figure 4 .8 shows such p l o t s f o r 
both the c l a s s i c a l and n o n - c l a s s i c a l forms of the 2-norbornyl 
c a t i o n . I n a l l cases, the plane shown contains atoms C2, CI 
and C6, w i t h C6 at the top of the p l o t . An area of 14 x 14 
bohr i s shown. Negative contours (dashed l i n e s ) i n d i c a t e 
an increase i n e l e c t r o n - d e n s i t y consequent on c o r e - i o n i z a t i o n . 
C o r e - i o n i z a t i o n at C6 leads t o a s i m i l a r r e o r g a n i z a t i o n p a t t e r n 
f o r both the c l a s s i c a l and n o n - c l a s s i c a l species: there i s a 
build-up of e l e c t r o n density i n the C1-C2 bonding region as 
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Pig. (4.8) Density d i f f e r e n c e contour p l o t s f o r the 
2-norbornyl system. 

w e l l as i n the immediate v i c i n i t y of the core-hole i n both 
cases. C o r e - i o n i z a t i o n at C2 (or CI) i n the n o n - c l a s s i c a l 
c a t i o n shows some e l e c t r o n - d e n s i t y increase i n the c6 region; 
f o r the c l a s s i c a l c a t i o n , however, there i s also a build-up 
of e l e c t r o n density i n the C6-C2+ bonding region. This i s 
not seen i f CI i n the c l a s s i c a l case i s core-ionized. 

The core hole s t a t e spectra may be synthesized 
by t a k i n g components of appropriate line-shape (gaussian) and 
l i n e - w i d t h . The hand-profiles obtained w i t h the d i f f e r e n t 
non-empirlcal methods used here a l l give very s i m i l a r r e s u l t s ; 
Figure 4.9 shows the simulated c o r e - l e v e l spectra obtained 
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from the aSCP STO-4.31G c a l c u l a t i o n s , w i t h component FWHM of 
1.8 eV. Even w i t h such r e l a t i v e l y poor r e s o l u t i o n , a c l e a r -
cut d i s t i n c t i o n between the c l a s s i c a l and n o n - c l a s s i c a l species 
i s apparent. An i n t e r e s t i n g f e a t u r e of the n o n - c l a s s i c a l 
spectrum i s the intermediate b i n d i n g energy c a l c u l a t e d f o r C6, 
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which f a l l s midway between the two major components a t t r i b u t ­
able to C1(C2) and C3(C7), C4 and C5- This would imply t h a t 
any attempt to deconvolute the experimental spectrum i n t o j u s t 

229 2^2 
two components i s untenable. ^ For the c l a s s i c a l i o n , 
the large s h i f t to high binding energy of C2 leads t o a w e l l -
resolved spectrum, w i t h an i n t e n s i t y r a t i o of 1:6. 

When considering the experimental data, contamin­
a t i o n problems suggest t h a t emphasis should be placed on s h i f t s 

224 
r a t h e r than r e l a t i v e i n t e n s i t i e s . Even a cursory perusal 
of the synthesized spectra suggests t h a t the experimental data 
are not i n t e r p r e t a b l e i n terms of a c l a s s i c a l 2-norbornyl c a t i o n . 
Comparison between the c a l c u l a t e d non-c las.sical spectrum and a 
smoothed version (normalized to a f l a t base-line) of the exper­
imental data, however, i s q u i t e s t r i k i n g . The most l o g i c a l 
conclusion t o draw i s t h a t the published spectrum p e r t a i n s t o 
a n o n - c l a s s i c a l 2-norbornyl c a t i o n , f o r which the surface has 
been contaminated by extraneous hydrocarbon. Such contamin­
a t i o n i s known to be a major problem i n recording XPS spectra, 
and i t i s not unreasonable t o expect t h a t during the time-
scale of the experiment, at the low temperature employed, such 
a contaminant l a y e r would remain e s s e n t i a l l y i n e r t . With a 

249 ° 
knowledge of e l e c t r o n mean free paths (-v-20 A f o r k i n e t i c 
energies appropriate t o the experimental data) and t a k i n g a 

o 
monolayer as ^5 A t h i c k , the experimental data would be qualita­
t i v e l y described i n terms of the c a l c u l a t e d l i n e - p r o f i l e f o r 
the n o n - c l a s s i c a l ion w i t h a f r a c t i o n a l (<v,0.6) monolayer cover­
age of hydrocarbon contamination. To t h i s extent, the c a l c u l ­
a t i o n s o u t l i n e d here resolve experimental ambiguities. 

I t i s worth emphasizing t h a t the energy d i f f e r e n c e 
between the 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 i s so small 
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( l e s s than 0.2 k c a l mol" 1 at the STO-4.31G l e v e l ) t h a t minor 
e l e c t r o n i c p e r t u r b a t i o n s would be expected to have q u i t e a 
profound e f f e c t . The e f f i c i e n c y of a methyl s u b s t i t u e n t i n 
s t a b i l i z i n g a p o s i t i v e charge i s well-known, and i t might 
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 the 2-methylnorbornyl c a t i o n 
would p r e f e r a c l a s s i c a l s t r u c t u r e . The expense and computer 
resources required preclude a f u l l t h e o r e t i c a l study of t h i s 
system; however, on the basis of the r e s u l t s presented i n 
sec t i o n 4.1, where i t was found t h a t on going from 2-propyl t o 
t - b u t y l c a t i o n , the c e n t r a l carbon binding energy decreases 
by -\-0.9 eV, i t might be a n t i c i p a t e d t h a t the span of 4.4 eV 
i n b i n d i n g energy f o r the c l a s s i c a l 2-norbornyl c a t i o n would 
be reduced to <0.5 eV on going to the me t h y l - s u b s t i t u t e d species. 
This i s , i n f a c t , i n very good agreement w i t h the reported 
s h i f t of 0.7 eV 2 2^' 2- 5 2 f o r 2-methylnorbornyl c a t i o n . 

4.3 On the Rel a t i v e Energies of the Ground and Core Hole 

States of E t h y l , 1-Propyl and 2-Norbornyl Carbocations 

4.3-1 I n t r o d u c t i o n 

I t has become i n c r e a s i n g l y apparent over the past 
few years t h a t the e l e c t r o n i c r e o r g a n i z a t i o n accompanying 
c o r e - i o n i z a t i o n can s u b s t a n t i a l l y modify the p o t e n t i a l energy 
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surface w i t h respect t o the ground-state. 1 Despite the 
f a c t , t h e r e f o r e , t h a t core-electrons c o n t r i b u t e i n s i g n i f i c a n t l y 
to bonding, c o r e - i o n i z a t i o n i s s u f f i c i e n t l y strong a p e r t u r b ­
a t i o n , as f a r as the valence-electrons are concerned, t o pro­
vide a monitor of o v e r a l l valence-electron d i s t r i b u t i o n s . 
One manifes t a t i o n of the changes i n p o t e n t i a l energy surface 
consequent on c o r e - i o n i z a t i o n i s the recent observation of 
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 z a t i o n i n 

ISO 1QQ 200 
simple molecules. ^ ' 7?>c-xjyj y\ p a r t i c u l a r l y s t r i k i n g example 
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of the changes i n bonding accompanying c o r e - i o n i z a t i o n a r i s e s 
250 

f o r hydrogen-bonded dimers, which w i l l be discussed i n the 
f o l l o w i n g chapter. For the water dimer, removal of a core-
e l e c t r o n from the monomer p r o v i d i n g the hydrogen f o r the 
hydrogen-bond increases the hydrogen-bond s t r e n g t h , compared 
w i t h the ground-state system, by some 40 k c a l mol""1". Core-
i o n i z a t i o n can, t h e r e f o r e , considerably enhance c o m p a r i t i v e l y 
weak i n t e r a c t i o n s i n appropriate systems and hence magnify 
energy d i f f e r e n c e s which may be q u i t e small f o r the ground-
s t a t e system. 

The e l e c t r o n i c s t r u c t u r e of isomeric c l a s s i c a l 
and n o n - c l a s s i c a l carbocations c o n s t i t u t e s an area of intense 
research a c t i v i t y on both an experimental and t h e o r e t i c a l 
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f r o n t . y' I n t h i s s e c t i o n , i t w i l l be shown how a theor­
e t i c a l c o n s i d e r a t i o n of the ground and core hole states can 
provide some i n s i g h t i n t o the s t r u c t u r e and bonding i n these 
systems. Non-empirical LCAO MO SCF computations on the ground-
s t a t e and l o c a l i z e d C-, hole-s t a t e s have been c a r r i e d out at 

i S 2^6,245 
the STO-4.31G l e v e l employing appropriate optimized geometries 
f o r the c l a s s i c a l and no n - c l a s s i c a l forms of e t h y l c a t i o n , 1-
p r o p y l c a t i o n , and 2-norbornyl c a t i o n , as described i n sections 
4.1.2 and 4.2.2. The c h a r a c t e r i s t i c nature of the c o r e - l e v e l 
spectrum of 2-norbornyl c a t i o n has already been discussed i n 
sec t i o n 4.2; i n t h i s s e c t i o n , the energetic perferences of the 
core-ionized species w i l l be considered. 

4.3-2 Results and Discussion 

(a) E t h y l c a t i o n 

The s t r u c t u r e of the e t h y l c a t i o n has been 
studied i n great d e t a i l . The f i r s t f u l l geometrical optimiz-

251 
a t i o n J (at the ST0-3G l e v e l ) gave the c l a s s i c a l ( e c l i p s e d ) 
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i o n as the most sta b l e form, some 11.4 k c a l m o l - 1 lower i n 
energy than the bridged ( n o n - c l a s s i c a l ) form. This energy 
i s reduced t o 7-3 k c a l m o l - 1 at the ST0-4.31G l e v e l however, 

the a d d i t i o n of d-functions (as i n the STO-0.3IG basis s e t ) 
f u r t h e r f avouring the bridged s t r u c t u r e . I n t r o d u c t i o n of p-
f u n c t i o n s on hydrogen (STO-6.3IG ) suggests the n o n - c l a s s i c a l 
s t r u c t u r e i s the more favourable, and c a l c u l a t i o n s i n c l u d i n g 
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c o r r e l a t i o n f u r t h e r s t h i s n o t i o n , f a v o u r i n g the bridged 
s t r u c t u r e by 8 k c a l m o l - 1 . 

D i f f e r e n t i a l s o l v a t i o n e f f e c t s 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 by Jorgensen, y * using a semi-
e m p i r i c a l computation scheme. Employing f i v e HC1 molecules 
as a representative electron-donating solvent, the c l a s s i c a l 
c a t i o n was favoured by ^14 k c a l m o l - 1 over the n o n - c l a s s i c a l 
conformation. Estimates of d i f f e r e n t i a l s o l v a t i o n energies 

228 
have also been made using a simple model i n which only the 
i s o t r o p i c charge, d i p o l e , or d i p o l e - d i p o l e i n t e r a c t i o n s are 
considered. Using t h i s model, the d i f f e r e n t i a l s o l v a t i o n 
between the c l a s s i c a l and n o n - c l a s s i c a l forms of e t h y l c a t i o n 
i s computed t o be much less ( -\-2.4 k c a l m o l - 1 ) . ^ 0 I n v e s t i g ­
a t i o n s of solvent e f f e c t s should c l e a r l y be repeated w i t h o.b 
•initio wavefunctions; and i t should be noted t h a t solvents 
which are poor electron-donors (such as superacids) may pro­
duce considerably smaller d i f f e r e n t i a l s o l v a t i o n e f f e c t s . 

Figure 4.10 shows the STO-4.31G r e s u l t s ob­
t a i n e d f o r the ground and core hole states of the c l a s s i c a l 
and n o n - c l a s s i c a l forms of the e t h y l c a t i o n . I n accord w i t h 
the published data, t h i s basis set favours a c l a s s i c a l ground-
s t a t e f o r the e t h y l c a t i o n , by ^7 k c a l mol" 1. The e f f e c t of 
c o r e - i o n i z a t i o n i s dramatic, however; a core-hole on CI (bearing 

file://-/-2.4


185 

40 

30 

20 
Classical 

10 
.C(2) C(1) 11 7 CM CU 

state 
10 

(A 
Non- classical 20 

30 

c m CI2 AO 
UJ 

50-

60 

Pig. (4.10) R e l a t i v e energy d i f f e r e n c e s between the c l a s s i c a l 
and n o n - c l a s s i c a l forms of e t h y l c a t i o n . 

the p o s i t i v e charge i n the c l a s s i c a l species) favours a non-
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 a core-hole on C2 
favours the c l a s s i c a l c a t i o n by ^ 0 k c a l m o l - 1 . 

(b) 1-Propyl c a t i o n 

The i s o p r o p y l (2-propyl) c a t i o n i s by f a r 
the most sta b l e form on the C^H^+ energy surface; however, 
the nature of the second possible minimum energy form of C-̂ Ĥ + 

PR4 P"56 
has received considerable a t t e n t i o n . ^ ' ^ Three types of 
1-propyl s t r u c t u r e have been considered i n p a r t i c u l a r : corner-
protonated cyclopropane; a s i m i l a r s t r u c t u r e i n which one of 
the methyl-group hydrogens l i e s i n the plane of the three 
carbons rMher than perpendicular to i t , "bent" propyl c a t i o n ; 
and n-propyl c a t i o n . The r e l a t i v e energies of these species 
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are given i n Table 4.6. Other species which have been studied 
a l l have higher energies than these. The STO-0.3IG i s the 
highest l e v e l of theory used t o date, and gives corner-protonated 

+ 251 
cyclopropane as the second sta b l e form of Ĉ Ĥ  . ̂  

TABLE 4.6 R e l a t i v e energies of C-̂ Hy"1" ground s t a t e 
s t r u c t u r e s ( i n k c a l m o l ~ 1 ) a . 

ST0-3G STO-4.31G STO-6.41G* 
2-propyl 0 0 0 
n-propyl 19-7 17-4 17-0 
"bent" p r o p y l 20.5 16.9 14.1 

22.8 17.3 13.0 corner-protonated 
cyclopropane 

(a) Ref. 251 

The r e s u l t s obtained f o r 1-propyl c a t i o n are 
shown i n Figure 4.11. The computed energy-difference between 
n-propyl c a t i o n and corner-protonated cyclopropane i s 0.7 k c a l 
mol" 1 f o r the ground-state, the range i n ground state-energies 
f o r the three species being s i m i l a r t o t h a t quoted a t the 
STO-4.31G l e v e l i n Table 4.6. The dotted l i n e shows the 
r e l a t i v e energy-difference between the " c l a s s i c a l " (n-propyl) 
and "bent" 1-propyl species; i t i s apparent t h a t c r e a t i o n of 
a core-hole, and hence increased valence-electron demand, on 
CI favours the bent form by some 20 k c a l mol 1. By c o n t r a s t , 
c r e a t i n g a core-hole on C3 s l i g h t l y favours the c l a s s i c a l form, 
which again may be taken as evidence f o r s l i g h t e l e c t r o n i c 
i n t e r a c t i o n between C3 and CI i n the bent form of the 1-propyl 
c a t i o n . For the c r e a t i o n of a core-hole on C2, however, the 
energetic preference e s s e n t i a l l y remains the same. Consider­
i n g now the "bent" and "n o n - c l a s s i c a l " (corner-protonated 
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various forms of 1-propyl c a t i o n . 

cyclopropane) forms, from the r e s u l t s i n d i c a t e d by the dashed 
l i n e i t i s apparent t h a t the c r e a t i o n of a core-hole on CI 
markedly favours p a r t i c i p a t i o n w i t h CJ, whereas a core-hole 
on the other carbons obviates such an e f f e c t , f a v o u r i n g instead 
the "bent" s t r u c t u r e . The s o l i d l i n e , p e r t a i n i n g to the 
energy d i f f e r e n c e between the " c l a s s i c a l " and "n o n - c l a s s i c a l " 
forms of the 1-propyl c a t i o n , i s e f f e c t i v e l y the sum of the 
former two l i n e s , and shows t h a t c r e a t i o n of a core-hole at 
CI now g r e a t l y favours the l a t t e r (by ̂ 57 k c a l mol 1) whereas 
a core-hole on e i t h e r C2 or C3 favours the " c l a s s i c a l " s t r u c t ­
ure by *»J>2 and 25 k c a l mol-1" r e s p e c t i v e l y . 

(c) 2-Norbornyl Cation 

S i m i l a r trends are shown i n Figure 4.12 f o r 
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242 
the 2-norbornyl system. The recent study of A l l e n et a l . 
gives the energy of the n o n - c l a s s i c a l ion as 5-2 k c a l mol""1" 
higher than the c l a s s i c a l conformation at the ST0-3G l e v e l ; 
t h i s d i f f e r e n c e i s reduced t o only 0.2 k c a l mol" 1 at the STO-
4.31G l e v e l . However, the formation of a core-hole on C2 
enhances p a r t i c i p a t i o n from C6, w i t h the r e s u l t t h a t the non-
c l a s s i c a l species i s favoured by ̂ 48 k c a l mol ̂ . On the other 
hand, c r e a t i o n of a core-hole at CI or C6 ( i . e . , atoms which 
i n the n o n - c l a s s i c a l case are donors t o C2) leads to the class­
i c a l c a t i o n being favoured by^25 and 19 k c a l mol" 1 respect­
i v e l y . 

The m a n i f e s t a t i o n of these r e s u l t s i s t h a t 
the core hole s t a t e spectra are h i g h l y c h a r a c t e r i s t i c f o r the 
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isomeric species and d i f f e r 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 absolute energy scale are c l o s e l y s i m i l a r . 

The l i f e t i m e s of the ho l e - s t a t e s are t y p i c a l l y 
-11 -14 

expected t o be i n the range 10 - 10 s e c ; the manifest­
a t i o n of the s u b s t a n t i a l changes i n p o t e n t i a l energy surface 
i n going from the ground-state to core hole s t a t e , t h e r e f o r e , 
i s l i k e l y to be small asymmetries of the core hole s t a t e spectra, 
a r i s i n g from v i b r a t i o n a l e x c i t a t i o n accompanying c o r e - i o n i z a t i o n . 
Such e x c i t a t i o n s are d i f f i c u l t t o detect even f o r small mole­
cules studied i n the gas phase; f o r carbocations studied i n 
the condensed phase they would almost c e r t a i n l y remain unde­
te c t e d . 

The e f f e c t of d i f f e r e n t s u b s t i t u e n t s i n a molecule, 
c r e a t i n g e i t h e r e l e c t r o n demand a t , or donating e l e c t r o n 
de n s i t y t o , a given atom, i s well-known i n p h y s i c a l organic 
chemistry, having s i g n i f i c a n t consequences on r e a c t i v i t y and 
ra t e s of r e a c t i o n . The c r e a t i o n of a core-hole may be r e ­
garded as an extreme case of such e l e c t r o n demand at an atomic 
centre, and i t i s hoped t h a t the study of core hole s t a t e s 
may provide some i n s i g h t i n t o e l e c t r o n i c r e o r g a n i z a t i o n s upon 
e l e c t r o n demand and donation w i t h i n a molecule. 



190 

CHAPTER FIVE 

A THEORETICAL INVESTIGATION OF ELECTRONIC REORGANIZATIONS 
ACCOMPANYING CORE AND VALENCE IONIZATION IN SOME SIMPLE 

HYDROGEN-BONDED SYSTEMS 

Non-empirical LCAO MO SCF c a l c u l a t i o n s have been c a r r i e d 
out on the ground-state and core-ionized states of some hydrogen-
bonded dimers. I n the p a r t i c u l a r case of HgO, the t r i m e r has 
also been i n v e s t i g a t e d . Comparison of absolute and r e l a t i v e 
b i n d i n g energies and r e l a x a t i o n energies w i t h respect to the 
corresponding monomers reveals t h a t s u b s t a n t i a l changes occur 
i n going t o the associated species. The r e l a x a t i o n energies 
f o r a given core-hole are shown t o increase on going from 
monomer to dimer, i n d i c a t i n g t h a t intermolecular c o n t r i b u t i o n s 
to r e l a x a t i o n energies are of the same sign, i r r e s p e c t i v e of 
the sign f o r the s h i f t i n core binding energy. Creation of a 
core-hole i n the dimer species i s shown t o give r i s e t o sub­
s t a n t i a l changes i n hydrogen-bond energies compared w i t h the 
n e u t r a l species. I n the case of valence holes dominantly of 
2s and 2p character, i t i s shown t h a t trends i n s h i f t s and 
r e l a x a t i o n energies p a r a l l e l those f o r the core hole s t a t e s . 

5•1 I n t r o d u c t i o n 

There i s considerable current i n t e r e s t i n the t h e o r e t i c a l 
examination of hydrogen-bonding; recent advances are w e l l -
reviewed i n Schuster's comprehensive t r e a t i s e , a n d by 

257 
Kollman. ^' Some recent approaches worthy of note are: 

( i ) the p h y s i c a l model of the hydrogen-bond deduced from 
ab initio MO wavefunctions by A l l e n ; D 
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( l i ) the energy decomposition analysis of Morokuma, 
extended and developed t o c a l c u l a t e separately the 
charge-transfer and higher-order e f f e c t s , 

and ( i i i ) the attempt by Kollman t o organize a l l the types 
of noncovalent int e r m o l e c u l a r complexes i n t o a 
si n g l e framework. '* 

Some headway has also been made i n the problem of the s o l v a t i o n 
of molecules;^69-273 ^ 3 there have been a number of l a r g e -
scale CI studies t o determine the c o n t r i b u t i o n of c o r r e l a t i o n 

274 275 
energy to the d i m e r i z a t i o n energy. 1 ' 1 ̂  

Whilst most of the studies reported t o date r e f e r t o what 
might be termed "normal" hydrogen-bonded systems, there has 
also been considerable i n t e r e s t i n s t r o n g l y hydrogen-bonded 
systems, the most comprehensively studied being the HFg 
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s y s t e m . ' 1' I n a recent p u b l i c a t i o n some aspects of the 
p o t e n t i a l energy surfaces of the b i c h l o r i d e i o n and r a d i c a l 
have been i n v e s t i g a t e d . 2 ^ This ion c o n s t i t u t e s a s t r o n g l y 
hydrogen-bonded system f o r which experimental data i s a v a i l ­
able f o r both symmetric and unsymmetric systems. For the 
corresponding r a d i c a l HClg* the t h e o r e t i c a l c a l c u l a t i o n s have 
c l a r i f i e d the i n t e r p r e t a t i o n of experimental data and shown 
unambiguously t h a t by co n t r a s t w i t h the anion, the hydrogen-

279 
bond s t r e n g t h i s q u i t e small. A recent study by Emsley 
suggests t h a t the hydrogen-bond between the f l u o r i d e anion 
and formic a c i d , HCOgH F~, i s stronger than t h a t i n b i -
f l u o r i d e anion, F-H....F", pre v i o u s l y believed t o be the 
upper l i m i t of hydrogen-bond st r e n g t h . 

The e l e c t r o n i c r e l a x a t i o n accompanying c o r e - i o n i z a t i o n has 
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been s y s t e m a t i c a l l y i n v e s t i g a t e d as a f u n c t i o n of e l e c t r o n i c 
environment. I n the previous two chapters, the changes i n 
bin d i n g energy s h i f t 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 energy 
have been studied f o r a s e r i e s of n e u t r a l alkanes, and simple 
carbocations; an extended series of oxygen-containing compounds 
hasvalso been i n v e s t i g a t e d ^ ^ Such studies have revealed 
s i g n i f i c a n t v a r i a t i o n s i n interatomic c o n t r i b u t i o n s to r e l a x ­
a t i o n energies; i n continuance of t h i s , prototype systems f o r 
assessing the importance and absolute magnitude of intermolec-
u l a r c o n t r i b u t i o n s to r e l a x a t i o n s accompanying c o r e - i o n i z a t i o n s 
have been considered. Such an i n v e s t i g a t i o n i s p a r t i c u l a r l y 
apposite at t h i s time, since a considerable body of evidence 
i s accumulating from studies of adsorbed molecules at surfaces 
t h a t i n the condensed phase there are s i g n i f i c a n t i n t e r -
molecular ( e x t r a molecular) c o n t r i b u t i o n s to r e l a x a t i o n ener-

10"3 2d0 
gies. As prototype systems which may be studied 
t h e o r e t i c a l l y at r e l a t i v e l y modest computational expense, 
simple hydrogen-bonded dimers and t r i m e r s have some consider­
able m e r i t , since they represent systems intermediate between 
i s o l a t e d molecules, f o r which only i n t r a m o l e c u l a r r e l a x a t i o n s 
are f e a s i b l e , and the condensed phase, f o r which i n t e r m o l e c u l a r 
c o n t r i b u t i o n s may w e l l be of importance. 

I n t h i s chapter, a non-empirical LCAO MO SCF i n v e s t i g a t i o n 
of core and valence i o n i z a t i o n s f o r a s e r i e s of hydrogen-
bonded dimers i n v o l v i n g 1^0, NH-̂  and HF i s described. For 
comparison, the corresponding monomers have also been i n v e s t i ­
gated, and f o r water, the t r i m e r i s also studied. Such simple 
"systems may be regarded as prototypes f o r the i n v e s t i g a t i o n of 
the importance of r e l a x a t i o n phenomena as a f u n c t i o n of assoc­
i a t i o n . This forms a l o g i c a l extension t o the previous chapters. 
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Furthermore, the a v a i l a b l e data, both .theory and experiment, 
f o r normal and s t r o n g l y hydrogen-bonded systems,taken i n con­
j u n c t i o n w i t h the equivalent cores concept,suggest t h a t there 
may w e l l be i n t e r e s t i n g changes i n hydrogen-bond strengths i n 
going from the n e u t r a l to core-ionized hydrogen-bonded systems. 

5.2 Computational D e t a i l s 
72 7"5 

The c a l c u l a t i o n s were performed using the ATM0L3 
system of programs, implemented on an IBM 370/195* I t was of 
i n t e r e s t to compare basis sets; consequently, the c a l c u l a t i o n s 
were performed using the f o l l o w i n g : 
(a) an ST0-4.31G^ basis set, using Raimondi and dementi's-^ 0 

best-atom exponents; 
(b) an ST0-4.31G basis set, using "optimized" e x p o n e n t s 1 6 9 , 1 7 0 1 
and 
(c) a S l a t e r Double Zeta basis s e t , 2 ^ using dementi's-^ 2 

exponents. 
A considerable volume of l i t e r a t u r e e x i s t s concerning the 

geometry o p t i m i z a t i o n s f o r simple hydrogen-bonded systems. At 
the time at which these c a l c u l a t i o n s were commenced, Pople's 

219 
geometries 7 f o r the water-ammonia systems, optimized at the 
ST0-3G l e v e l , were used. For the water dimer and t r i m e r , 

28l 
geometries given by Johnson, Herman and K j e l l a n d e r were used. 
These dimer geometries are i n f a c t very s i m i l a r to those o p t i ­
mized at the ST0-4.31G l e v e l by A l l e n . 2 ^ For the water-
hydrogen f l u o r i d e system, Allen's STO-6.3IG o p t i m i z a t i o n s were 
a v a i l a b l e . 2 6 0 

The d e t a i l s of the geometries used are given i n Table 5*1 
and Figure ' j . 1. 
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TABLE 5.1 Geometries of monomers, dlmers and trl m e r s 
0 a b R I n A e, I n deg. Reference 

NH^ 1.033 106.2 46a 

0H 2 0 .957 104 .54 281 

FH 0 .917 - 260 

H^N ...H-OH 2 .91 4.0b 46a 

H 2 0 ...H-OH 2 .85 54 .7 281 

HF H-OH 3-11 69 .8 260 

H 2 0 ...H-NH2 2 .89 60 .9 46a 

H 2 0 ...H-F 2 .74 40 . 4 260 

( H 2 0 ) 3

C 2 .85 54 .7 281 

a) For monomers, R i s the X-H di s t a n c e 

0 i s the HXH angle 

For dimers R i s the heavy-atom separation 

6 i s defined i n Fig u r e 5 . 1 . 

b) T h i s i s the c a l c u l a t e d angle between the N-acceptor a x i s 

and the c e n t r e - o f - g r a v i t y a x i s of NH-̂  (see Figure 5 » 1 ) . 

c ) See Figur e 5-lb. 

I t should be noted that f o r the dimer geometry o p t i m i z a t i o n s : 

( i ) a l l monomer u n i t s are held at the p r e v i o u s l y quoted 

v a l u e s ; 

( i i ) a l l hydrogen-bonds are assumed to be l i n e a r . 

Neither of these assumptions i s l i k e l y to be i n s e r i o u s 

e r r o r , s i n c e the published work shows r e l a t i v e l y minor changes 

i n terminal bond-length and bond-angles consequent upon formatl 

of a given dimer from the r e l e v a n t monomers. 
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Fig.5.1 D e f i n i t i o n s of R and 8. The dotted l i n e i s the 
c e n t r e - o f - g r a v i t y a x i s of the acceptor. 

C a l c u l a t i o n s f o r the dimers were performed i n the c o n f i g u r a t i o n s 
shown. 

5-3 R e s u l t s and D i s c u s s i o n 

5•3•1 Core and Valence I o n i z a t i o n s f o r Water, Water 
Dimer and Water Trimer 

(a) Binding Energies 

The changes i n absolute and r e l a t i v e binding 

energies f o r the 0^ l e v e l i n going from water monomer to dimer 

to trimer as a functi o n of b a s i s s e t are shown i n Table 5.2. 

As expected on the b a s i s of previous work, w h i l s t the S l a t e r 

Double Zeta and "optimized" ST0-4.31G b a s i s s e t c a l c u l a t i o n s 



196 

TABLE 5 .2 Absolute and R e l a t i v e Binding Energies for the 0 
l e v e l s i n Water, Water Dimer, and Water Trimer 
( i n eV). 

(a ) 
Molecule 

S l a t e r Double 
Zeta STO - 4.31G "Optimized" 

STO - 4.31G (a ) 
Molecule 

B. E . AB • E . B . E . AB.E• B • E . AB.E 

Water Monomer 0 I s 

Water Dimer 01 I s 

02 I s 

Water Trimer 01 I s 

02 I s 

03 I s 

539.75 (0) 

538 .42 -1-33 

540.51 +O.76 

538.03 -1.72 

539-21 -0.55 

540.86 +1.10 

545.49 (0) 

544.11 -I.38 

546.39 +0.90 

543.72 -1.77 

545 . 04 -0.45 

546.74 +1.25 

539.12 (0) 

537.85 -1.27 

539.98 +0.86 

537 . 46 -1.66 

538.73 -0.39 
540.24 +1.21 

a) For d e t a i l s of numbering, see F i g . 5 . l b . 

are i n e x c e l l e n t agreement with the experimentally determined 

binding energy f o r E^O (539-88 eV), the s t r a i g h t f o r w a r d STO-

4.31G b a s i s s e t c a l c u l a t i o n considerably overestimates the 

binding energy. T h i s l a r g e l y a r i s e s from an underestimate of 

the r e l a x a t i o n energy, as w i l l be d i s c u s s e d i n the next s e c t i o n . 

Also d i s p l a y e d i n Table 5«2 are the c a l c u l a t e d 

s h i f t s i n binding energies f o r the 0-, _ l e v e l s i n going from 

monomer to dimer to trimer. Although the hydrogen-bond stren g t h s 

fo r the n e u t r a l systems are quite small (<0.02 eV), the s h i f t s 

i n core binding energies are s u b s t a n t i a l . Thus i n going from 

the monomer to the dimer, the 0^ s l e v e l of the component pro­

v i d i n g the hydrogen for hydrogen-bond formation (01) decreases 

i n binding energy, w h i l s t the other component (02) i n c r e a s e s , 

such that the computed s h i f t i s i n excess of 2 eV. Although 

the small'unoptimized' ST0-4.31G b a s i s overestimates absolute 

binding energies, the computed d i f f e r e n c e s are c l o s e l y s i m i l a r 
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to those f o r the "optimized" and Double Zeta b a s i s . A 

s i m i l a r p i c t u r e emerges f o r the trim e r : 03» which a c t s as 

an e l e c t r o n donor, i s c a l c u l a t e d to s h i f t to higher binding 

energy, with respect to the monomer, w h i l s t 01 s h i f t s to lower 

binding energy. The c e n t r a l oxygen (02) of the water molecule, 

which a c t s as both a donor and acceptor, i s c a l c u l a t e d to de­

crease i n binding energy. Comparison with the dimer suggests 

that a simple a d d i t i v e model i s a p p l i c a b l e . Thus, c o n s i d e r a t i o n 

of the s h i f t s i n binding energy f o r the 0, l e v e l s of a water 

molecule e i t h e r providing the hydrogen, or the lo n e - p a i r , f o r 

bonding to the hydrogen of the hydrogen-bond suggests a s h i f t 

with r e s p e c t to the monomer f o r the c e n t r a l oxygen of the tri m e r 

that i s i n e x c e l l e n t agreement with that computed d i r e c t l y 

( v i z . , the 01, 02 s h i f t f or the dimer compared with the s h i f t 

with res p e c t to the monomer, f o r 02 i n the t r i m e r ) . The span 

i n binding energies f o r the trimer i s c a l c u l a t e d to be sub­

s t a n t i a l l y (^0.7 eV) l a r g e r than f o r the dimer. With the 

development of Molecular Beam Techniques for producing such 

s p e c i e s i n the gas phase, and with the advent of XPS i n s t r u ­

mentation r e q u i r i n g extremely small p a r t i a l p r e s s u r e s f o r the 

production of high r e s o l u t i o n s p e c t r a of adequate s i g n a l to 

noise r a t i o , i t w i l l be of i n t e r e s t to see i f these p r e d i c t i o n s 

are v e r i f i e d . As a c o r o l l a r y to t h i s , i t seems l i k e l y that 

i n going from the gas phase monomer to the condensed phase 

( p h y s i c a l l y adsorbed at a surf a c e for example) at sub-monolayer 

coverage, where a s s o c i a t i o n might produce a range of hydrogen-

bonded s p e c i e s (dimers, t r i m e r s , e t c . ) , there would be a con­

s i d e r a b l e v a r i a t i o n i n l i n e - w i d t h as a function of degree of 

a s s o c i a t i o n at the s u r f a c e . The l i t e r a t u r e data r e f e r e i t h e r 

to mono- or m u l t i - l a y e r c o v e r a g e ^ ^ ' so that there i s no 



198 

data c u r r e n t l y a v a i l a b l e p e r t i n e n t to t h i s point. 

For the monomer and dimer, i t i s p o s s i b l e to 

i d e n t i f y unambiguously the 0 o l e v e l s , which are somewhat core-

l i k e i n c h a r a c t e r . T h i s a l s o proved to be the case forttie 

t r i m e r j however, with the Double Zeta b a s i s s e t , there were 

convergence problems, i n that i t was d i f f i c u l t to converge on 

the 0 2 s l e v e l s l o c a l i z e d on the i n d i v i d u a l oxygen atoms. For 

a l l three systems i t proved p o s s i b l e to i d e n t i f y v a l e n c e - i o n i z e d 

s t a t e s dominantly of 0 2 p c h a r a c t e r ; however, there were again 

convergence problems f o r the Double Zeta b a s i s s e t . I t i s of 

i n t e r e s t to compare the s h i f t s with those f o r the 0 l s l e v e l s 

shown i n Table 5«2. The absolute binding energies computed f o r 

the 0 2 g and 0 2 p v a l e n c e - l e v e l s of the water monomer are shown 

i n Table 5-9. The extensive c a l c u l a t i o n s of Meyer i n d i c a t e 

that c o r r e l a t i o n energy c o r r e c t i o n s are opposite i n sign f o r 

the 2s and 2p l e v e l s and t h i s i s c l e a r from the present d a t a , 

f o r which the ASCF c a l c u l a t i o n s overestimate the binding energy 

f o r the former and underestimate f o r the l a t t e r . Since the 

o r b i t a l s are r e l a t i v e l y l o c a l i z e d however, i t may reasonably be 

expected that c o r r e l a t i o n energy terms would tend to ca n c e l i n 

comparing shifts i n binding energies. 

The data i n Table 50 c l e a r l y demonstrate 

that both i n terms of magnitude and s i g n the s h i f t s f or the 

valence 0 2 g and 0 2 p l e v e l s are c l o s e l y s i m i l a r to those for 

the c o r e - l e v e l s , d e s p i t e the f a c t that the absolute binding 

energies d i f f e r s u b s t a n t i a l l y . Although convergence problems 

prevent a d e t a i l e d comparison of the computed s h i f t s as a 

function of b a s i s s e t , the s h i f t s computed for the trimer using 

Koopmans' Theorem are c l o s e l y s i m i l a r f o r the Double Zeta and 

ST0-4.31G b a s i s s e t s . T h i s i s not unexpected on the b a s i s of 

the ASCF s h i f t s f o r the dimer shown i n Table 5-2. 
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TABLE 5-3 Changes In Valence Binding Energies 
on A s s o c i a t i o n ( i n eV~T. 

STO - 4.31G Double Zeta 

( i ) 
Oxygen 2s a 

A BE ( A S C F ) ABE (Koopmans') A BE ( A S C F ) A BE (Koopmans 1) 
( i ) 
Oxygen 2s a 

Monomer ( O ) (0) (0) (0) 
Dimer 01 -1.16 -1.05 -1.16 -1.05 

02 +0.98 +1.25 +0.86 +1.14 
Trimer 01 -1.55 -1.42 -1.42 

02 +0.21 +0.21 +0.11 

03 +1.32 +1.62 +1.51 

(11) 
Oxygen 2p a 

Monomer (0) (0) (0) (0) 
Dimer 01 -1.12 -1.05 -1.12 -1.04 

02 +0.96 +1.53 +0.53 +1.42 
Trimer 01 -1.12 -1.40 -1.40 

02 -0.11 -0.23 +0.52 
03 +1.34 +1.30 

a) Absolute binding energies are quoted i n Table 5.9. 

(b) R e l a x a t i o n Energies 

The c a l c u l a t e d r e l a x a t i o n energies and d i f f e r ­

ences i n going from monomer to dimer to trimer f o r the 0-, l e v e l s 

are shown i n Table 5.4. As has been p r e v i o u s l y noted, the 

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

in t e r m o l e c u l a r c o n t r i b u t i o n s to r e l a x a t i o n energies as a fun c t i o n 

of a s s o c i a t i o n . 
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TABLE 5-4 Changes i n 0^ Re l a x a t i o n Energies on 
As s o c i a t i o n of Water. 

Molecule Double Zeta ST0-4.31G "Optimized" 
(a) 

ST0-4.31G 
(b) 

c 
Monomer 0 1 

s 
(0) (0) (0) (0) 

Dimer 01 1 
s 

+0.11 +0.16 +0.06 +0.06 

02 l s +0.37 +0.38 +0.42 +0.66 

Trimer 01 1 
s 

+0.13 +0.20 +0.08 +0.08 

02 I , +0.51 +0.57 +0.51 +0.75 

°3 X s +0.37 +0.41 +0.45 +0.99 

a) The re f e r e n c e for the r e l a x a t i o n energy corresponds to 

Koopmans' Theorem f o r the unoptimized ST0-4.31G b a s i s s e t . 

b) The r e f e r e n c e for the r e l a x a t i o n energy corresponds to the 

average of the negative of the Fock eigenvalue f o r the ground-

s t a t e molecule i n the "optimized" and unoptimized ST0-4.31G 

b a s i s s e t s . 

c ) Absolute values of R.E. are quoted i n Table 5.9. 

Whilst the absolute magnitudes of the r e l a x ­

a t i o n energies are underestimated by the c a l c u l a t i o n s a t the 

ST0-4.31G l e v e l , the d i f f e r e n c e s are i n e x c e l l e n t agreement with 

those obtained f o r the Double Zeta b a s i s s e t . Comparison with 

the s h i f t s i n binding energies recorded i n Table 5-2 r e v e a l s 

that i r r e s p e c t i v e of whether the binding energy of a given 0-, 

c o r e - l e v e l i n c r e a s e s or decreases i n going from monomer to dimer 

to trimer, the r e l a x a t i o n energies are always l a r g e r f o r the 

a s s o c i a t e d s p e c i e s . Furthermore, the r e l a x a t i o n energy change 

i s l a r g e s t f o r 02 of the trimer, which i n v o l v e s the c e n t r a l of 

the three u n i t s . T h i s i n c r e a s e i n r e l a x a t i o n i n going to the 
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a s s o c i a t e d systems i s i n agreement with experimental data on 

physisorbed s p e c i e s at s u r f a c e s ' J where the d i f f e r e n c e i n 

energy s c a l e s (when due allowance has been made for the work 

fun c t i o n ) has been a t t r i b u t e d to t h i s source. An i n t e r e s t i n g 

f e a t u r e a r i s i n g from these experimental data i s that the so-

c a l l e d " r e l a x a t i o n s h i f t " i s observed to be v i r t u a l l y the same 

fo r both core and valence l e v e l s . T h i s might at f i r s t s i g h t 

seem a l i t t l e s u r p r i s i n g , s i n c e the absolute magnitudes of the 

r e l a x a t i o n energies themselves are so d i f f e r e n t . By c o n t r a s t , 

f o r chemisorbed s p e c i e s i n which there i s s u b s t a n t i a l perturb­

a t i o n of c e r t a i n v a l e n c e - l e v e l s (and hence i n d i r e c t l y core-

l e v e l s ) , the c o n t r i b u t i o n s to s h i f t s a r i s i n g from changes i n 

r e l a x a t i o n energies are d i f f i c u l t to unravel. 

I t i s c l e a r that hydrogen-bond formation i n ­

v o l v e s a s u b s t a n t i a l p e r t u r b a t i o n of the 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 . Although the r e l a x a t i o n energies f o r the c o r e - l e v e l s 

i n c r e a s e on a s s o c i a t i o n , matters are not so c l e a r - c u t f o r the 

v a l e n c e - l e v e l s . T h i s i s i n d i c a t e d i n Table 5-5- For the 

e s s e n t i a l l y c o r e - l i k e 0 2 s l e v e l s , the r e l a x a t i o n energies f o r 

dimer and trimer h o l e - s t a t e s are l a r g e r than for the monomer, 

and i t i s s i g n i f i c a n t that the magnitudes of these d i f f e r e n c e s 

are comparable with those f o r the 0^ c o r e - l e v e l s , d e s p i t e the 

lar g e d i f f e r e n c e i n absolute magnitude f o r the r e l e v a n t r e l a x ­

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

( c ) Population A n a l y s i s 

Although a Mulliken population a n a l y s i s provides 

only a crude i n d i c a t i o n of the e l e c t r o n d i s t r i b u t i o n i n a 

molecule, i t i s nonetheless u s e f u l i n o u t l i n i n g broad f e a t u r e s 

of charge migrations. F o r the ground-state s p e c i e s , the changes 
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TABLE 5-5 Changes i n 0^„ and 0 ^ Re l a x a t i o n E n e r g i e s 
on A s s o c i a t i o n of Water 

STO-4-31G Double Zeta 

( i ) Oxygen 2s a 

Monomer (0) (0) 

Dimer 01 +0.11 +0.10 

02 +0.27 +0.28 
Trimer 01 +0.13 

02 +0.38 
03 +0.30 

( i i ) Oxygen 2p a 

Monomer (0) (0) 

Dimer 01 +0.07 +0.07 

02 +0.56 +0.50 
Trimer 01 +0.09 

02 -0.12 
03 -0.04 

a) Absolute values of the r e l a x a t i o n energy are quoted 
i n Table 5.9. 

i n t o t a l population f o r a given water molecule as a functi o n 

of a s s o c i a t i o n are given i n Table 5-6. I n going from the 

monomer to dimer, e l e c t r o n density i s t r a n s f e r r e d from the 

water molecule c o n t a i n i n g 02 to that c o n t a i n i n g 01. The c a l ­

c u l a t e d changes i n population f o r the two u n i t s are 0.039 and 

0.108 e l e c t r o n s , r e s p e c t i v e l y , for the Double Zeta and STO-4.31G 

b a s i s s e t s . I n going from the dimer to trimer, c o n s i d e r i n g 

f i r s t l y hydrogen-bonding the monomer u n i t containing 03 to that 

containing 02, the change i n population on the former i s 0.043 

(0.116) e l e c t r o n s f o r the two b a s i s s e t s , i . e . almost the same 
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TABLE 5'6 Charge-transfer from monomer u n i t s 

Charge T r a n s f e r a 

HO - H 

H0*-H 

HO-H 

HO-H 

HO-H 

HO-H • • 

OH, 

0H 2 

# 
0 H, 

0H 20H 2 

0H 20H 2 

0*H 20H 2 

Double Zeta ST0-4.31G 

H20H0-H ... 0H 2 

0.039 

0.104 

•0.008 

0.045 

0.117 
-0.008 

0.043 

0.108 

0.191 
0.042 

0.114 

0.206 
0.044 

0.116 

Bond Overlap Population 

STO-4.31G 

0.165 

0.255 
0.053 

H20H0 -H ... 0H 2 

H20H0-H ... 0*H2 

0.108 
-0.007 

0.200 

0.047 

a) The sense HnB-^HAHm i s taken as p o s i t i v e . 

*) I n d i c a t e s the c o r e - i o n i z e d atom. 

charge t r a n s f e r as computed for the dimer. The concomitant 

modi f i c a t i o n of charge t r a n s f e r i n v o l v i n g the other hydrogen-

bond i s extremely small (0.006 e l e c t r o n s for both b a s i s s e t s ) . 

The trimer may a l t e r n a t i v e l y be viewed as being formed from 

hydrogen-bonding the monomer unit containing 01 to the dimer, 

with the monomer providing the hydrogen of the hydrogen-bond. 

The charge migration from dimer to monomer then amounts to 0.045 

and 0.114 e l e c t r o n s f o r the two b a s i s s e t s , comparable to those 

d i s c u s s e d above. The change i n population f o r the monomer u n i t 

c o n t a i n i n g 03 i s again very small (0.008, 0.004 e l e c t r o n s ) . 

For the p a r t i c u l a r case of the ST0-4.31G b a s i s 

s e t , the bond overlap population of the dimer has been c a l c u l a t e d . 
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T h i s i s quite c l o s e i n magnitude to the c a l c u l a t e d change i n 

population f o r the monomer u n i t s on forming the dimer, implying 

not unreasonably that charge t r a n s f e r i s dominantly into the 

hydrogen-bonding region. 

For the c o r e - i o n i z e d s p e c i e s , i t i s of i n t e r e s t 

to compare the o v e r a l l t r a n s f e r i n charge from a given monomer 

as a functi o n of a s s o c i a t i o n , and compare these with the c o r r e s ­

ponding f i g u r e s f o r the ground-states. For the dimer, forma­

t i o n from the monomers i s accompanied by e l e c t r o n t r a n s f e r to 

the molecule providing the hydrogen f o r hydrogen-bond fofiliation. 

C r e a t i o n of a core-hole on 01 i n the dimer considerably enhances 

t h i s e l e c t r o n d r i f t from one u n i t to the other, the computed 

in c r e a s e i n population for the monomer u n i t containing 01 com­

pared with the n e u t r a l system being 0.065e and 0.083e f o r the 

Double Zeta. and ST0-4.31G b a s i s s e t s , r e s p e c t i v e l y . By con­

t r a s t , c r e a t i o n of a core-hole on 02 d r a s t i c a l l y reduces the 

c a p a b i l i t i e s of the monomer u n i t f o r e l e c t r o n t r a n s f e r f o r 

hydrogen-bond formation, and the computed reductions i n e l e c t ­

ron t r a n s f e r compared with the ground-state are 0.047e and 

0.066e f o r the two b a s i s s e t s . The population a n a l y s i s with 

the Double Zeta b a s i s s e t even suggests that the o v e r a l l e l e c t ­

ron t r a n s f e r i s very small and i n the opposite sense to that 

f o r the ground-state. 

A s i m i l a r p i c t u r e emerges for the trim e r . 

C r e a t i o n of a core-hole on 01 i s accompanied by an i n c r e a s e 

i n e l e c t r o n t r a n s f e r from the dimer of 0.072e (0.092e); there 

i s a concomitant i n c r e a s e of 0.013e (0.019e) i n e l e c t r o n dona­

t i o n from the monomer containing 0 } . I t w i l l become c l e a r 

that t h i s i s r e l a t e d to the computed change i n hydrogen-bond 
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strength f o r the c o r e - i o n i z e d s p e c i e s . By c o n t r a s t , c r e a t i o n 

of a core-hole on 03 causes a s i g n i f i c a n t reduction i n e l e c t r o n 

t r a n s f e r to the dimer of 0.050e (0.069e), and indeed f o r the 

Double Zeta b a s i s s e t , the monomer u n i t i n the c o r e - i o n i z e d 

s p e c i e s becomes very weakly e l e c t r o n accepting. The core-

i o n i z a t i o n of the c e n t r a l monomer u n i t (02) i s accompanied by 

a considerable i n c r e a s e i n v a l e n c e - e l e c t r o n population of 0.1l8e 

(0.152e). T h i s a r i s e s i n the fo l l o w i n g way: i n the ground-

s t a t e , 02 r e c e i v e s 0.043e (0.1l6e) from 03i however, t h i s i s 

accompanied by a charge t r a n s f e r of 0.045e (0.1l4e) from 02 to 

01, l e a v i n g a net charge of -0.002e (0.002e). On c o r e - i o n i z a t -

ion of 02, the donation from the 03 monomer u n i t i n c r e a s e s by 

0.065 (0.004e), whereas the donation from 02 to 01 decreases 

by 0.053 (0.070e), l e a v i n g a net charge on the 02 u n i t of 

0.1l6e (0.156e). 

The changes i n v a l e n c e - e l e c t r o n populations 

(the e l e c t r o n i c charge-flow from each atom) on going from the 

ground-state to c o r e - i o n i z e d s p e c i e s are shown i n Table 5'7« 

C e r t a i n trends are c l e a r l y d i s c e r n i b l e . For the water monomer, 

c r e a t i o n of a core-hole on oxygen r e s u l t s i n a s u b s t a n t i a l 

i n c r e a s e i n v a l e n c e - e l e c t r o n population on oxygen at the ex­

pense of the two hydrogens; w h i l s t the absolute magnitudes of 

e l e c t r o n populations depend very markedly on the b a s i s s e t , 

the d i f f e r e n c e s reported i n Table 5-7 are remarkably s i m i l a r . 

For the dimer and trimer, there i s again a s u b s t a n t i a l i n c r e a s e 

i n v a l e n c e - e l e c t r o n population on the atom on which the core-hole 

i s l o cated, l a r g e l y at the expense of the directly-bonded 

hydrogens. I f the directly-bonded hydrogen i s involved i n 

hydrogen-bonding, the charge Plow i s hi g h l y asymmetric, a much 

greater- proportion of the o v e r a l l i n c r e a s e i n e l e c t r o n population 
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TABLE 5.7 Changes i n Valence Population on Core-Ionizatlon 

of Water Species 

Double 
Zeta STO - 4.31G 

Double 
Zeta STO - 4.31G 

a * a * 
-0.500 -0.522 Monomer o -0.528 -0.556 Trimer 01 -0.500 -0.522 

HI +0.264 +0.278 HI +0.279 +0.292 
H2 +0.264 +0.278 H2 +0.149 +0.139 

02 -0.019 -O.009 
H3 +0.049 +0.054 
H4 +O.030 +0.028 

a Dimer 01 -0.503 -0.524 03 -0.018 -0.017 
HI +0.277 +0.289 H5 +0.024 +0.027 
H2 +0.161 +0.152 H6 +0.0O5 +0.008 
02 -0.027 -0.019 
H3 +0.046 +0.051 01 +O.072 +0.079 
H4 +0.046 +0.051 HI +0.038 +0.041 

H2 -0.058 -0.049 
01 +0.075 +0.082 * 

02 -0.526 -0.559 
HI +0.039 +0.041 H3 +0.261 +0.270 
H2 -0.067 +0.058 H4 +0.148 +0.135 

* 
02 -0.547 -0.587 03 -0.023 -0.015 
H3 +0.250 +0.261 H5 +0.044 +0.049 
H4 +0.250 +0.261 H6 +0.044 +0.049 

01 +0.022 +0.025 
Hi +0.006 +0.007 
H2 -0,015 -0.014 
02 +O.069 +0.072 
H3 +0.034 +0.035 
H4 -0.065 -0.056 

* 
03 -0.546 -0.587 
H5 +0.247 +0.259 
H6 +0.248 +0.259 

For d e t a i l s of numbering, see Figure 5.1 
* 

indicates core-ionized atom 
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on oxygen coming a t the expense of e l e c t r o n migration from 

the other directly-bonded hydrogen. 

(d) Changes i n Hydrogen-bond str e n g t h 
accompanying c o r e - i o n i z a t i o n . 

The s u b s t a n t i a l r e o r g a n i z a t i o n of valence-

e l e c t r o n d i s t r i b u t i o n concomitant with c o r e - i o n i z a t i o n i n f e r r e d 

from the population a n a l y s e s would suggest s i g n i f i c a n t changes 

i n the e n e r g e t i c s of hydrogen-bond formation. 

For the dimer, the c a l c u l a t e d hydrogen-bond 

energy of 4 .8 k c a l m o l - 1 f o r the Double Zeta b a s i s s e t i s i n 
+ —1 284 good agreement with experiment ( 5 - 2 - 1.5 k c a l mol" ) , w h i l s t 

the s m a l l e r b a s i s s e t tends to overestimate the bond strength 

(11 .9 k c a l m ol" 1). Comparison of the dimer with the trimer 

provides a hydrogen-bond energy of 6 .5 k c a l mol" 1 (14 . 1 k c a l 

m o l - 1 ) , w h i l s t f o r d i s s o c i a t i o n of the trimer into three mono­

mer u n i t s , an average bond energy of 5-7 k c a l mol" 1 (12 .9 k c a l 

mol" 1) i s obtained, where the f i g u r e s i n brackets r e f e r to the 

ST0 -4 .31G b a s i s . Both of these values a r e . s i g n i f i c a n t l y higher 

than f o r the dimer i t s e l f . The e f f e c t of c r e a t i n g a core-hole 

i n the dimer and tri m e r i s dramatic i n terms of the computed 

changes i n hydrogen-bond strength; t h i s i s i n d i c a t e d i n Table 

5 . 8 . 

Considering the dimer, c r e a t i o n of a core-

hole on 01, f o r which the population a n a l y s i s i n d i c a t e s an 

in c r e a s e i n e l e c t r o n donation from the monomer containing 02 , 

i s accompanied by a la r g e i n c r e a s e i n hydrogen-bond strength, 

such that i t i s now comparable with t y p i c a l hydrogen-bond 
28c; 

s t r e n g t h s f o r such s p e c i e s as EF£ and HC12" . J By c o n t r a s t , 

the hydrogen-bond strength for the s p e c i e s with the core-hole 

l o c a t e d on 02 i s very s u b s t a n t i a l l y l e s s than f o r the n e u t r a l 
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TABLE 5.8 Changes i n Hydrogen-Bond Strengths on 
C o r e - I o n i z a t i o n ( i n k c a l mol"-1-). 

Molecule Core-Hole Hydrogen Bond Double Zeta ST0-4.31G 

~. a Dimer 01 01 . 02 +30.66 +31-77 

02 01 . 02 -17.42 -20.74 

m • b Trimer 01 01 . 02 +40.57 +41.98 

02 • 03 + 9.95 +10.17 
02 01 . 02 -17.16 -20.27 

02 • 03 +30.90 +32.25 

03 01 . 02 - 7.19 - 7-03 

02 • 03 -24 .63 -27.74 

a) R e l a t i v e to the ground-state hydrogen-bond strength. 

b) R e l a t i v e to the average ground-state hydrogen-bond strength. 

(A p o s i t i v e sign i n d i c a t e s an increase i n hydrogen-bond energy). 

system. The changes i n hydrogen-bond energy are c l o s e l y s i m i l a r 

f o r the two b a s i s s e t s . 

Prom the data i n Table 5.8 (and F i g . 5 - 4 ) , i t 

should be noted that the ' v e r t i c a l ' binding energies r e f e r r e d 

to here are a s s o c i a t e d with a r e p u l s i v e part of the p o t e n t i a l 

energy surface f o r the co r e - i o n i z e d s p e c i e s (as opposed to the 

a t t r a c t i v e part f o r the 01 co r e - i o n i z e d system), and represent 

lower bounds to the hydrogen-bond strength. T h i s does not 

n e c e s s a r i l y imply that the surf a c e for t h i s c o r e - i o n i z e d s t a t e 

does not have a minimum which i s lower i n energy than the d i s ­

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

For the trimer, c r e a t i o n of a core-hole on 01 

i s again accompanied by a very large i n c r e a s e i n hydrogen-bond 
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energy; t h i s e f f e c t i s r e l a y e d to the other hydrogen-bond. 

These changes are again q u a l i t a t i v e l y i n l i n e with those ex­

pected on the b a s i s of the population a n a l y s i s . C r e a t i o n of 

a core-hole on 02 i n c r e a s e s the hydrogen-bond strength with 

r e s p e c t to the monomer u n i t containing OJ, and causes a de­

crease with r e s p e c t to 01. F i n a l l y f o r a core-hole on 03 i n 

the trimer, both hydrogen-bond energies decrease with r e s p e c t 

to the n e u t r a l system. 

I t should be emphasized that these energies 

r e f e r to v e r t i c a l processes, and represent lower bounds to the 

a d i a b a t i c processes. Thus i t seems l i k e l y that the l a r g e 

i n c r e a s e i n hydrogen-bond strength i n c e r t a i n cases w i l l be 

accompanied by a decrease i n hydrogen-bond length; f o r those 

systems i n which there i s a decrease i n hydrogen-bond strength, 

the e q u i l i b r i u m geometries may w e l l involve an i n c r e a s e i n 

hydrogen-bond length. The l i f e t i m e s of the core-hole s t a t e s , 

however, are determined by d e - e x c i t a t i o n predominantly by the 

Auger process, and are l i k e l y to be i n the range of 1 0 " ^ sec. 

T h i s i s s e v e r a l orders of magnitude too short to be of any 

chemical s i g n i f i c a n c e , and s i n c e the t r a n s i t i o n s from the 

ground-state are v e r t i c a l , a d i s c u s s i o n of hydrogen-bond 

energies i n terms of v e r t i c a l processes seems eminently reason­

able. The l a r g e c a l c u l a t e d changes i n hydrogen-bond energies 

and the i m p l i c a t i o n of s u b s t a n t i a l changes i n e q u i l i b r i u m 

geometries f o r the c o r e - i o n i z e d s p e c i e s does, however, have 

important r a m i f i c a t i o n s with respect to v i b r a t i o n a l f i n e - s t r u c t ­

ure accompanying c o r e - i o n i z a t i o n , a f i e l d of considerable 

current i n t e r e s t from both an experimental and t h e o r e t i c a l 

standpoint. 



210 

5 .3 -2 Core- and v a l e n c e - l o n i z a t l o n f o r hydrogen-
bonded dimers I n v o l v i n g Ĥ O with H^OjNH^ and HF. 

(a) Binding E n e r g i e s 

The c a l c u l a t e d absolute binding energies f o r 

the monomers are shown i n Table 5«9» f o r the c o r e - l e v e l s and f o r 

valence o r b i t a l s . For the N, , 0, and F, l e v e l s , the c a l c u l -
l s I s I s 

a t i o n s are i n e x c e l l e n t agreement with experiment f o r the Double 

Zeta and optimized ST0-4.31G b a s i s s e t s . For the STO-4.31G 

b a s i s s e t however, the r e l a x a t i o n energies are underestimated 

and consequently the c a l c u l a t e d absolute binding energies are 

too l a r g e . For the v a l e n c e - l e v e l s , the c a l c u l a t e d binding 

energies are overestimated (2s) or underestimated (2p) compared 

with experiment; t h i s i s a t t r i b u t a b l e not only to d e f i c i e n c i e s 

i n the b a s i s s e t s , but more importantly to the n e g l e c t of 

c o r r e l a t i o n energy changes, which are opposite i n s i g n f o r the 

two l e v e l s . The changes i n core binding energies with r e s p e c t 

to the appropriate monomer are shown for a l l of the dimer s p e c i e s 
studied i n Figure 5-2. 
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Since the s h i f t s i n binding energies and changes i n r e l a x a t i o n 
energies are v i r t u a l l y the same f o r a l l three basis sets employed, 
only the r e s u l t s f o r the Double Zeta basis set are presented. 

For the 0, core-ionized species, the s h i f t s 
IS f ' 

w i t h respect to the water monomer are i n the opposite sense, 
depending on whether the hydrogen i s provided by X or by the 
water monomer under co n s i d e r a t i o n . For e i t h e r s i t u a t i o n , the 
magnitude and d i r e c t i o n of the s h i f t s are q u a l i t a t i v e l y i n 
agreement w i t h simple e l e c t r o n e g a t i v i t y considerations. Thus, 
w i t h water p r o v i d i n g the hydrogen f o r the hydrogen-bond, the 
e f f e c t of t h i s hydrogen-bonding on the 0, l e v e l i s a s h i f t to 

-L o 

lower b i n d i n g energy, being l a r g e s t f o r the best donor; v i z . , 
the s h i f t s are i n the order NH-^>H20>HF. Conversely, i f a 
core-hole i s created on the oxygen of a water monomer not 
pr o v i d i n g the hydrogen f o r the hydrogen-bond, the reduced e f f i c ­
iency as a donor i s manifest i n a. s h i f t t o higher b i n d i n g energy 
which increases i n the order NH-,<Ho0<HF. 

J 2 
The p i c t u r e which emerges when a core-hole i s 

created on X i s s l i g h t l y more complicated. Thus, when X pro­
vides the hydrogen f o r hydrogen-bond formation, the increased 
e l e c t r o n donation from water lowers the core b i n d i n g energies, 
the s h i f t s being i n the order NH^<H20<HF. When the hydrogen 
f o r hydrogen-bond formation i s provided by the water monomer 
and the core-hole i s created on X, the s h i f t s are small and 
to higher b i n d i n g energy, and are comparable f o r X^E^tE^O 

and HF. Although s u p e r f i c i a l l y t h i s may seem s u r p r i s i n g , the 
previous discussion on the water dimer and changes i n populations 
accompanying core-.ionizat.ioii provides a straightCorward r a t i o n ­
a l i z a t i o n . I n comparing the populations f o r the core-ionized 
dimers w i t h those f o r the monomers from which they may be 

http://core-.ionizat.ioii
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constructed, the c a l c u l a t e d changes are extremely small, and 
indeed f o r the Double Zeta basis set, the o v e r a l l e l e c t r o n 
t r a n s f e r i s to the core-ionized monomer. I n the p a r t i c u l a r 
case of a n e u t r a l water monomer X, the e l e c t r o n i c environment 
i s not too d i s s i m i l a r to the i s o l a t e d core-ionized species. 

For the dimers i n v o l v i n g core-holes located 
on the water monomer, the " i n t e r n a l " s h i f t i n the 0, b i n d i n g 
energy f o r the two d i s t i n c t hydrogen-bonding s i t u a t i o n s shows 
a smooth decrease i n the series NH-j>HgO>HF, the s h i f t s being 
2.35, 2.08, 1.73 eV r e s p e c t i v e l y . D e f i n i n g the c e n t r o i d of 
the s h i f t as the average of the 0^ s h i f t s , w i t h respect to 
the water monomer, f o r the two hydrogen-bonding s i t u a t i o n s 
HX ... H - 0*H and X-H ... 0*H2, i t i s found t h a t the c e n t r o i d 
i s a t a lower binding energy f o r X = NH-̂  and HgO, and higher 
bin d i n g energy f o r X = HF. 

For the dimers, hole-states corresponding 
approximately to removal of valence 2s and 2p e l e c t r o n s may 
be i d e n t i f i e d from the manifold of valence-ionized s t a t e s . 
These behave i n an analogous manner to the core hole s t a t e s . 
This i s shown i n Figure 5-3; comparison w i t h Figure 5.2 i s 
q u i t e s t r i k i n g , both i n respect of the signs and magnitudes 
of the c a l c u l a t e d s h i f t s . 

(b) Relaxation energies 

One of the prime motivations f o r t h i s study 
was to i n v e s t i g a t e changes i n r e l a x a t i o n energies as a f u n c t i o n 
of a s s o c i a t i o n . The absolute magnitudes of the computed 
r e l a x a t i o n energies for the monomers, f o r both the core and 
valence 'P.s and .?p l e v e l s , are i;;iven i n Table 5-9. I n d e f i n i n g 
r e l a x a t i o n energies computed from the "optimized" ST0-4.31G 
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basis s e t , two p o s s i b i l i t i e s present themselves. F i r s t l y , 
the reference f o r the unrelaxed system can be taken as the 
negative of the Fock eigenvalue f o r the n e u t r a l molecule using 
the "unoptimized" STO-4.31G basis set; a l t e r n a t i v e l y , t h i s may 
be averaged w i t h the corresponding Fock eigenvalue f o r the 
n e u t r a l molecule using the optimized basis. Comparison w i t h 
the r e l a x a t i o n energies based on the "optimized" STO-4.31G 
c a l c u l a t i o n s f o r the ho l e - s t a t e species are i n much b e t t e r agree­
ment than those computed d i r e c t l y f o r the standard ST0-4.31G 
basis. The absolute magnitudes of the r e l a x a t i o n energies 
computed from the "optimised" ST0-4.J1G basis are closer to 
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those f o r the Double Zeta. basis when the reference f o r the 
"unrelaxed" system i s taken as the average over the Fock eigen­
values. S i m i l a r treatments have been c a r r i e d out f o r a l l of 
the dimers and relevant h o l e - s t a t e s ; the trends and d i f f e r e n c e s 
f o r the r e l a x a t i o n energies are i n good agreement w i t h those 
c a l c u l a t e d w i t h the Double Zeta basis set. However, the 
d i f f e r e n c e s are r a t h e r c l o s e r to those c a l c u l a t e d using the 
Double Zeta basis set when the reference f o r the r e l a x a t i o n 
energies corresponds to Koopmans' Theorem f o r the unoptimized 
STO-4.31G basis set c a l c u l a t i o n s f o r the n e u t r a l molecule, as 
may be seen, f o r example, i n Table 5-4- The changes i n r e l a x ­
a t i o n energy on going from monomer to dirner f o r a given core-
hole are shown i n Figure 5-2. Considering f i r s t l y hydrogen-
bonded dimers i n v o l v i n g a core-hole on oxygen, i t i s c l e a r t h a t 
although there are s u b s t a n t i a l s h i f t s t o lower binding energies 
when water provides the hydrogen f o r the hydrogen-bond, and 
s u b s t a n t i a l increases i n binding energy when the hydrogen-bond 
i s provided by X, the r e l a x a t i o n energy change w i t h respect t o 
the monomer i s always p o s i t i v e . That i s , i n going to the 
associated system, the r e l a x a t i o n energy increases, i r r e s p e c t i v e 
of whether the binding energy f o r the c o r e - l e v e l increases or 
decreases. A s i m i l a r s i t u a t i o n obtains f o r dimers i n v o l v i n g 
a core-hole located on X. I n a l l cases the increase i n r e l a x ­
a t i o n energy in going from monomer to dimer i s r e l a t i v e l y small, 
being i n the range 0 to 0.42 eV. For the valence h o l e - s t a t e s , 
the changes i n r e l a x a t i o n energy are shown i n Figure 5.3- For 
the 2s l e v e l s , the magnitudes of the changes i n r e l a x a t i o n 
energy are cl o s e l y s i m i l a r to those f o r the c o r e - l e v e l s . This 
1 L; 1 nt. ureal. 1 i\\-T,, L . I I H ' . U the absolute magnitudes of the r e l a x a t i o n 
unei'i';! us d i f f e r hy ;i f a c t o r of ton. The changes in r e l a x a t i o n 
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energy on ass o c i a t i o n are therefore p r o p o r t i o n a t e l y l a r g e r 
f o r the valence 2s l e v e l s . 

(c) Population analysis 

Formation of a given hydrogen-bonded dimer 
i s accompanied by e l e c t r o n t r a n s f e r to the monomer p r o v i d i n g 
the hydrogen f o r hydrogen-bond formation. The r e l a t i v e magnit­
udes of the e l e c t r o n t r a n s f e r are consistent w i t h a q u a l i t a t i v e 
p i c t u r e based on e l e c t r o n e g a t i v i t y considerations, as shown i n 
Table 5 .10. 

TABLE 5-10 

HpN-H 
HO-H 
F-H 

H 20 
HF 

OH, 
OH, 
OH, 

Charge t r a n s f e r from monomer u n i t s 

Charge Transfer Bond Overlap Population 
Double Zeta ST0-4. jUG ST0-4 Q1G 

0.042 O.I36 0.218 
0.040 
0.042 

H-0H 0.060 
H-0H 0.040 
H-0H 0.016 

0.108 
0.094 

0.110 
0.108 
0.061 

0.165 
0.14J 

0.143 
O.I65 
0.086 

a) The sense H B "*HAH i s taken as p o s i t i v e 

Thus f o r HpO a c t i n g as the acceptor, the increase i n e l e c t r o n 
population compared w i t h the monomer i s i n the order NH^>n^0>UF. 

For the water monomer a c t i n g as a donor, the dependence on the 
acceptor p r o v i d i n g the hydrogen f o r hydrogen-bond formation i s 
somewhat less marked. 

Considering now the hol e - s t a t e species, the 
cal c u l a t e d changes i n e l e c t r o n population i n terms of e l e c t r o n 
density t r a n s f e r r e d from one monomer u n i t to another are shown 
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i n Figure 5-4 f o r the Double Zeta basis set. The corres­
ponding f i g u r e s f o r the ST0-4.31G basis are i n e x c e l l e n t o v e r a l l 
agreement w i t h these, as might have been a n t i c i p a t e d from the 
r e s u l t s p reviously discussed f o r water, water dimer and t r i m e r . 

Change in 
charge transfer 

0-10 

X - H - - 0 
Change in 

<^/H charge transfer X - - - H -

008 

006 

0O4 

0O2 

-0O2 

-0-04 

- 0 0 6 

( X ) 
0 10 

0-0fl 

0O6 

0-04 

0-02 

NH3 0H 2 F H 

iff) 

-0O2 

-0-06 

- 0 0 6 

NH-i 0 H 2 

\ 

10) 

(x'l 

F i g . (5-4) Changes i n charge t r a n s f e r from monomer u n i t s 
on c o r e - i o n i z a t i o n , r e l a t i v e to the ground-state 
dimers. 

Creation of a core-hole on X, when X provides the hydrogen 
f o r hydrogen-bond formation to water, i s accompanied by i n ­
creased e l e c t r o n donation from the water molecule i n the order 
X=HF>H20>NH-^. These increases exactly p a r a l l e l the change 
i n bond overlap population between oxygen and the hydrogen 
involved i n hydrogen-bonding, as shown i n Table 5.11. An 
increased hydrogen-bond energy f o r such core-ionized species 
might t h e r e f o r e be a n t i c i p a t e d . With X a c t i n g as a. donor to 
a core-ionized water molecule (which provides the hydrogen f o r 
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TABLE 5 - 1 1 Change I n bond overlap population (ST0-4.31G) 
between monomers on c o r e - i o n i z a t i o n 

X 0 

X-H ... 0H 2 

HgN - H ... 0H 2 + 0 . 0 8 6 -0.149 
HO - H ... 0H 2 +0.090 -0.111 
F - H ... 0H 2 +0.101 -0.094 

X ... H - OH 
H,N ... H - OH -0.102 +0.162 
3 
HgO ... H - OH -0.111 + 0 . 0 9 0 

HF ... H - OH - 0 . 0 6 0 +0.033 

h;vdrogen-bond f o r m a t i o n ) , there i s again an increase i n valence-
e l e c t r o n population on the core-ionized monomer compared w i t h 
the ground-state, i n the order NH-^>H20>HF. The changes i n 
population are again l a r g e l y accounted f o r by an increase i n 
overlap population i n the hydrogen-bond region. 

Creation of a core-hole on the monomer u n i t 
not p r o v i d i n g the hydrogen f o r hydrogen-bond formation r e s u l t s 
i n a l l cases i n a reduc t i o n of valence-electron population 
t r a n s f e r w i t h respect to the n e u t r a l dimers. For HgO p r o v i d i n g 
the hydrogen f o r hydrogen-bond formation, the changes i n 
e l e c t r o n population are l e a s t f o r X=HF and l a r g e s t f o r X=NH^, 
w h i l s t i f X provides the hydrogen f o r hydrogen-bond formation, 
the r e d u c t i o n i n population i s c l o s e l y s i m i l a r f o r X=NH^, H20 
and HF. The changes i n bond overlap populations f o r the 
hydrogen-bonds again f o l l o w these trends. 
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(d) Changes I n Hydrogen-bond strengths 
accompanying c o r e - l o n l z a t l o n s 

The population analyses, showing s u b s t a n t i a l 
e l e c t r o n i c reorganizations on the c r e a t i o n of core-holes i n 
the dimer species, suggest t h a t the hydrogen-bond strengths i n 
these species may be considerably d i f f e r e n t than f o r the n e u t r a l 
molecules. The c a l c u l a t e d hydrogen-bond strengths f o r the 
ground-state dimers are shown i n Table 5 - 1 2 . 

TABLE 5 - 1 2 Hydrogen-bond strengths ( i n k c a l mol" 1) 

Double Zeta ST0-4Q1G 

H2N - H 
HO - H 
P - H 

Hytf 
H 2 0 

HF 

OH, 
OH, 

. OH, 

H - OH 
H - OH 
H - OH 

1 . 5 4 

4 . 8 2 

1 2 . 4 5 

9 - 2 0 

4 . 8 2 

4 . 0 0 

1 0 . 7 4 

1 1 . 9 4 

1 5 . 7 2 

1 0 . 9 4 

1 1 . 9 4 

1 0 O 8 

The c a l c u l a t e d changes i n hydrogen-bond ener­
gies w i t h respect to the n e u t r a l dimers are shown i n Figure 5 « 5 

f o r the Double Zeta basis set} those f o r the STO-4.31G basis 
are c l o s e l y s i m i l a r . The computed changes are s u b s t a n t i a l and 
i n a d i r e c t i o n t h a t might have been a n t i c i p a t e d from the popul­
a t i o n a n a l y s i s . Thus, o r e a t i o n of a core-hole on a monomer 
which provides the hydrogen f o r hydrogen-bond formation sub­
s t a n t i a l l y increases the hydrogen-bond energy such t h a t the 
species may be c l a s s i f i e d as a s t r o n g l y hydrogen-bonded system. 
By c o n t r a s t , c r e a t i o n of a core-hole on the other monomer u n i t 
leads to a s u b s t a n t i a l decrease i n hydrogen-bond s t r e n g t h . From 
t h i s i t i s cle a r t h a t c o r e - i o n i z a t i o n can considerably enhance 
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hydroQ#ft* bond 
•ntrgyOcaJmol*1! 

1 X -H C H 

H 

1 i X - -
H 

40 
O 

o i x " 
40 

II 

30 
o 

30 

20 20 

- 10? 

W 

0 

10 

ft 

W 

0 
OH, FH (1 NH 3 FH 

•10 • -10 
o id 

-20 •20 
O O 

-30 
n * 

101 •30 

F i g . ( 5 . 5 ) Change i n hydrogen-bond st r e n g t h on c o r e - i o n i z a t i o n 
( i n k c a l mol""1'). o r e f e r s to c o r e - i o n i z a t i o n on X; 
x r e f e r s to c o r e - i o n i z a t i o n on HgO. 

weak i n t e r a c t i o n s i n appropriate systems, and hence magnify 
energy d i f f e r e n c e s which may be q u i t e small f o r the ground-
s t a t e system. 

As noted p r e v i o u s l y , the l i f e t i m e s f o r such 
core-ionized species before undergoing d e - e x c i t a t i o n by the 
Auger process are such t h a t the chemistry which might be exhib­
i t e d i s not a v a i l a b l e f o r d i r e c t i n v e s t i g a t i o n . However, the 
d r a s t i c changes i n p o t e n t i a l surfaces, compared w i t h the n e u t r a l 
dimers, implied by these r e s u l t s suggest t h a t c o r e - i o n i z a t i o n s 
should be accompanied by considerable v i b r a t i o n a l f i n e - s t r u c t u r e . 
With the advent of h i g h - r e s o l u t i o n i n s t r u m e n t a t i o n , the d i r e c t 
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study of such species i n molecular beams at r e l a t i v e l y modest 
p a r t i a l pressures becomes a f e a s i b i l i t y , and i t w i l l then be 
of some i n t e r e s t t o compare the t h e o r e t i c a l p r e d i c t i o n s r e ­
ported here w i t h the experimental data. 



CHAPTER SIX 

SINGLE ORBITAL RELAXATION ACCOMPANYING 

CORE-IONIZATION 

A method i s presented for the c a l c u l a t i o n of the i n d i v i d u a l 

c o n t r i b u t i o n s from each occupied o r b i t a l to the t o t a l r e l a x a t i o n 

energy accompanying c o r e - i o n i z a t i o n , w i t h i n the ASCF formalism. 

The magnitude and sign of the c o n t r i b u t i o n s are shown to depend 

q u i t e markedly on the l o c a l i z a t i o n and bonding c h a r a c t e r i s t i c s 

of the o r b i t a l s concerned, but are i n accord with chemical 

i n t u i t i o n . The b a s i s s e t dependence of the s i n g l e o r b i t a l 

c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energy accompanying C^ s and 

0^ s c o r e - i o n i z a t i o n i n carbon monoxide has been i n v e s t i g a t e d . 

S i n g l e o r b i t a l r e l a x a t i o n energies accompanying core-

i o n i z a t i o n i n the f i r s t - r o w atoms have been i n v e s t i g a t e d ; the 

diatomic molecules CO and N 2 have a l s o been studied.. S i n g l e 

o r b i t a l r e l a x a t i o n energies f o r C. and 0, c o r e - i o n i z a t i o n i n CO, 
3 I s I s 

and N l g c o r e - i o n i z a t i o n i n N 2, have been c a l c u l a t e d . For CO, 

comparison with i n d i v i d u a l o r b i t a l Mulliken population a n a l y s e s , 

and den s i t y d i f f e r e n c e contour p l o t s i s made. V a r i a t i o n of s i n g l e 

o r b i t a l r e l a x a t i o n energies as a function of bond-length has been 

studied for both CO and N 2. Considerable i n s i g h t i n t o the 

r e l a x a t i o n process accompanying c o r e - i o n i z a t i o n may be gained 

from such an a n a l y s i s . 

The i n f l u e n c e of an applied e l e c t r i c f i e l d on core binding 

and r e l a x a t i o n energies accompanying c o r e - i o n i z a t i o n has been 

t h e o r e t i c a l l y i n v e s t i g a t e d by means of non-empirical LCAO MO SCF 

c a l c u l a t i o n s w i t h i n the ASCF formalism, on simple prototype 
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molecules (CO and N^). S i n g l e o r b i t a l c o n t r i b u t i o n s to the 

t o t a l r e l a x a t i o n e n e r g i e s , together with Mulliken population 

analyses and d e n s i t y d i f f e r e n c e contours fo r CO, are presented. 

I n v e s t i g a t i o n s of the e f f e c t of an e l e c t r i c f i e l d on p o t e n t i a l 

energy s u r f a c e s , as evidenced by b a n d - p r o f i l e a n a l y s i s , are 

a l s o considered. 

6.1 A Method f o r Obtaining S i n g l e O r b i t a l Contributions to the 
T o t a l Relaxation Energy Accompanying C o r e - I o n i z a t i o n 

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

The t o p i c of i n t e r e s t i n the previous three chapters 

has been the e l e c t r o n i c r e l a x a t i o n accompanying both core and 

valence i o n i z a t i o n , s t u d i e d w i t h i n the ASCF formalism. One 

aspect of considerable c u r r e n t i n t e r e s t i s the change i n computed 

bond-lengths i n going from the ground to core hole s t a t e s i n 

simple molecules, the main point of i n t e r e s t being focussed on 

the i n t e r p r e t a t i o n of the v i b r a t i o n a l f i n e - s t r u c t u r e apparent i n 

h i g h - r e s o l u t i o n XPS data. T h i s has r e c e n t l y been st u d i e d both 
197—200 287 t h e o r e t i c a l l y and experimentally with a good degree of 

s u c c e s s . The emphasis to date has been on the total r e l a x a t i o n 

energy accompanying c o r e - i o n i z a t i o n . I n the case of carbon 

monoxide, for example, i t has been shown t h a t the t o t a l r e l a x a t i o n 

energy accompanying C^ g c o r e - i o n i z a t i o n i s not s t r o n g l y dependent 

on bond-length, which c o n t r a s t s with the s i t u a t i o n f o r the 0 l s 

170 288 
c o r e - i o n i z e d system ' ' 8 , To gain 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 z a t i o n process, i t was f e l t appropriate to i n v e s t i g a t e the 

d i f f e r e n t components of t h i s t o t a l process; accordingly, i n t h i s 

chapter i t i s shown how i t i s p o s s i b l e to d i s c u s s t h i s phenomenon 

i n terms of the i n d i v i d u a l molecular o r b i t a l r e l a x a t i o n e f f e c t s 

accompanying c o r e - i o n i z a t i o n . 
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6.1.2 Method 

The approach adopted i s i l l u s t r a t e d s c h e m a t i c a l l y i n 

Figure 6.1. 
Single Orbital Relaxation Energies 

Ground state Koopmans' Hole state 

Energy , , 

- 4 4 - - H E^E 3ff, 
V a , e n c e—hr- - 4 4 - 7T7|p-2<r, 
Core ^ 1 c r ^ ^ 1 < r / 

i / Q = j la1&2or2a—46-| "jA |lo-2<r2a....4o-1 |ld-'2<r'2a--.4ff'| 

a ) Ground state with ONE hole state bl Hole state with ONE ground state 

H La 

1 I 3tf 
H 3 a ' 

Valence 2<t 
v — H — 2<r 

Core [. 1 < r ^ 1 r f ' 

' k * = 11& 2<x2ff 3ff 2a 4a 4* \ <\> * z \ \S' 2<r' 2a' 3tf 3a 4a4d' | 
A> J t 

Fig.(6.1) A schematic i l l u s t r a t i o n of the method f o r obtaining 
s i n g l e o r b i t a l r e l a x a t i o n energies 

The t o t a l r e l a x a t i o n energy accompanying core-

i o n i z a t i o n i n a molecule may be obtained from non-empirical 

LCAO MO SCF c a l c u l a t i o n s w i t h i n the ASCF formalism. T h i s may be 

i l l u s t r a t e d as i n Figure 6.1, where n r e f e r s to the ground-state, 

and V Q
+ and <F^+ to the "Koopmans"' and h o l e - s t a t e wavefunction. 

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 e n e r g i e s ; h o l e - s t a t e s p i n - o r b i t a l s 

are i n d i c a t e d with a prime. The v e c t o r s computed i n t h i s way f o r 

the ground and core hole s t a t e molecular o r b i t a l s may be used to 

determine the 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 ; the approach 
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i n v o l v e s two d i s t i n c t but complementary c a l c u l a t i o n s , which give 

upper and lower bounds to 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: 
• 

(a) the t o t a l energy of a h y p o t h e t i c a l s t a t e f o r the c o r e - i o n i z e d 

s p e c i e s i n which a l l the o r b i t a l s are "frozen", save t h a t 

o r b i t a l under study, which i s "relaxed", i s c a l c u l a t e d . For 

example, i f MO 3 i s of i n t e r e s t , then the wavefunction V 

i s used i n Figure 6.1. A comparison of the binding energy 

obtained from t h i s h y p o t h e t i c a l s t a t e with t h a t obtained 

from the completely "frozen" system (corresponding to the 

Koopmans1 binding energy), gives a value f o r 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. 

(b) the 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 the 

co r e - i o n i z e d s p e c i e s i s now constructed corresponding to a l l 

"relaxed" o r b i t a l s , save t h a t o r b i t a l under study, which i s 

"frozen": t h i s corresponds to V 3 f + i n Figure 6.1. The binding 

energy appropriate to t h i s s t a t e i s compared with t h a t f o r 

the completely "relaxed" system (corresponding to the ASCF 

binding energy) to give a value f o r 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. 

The value obtained from c a l c u l a t i o n (a) provides an 

upper, and that from (b) a lower, bound to 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 h i s may be understood n a i v e l y as f o l l o w s : 

i f a l l the o r b i t a l s save one are frozen, then t h a t o r b i t a l w i l l 

attempt to " r e l a x " as much as p o s s i b l e ; conversely, i f a l l o r b i t a l s 

are r e l a x e d save one, then t h a t o r b i t a l cannot r e l a x as much as i t 

would do i n a normal ASCF c a l c u l a t i o n . Taking the simple average 

of the two c a l c u l a t i o n s (a) and (b) gives a value for 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. I t i s found t h a t the sum of a l l the 
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s i n g l e o r b i t a l r e l a x a t i o n energies i n a molecule corresponds e x a c t l y 

to the t o t a l r e l a x a t i o n energy f o r t h a t molecule c a l c u l a t e d 

d i r e c t l y . 

I t i s necessary a t t h i s p o i n t to consider the method 

i n more d e t a i l . The h o l e - s t a t e computations involve the minimi­

z a t i o n of one-component energy expressions of the form (1.161): 

< * | H| 4* > /< ¥ | f > 

where the s i n g l e determinantal wavefunctions v involve both doubly-

occupied valence- and c o r e - o r b i t a l s , as w e l l as the s i n g l y - o c c u p i e d 

o r b i t a l corresponding to the c o r e - i o n i z e d system. I f the 

unnormalized form of the s i n g l e determinantal wavefunction 

corresponding to the n e u t r a l molecule (2n e l e c t r o n s ) i s w r i t t e n a s : 

*o = 1 + 1*1 — +n+J ( 6 ' 1 } 

with corresponding expectation value E Q , then the binding energy 

i n the absence of r e l a x a t i o n , corresponding to removal of an 

e l e c t r o n from i s given by: 

E B E i - < E o i - V < 6 ' 2 ) 

H e r e , E ^ corresponds to the expectation value f o r the determinantal 

wavefunction: 

? i i = 1*1+1 — * i — +n+nl ( 6 ' 3 ) 

I n the ASCF formalism, the corresponding binding energy i n c l u d i n g 

r e l a x a t i o n e f f e c t s , E - ^ , i s given by: 

E B E i • »i± - v < 6- 4> 

E f i c o r r e s P o n d s to the expectation value f o r the determinantal 
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wavefunction 

* f i = * i * V V I ( 6 * 5 ) 

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

the wavefunction. The t o t a l r e l a x a t i o n energy i s t h e r e f o r e 

defined from (2.16) a s : 

e r i - ^ o i - v - <Eii-Eo) (6- 6 ) 

I n p r a c t i c e , the unrelaxed binding energy (6.2) may be obtained 

d i r e c t l y from Koopmans* Theorem f o r systems i n v o l v i n g only a s i n g l e 

open s h e l l ; however, i n general the expectation values would be 

re q u i r e d as defined i n ( 6 . 6 ) . 

Consider now the d e f i n i t i o n of a s i n g l e o r b i t a l 

r e l a x a t i o n energy j E
R i

 f o r the o r b i t a l ip_., consequent upon core-

i o n i z a t i o n from o r b i t a l i j ^ . I n terms of the method o u t l i n e d above, 

t h i s would be given as the average of the 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 according to c a l c u l a t i o n s (a) and ( b ) : 

j E R i = * ( R E f r o m ( a ) + ^ f r o m ( b ) ) 

" % C ( E o i - j ' E o i > + < j E K - E « n t 6 - 7 > 

Here, j i E o i j E f i correspond to the expectation values f o r the 

determinantal wavefunctions: 

j ^ o i = 1*1*1 * i + j , * j " * n * n l a n d 

j ' f i = I * i " * i " V * j * j V V I r e s p e c t i v e l y . 

The f i r s t term i n (6.7) corresponds to the r e l a x a t i o n energy f o r 

the s i n g l e r e l a x e d o r b i t a l iji^' i n the f i e l d of unrelaxed o r b i t a l s , 

w h i l s t the second term corresponds to the s i n g l e unrelaxed o r b i t a l 

\l>j i n the f i e l d of r e l a x e d o r b i t a l s . The t o t a l r e l a x a t i o n energy 

i n t h i s d e f i n i t i o n i s t h e r e f o r e the sum of components from each 

doubly-occupied o r b i t a l , p l u s a c o n t r i b u t i o n from the s i n g l y - o c c u p i e d 
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c o r e - o r b i t a l , as shown i n ( 6 . 8 ) , where i s f o r the time being 

d i s t i n g u i s h e d from E R ^ i n (6.6) : 

occupied 
o r b i t a l s . 

E R i " E 3 5 [ ( E o i " j ' E o i > + < j E f i ' E f i ^ < 6' 8> 

I t w i l l be shown t h a t the energy expressions (6.6) and (6.8) are 

eq u i v a l e n t . 

The general energy expressions f o r the component energy 

terms involv e d i n (6.8) are s i m i l a r to (1.40) and may be w r i t t e n as 

E o i = h i +
p £ f p p + I I 2< Jpq " Kpq> +

 g < J i q " K i q > ^ . 9 ) 
P¥± q ^ i 

..E* = h. + E21i + 2h\. + I I 2 ( J - K ) 
0 1 1

 P * L P P 3 3 p ^ i q * i p q p q 

P^j P^j q^j 

+
 q

( J i q " K i q ) +
 q

2 ( J j q " * W < 6 ' 1 0 ) 

E+ = h,' + E2h' + E E 2 ( J " - K" ) + S ( J " - KV ) (6.11) 
f i i p j 4 i pp p q pq pq q

v i q i q 
P^i q ^ i 

.E+ = h' + Z2h' + 2h.. + E E 2 ( J " - K" ) 
3 f l 1 p?<i P P 3 3 P q P q P q 

P5*j P^i qj^i 
p ^ j q^j 

+ E ( J « q - K « q ) + E 2 ( J 3 q - K ' q ) (6.12) 

I n these equations, unprimed h, J and K i n t e g r a l s i n v o l v e the 

unrelaxed o r b i t a l s , singly-primed h, J and K i n t e g r a l s i n v o l v e 

both r e l a x e d and unrelaxed cross-terms, and doubly-primed J and 

K i n t e g r a l s i n v o l v e only r e l a x e d o r b i t a l s . Then; 

«j«fi " E ? i > " + + - "3,) + " * i , > 
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S u b s t i t u t i n g i n t o (6.8) leads to a c a n c e l l a t i o n of cross-terms 

i n v o l v i n g i n t e g r a l s with both r e l a x e d and unrelaxed f u n c t i o n s . 

The o v e r a l l expression s i m p l i f i e s to terms i n v o l v i n g e i t h e r the 

f i n a l - s t a t e r e l a x e d e i g e n f u n c t i o n s , or the unrelaxed ground-state 

n e u t r a l molecule f u n c t i o n s . Introducing n^ as the o r b i t a l 

occupancy of MO i|>.. then g i v e s : 

•il"5C<nlhii +

q V J j q " V 
- ( n j h j j • I n j W g , - K 3 q ) n (6.13) 

T h i s , however, i s merely: 

E' = E + . - E * Ri o i f i 

which i s the r e l a x a t i o n energy defined i n ( 6 . 6 ) . 

Nuclear r e p u l s i o n terms i n the energy expressions have 

been neglected, s i n c e they w i l l c a n c e l . The energy exp r e s s i o n s 

given here imply t h a t the general s i n g l e determinantal wavefunction 

* = l l ^ ! * ± ^ j ' ^ ' V n l 

i n v o l v i n g both r e l a x e d and unrelaxed eigenvectors i s orthonormalized. 

With e i t h e r a s i n g l e unrelaxed o r b i t a l i n a f i e l d of r e l a x e d o r b i t a l s , 

or a s i n g l e r e l a x e d o r b i t a l i n the f i e l d of frozen o r b i t a l s , t h i s 

i s found to be the case to a very good degree of approximation 

( b e t t e r than 0.001). F i n a l l y , although c o r e - i o n i z a t i o n from a 

c l o s e d - s h e l l s p e c i e s was e x p l i c i t l y considered here, (6.13) i s 

p e r f e c t l y g e n e r a l , and s i n g l e o r b i t a l r e l a x a t i o n accompanying 

c o r e - i o n i z a t i o n from open-shell systems may a l s o be c a l c u l a t e d 

using t h i s approach. 

6.2 Carbon Monoxide - An I n v e s t i g a t i o n of the B a s i s S e t Dependence 
of S i n g l e O r b i t a l R e l a x a t i o n 

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

Before commencing a s y s t e m a t i c study of s i n g l e o r b i t a l 
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r e l a x a t i o n energies accompanying c o r e - i o n i z a t i o n i n a s e r i e s of 

s m a l l molecules, 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 was undertaken. 

Since a wealth of data e x i s t s f o r carbon monoxide, t h i s molecule 

was chosen to exemplify the method. The emphasis of t h i s 

p r e l i m i n a r y i n v e s t i g a t i o n was two-fold: to see i f the r e s u l t s 

obtained are p h y s i c a l l y i n accord with chemical i n t u i t i o n ; and 

to i n v e s t i g a t e the b a s i s s e t to be used f o r a s y s t e m a t i c study. 

Accordingly, c a l c u l a t i o n s were performed using the experimental 

bond-length (2.132 au) of CO f o r both the ground and core hole 

s t a t e s p e c i e s , implementing the method described i n the previous 

s e c t i o n over a range of b a s i s s e t s . 

6.2.2 R e s u l t s and D i s c u s s i o n 

(a) S i n g l e O r b i t a l R elaxation Energies 

To put the r e s u l t s i n context, i t i s u s e f u l to consider 

the l o c a l i z a t i o n c h a r a c t e r i s t i c s of the occupied MO i n carbon 

monoxide; t h i s may be b e s t i l l u s t r a t e d by means of d e n s i t y contour 

maps, shown i n Figure 6.2 f o r C-0 ( i n t h a t molecular o r i e n t a t i o n ) , 

over an a r e a of 10 x 10 au. The 5a o r b i t a l may thus l o o s e l y be 

described as a lone p a i r on carbon. The degenerate lit o r b i t a l s 

are e s s e n t i a l l y p - o r b i t a l s j 24% of the Mulliken gross population 

i s l o c a t e d on carbon, with a bond overlap population of 0.116. 

The 4a o r b i t a l i s predominantly of oxygen lone p a i r c h a r a c t e r , 

w h i l s t the 3a o r b i t a l may be described as a s t r o n g l y bonding MO, 

with considerable 0 2s c h a r a c t e r . The 2a and l a o r b i t a l s (not shown 

i n Figure 6.2) are the carbon and oxygen I s o r b i t a l s , r e s p e c t i v e l y . 

The s i n g l e o r b i t a l r e l a x a t i o n energies accompanying 

c o r e - i o n i z a t i o n are shown i n Table 6.1 f o r an STO-6.33G plus 

p o l a r i z a t i o n b a s i s s e t . As a n t i c i p a t e d from the previous s e c t i o n . 
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Fi g . ( 6 . 2 ) E l e c t r o n d e n s i t y contour p l o t s f o r the v a l e n c e - o r b i t a l s 
of CO. 

the sums of the s i n g l e o r b i t a l r e l a x a t i o n energies ( i . e . , the 

average of c a l c u l a t i o n s (a) and (b)) agree e x a c t l y with those 

c a l c u l a t e d d i r e c t l y . Furthermore, Table 6.1 i l l u s t r a t e s t h a t the 

two types of c a l c u l a t i o n , (a) and ( b ) , r e s p e c t i v e l y over- and under­

estimate the 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 . The r e s u l t s are 

a l s o i n accord with chemical i n t u i t i o n . C l e a r l y , the c o n t r i b u t i o n 

from the l o c a l i z e d c o r e - o r b i t a l s i n CO to the t o t a l r e l a x a t i o n 

energy would be expected to be n e g l i g i b l e ; t h i s i s found to be the 

case. The r e l a t i v e c o n t r i b u t i o n from the 3o o r b i t a l i s e s s e n t i a l l y 

the same (15%, 13% of the t o t a l ) f o r both carbon and oxygen core-

i o n i z a t i o n ; t h i s i s not s u r p r i s i n g , s i n c e t h i s o r b i t a l i s the most 

bonding of the o - o r b i t a l s , and c o n t r i b u t i o n s to the r e l a x a t i o n 
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energy might t h e r e f o r e have been a n t i c i p a t e d to be small and 

s i m i l a r f o r c o r e - i o n i z a t i o n on e i t h e r atom. The s i t u a t i o n f o r 

the 4a and 5a o r b i t a l s i s more complex. On the b a s i s of the 

l o c a l i z a t i o n c h a r a c t e r i s t i c s , s i n c e the 4a o r b i t a l i s a lone p a i r 

on oxygen, and the 5a o r b i t a l a lone p a i r on carbon, a l a r g e 

c o n t r i b u t i o n to the t o t a l r e l a x a t i o n energy from these o r b i t a l s 

on c o r e - i o n i z a t i o n of oxygen and carbon, r e s p e c t i v e l y , might be 

expected. T h i s i s found to be the case (23%, 3 2 % ) ; the contribution 

to r e l a x a t i o n on c o r e - i o n i z a t i o n of the atom with no lone p a i r 

(carbon f o r the 4a o r b i t a l , oxygen f o r the 5a o r b i t a l ) i s expected 

to be s m a l l ; again, t h i s i s borne out by the r e s u l t s i n Table 6.1, 

w ith c o n t r i b u t i o n s corresponding to 9% and -3% of the t o t a l , 

r e s p e c t i v e l y . F i n a l l y , the degenerate i r - o r b i t a l s would be 

expected to give the most s i g n i f i c a n t c o n t r i b u t i o n to the t o t a l 

r e l a x a t i o n energy, t h a t c o n t r i b u t i o n on oxygen c o r e - i o n i z a t i o n 

being somewhat g r e a t e r . T h i s i s a l s o found to be the case (21%, 

33% from each i r - o r b i t a l , on carbon and oxygen c o r e - i o n i z a t i o n , 

r e s p e c t i v e l y ) . 

A more d e t a i l e d a n a l y s i s of the r e s u l t s f o r CO w i l l 

be presented i n a l a t e r s e c t i o n ; at t h i s point, however, i t i s 

c l e a r t h a t the method of determining the s i n g l e o r b i t a l c o n t r i ­

butions to the t o t a l r e l a x a t i o n energy used here gives r e s u l t s i n 

good accord with what one might have a n t i c i p a t e d on i n t u i t i v e 

grounds, and that t h i s approach shows considerable p o t e n t i a l f o r 

f u r t h e r i n g the understanding of the e l e c t r o n i c r e o r g a n i z a t i o n 

process. 

(b) B a s i s s e t Dependence 

Before a d e t a i l e d , s y s t e m a t i c study of a s e r i e s of 

molecules i s undertaken, i t i s of c o n s i d e r a b l e importance to choose 



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

Accordingly, the t o t a l e n e r g i e s , ASCF binding e n e r g i e s , and 

r e l a x a t i o n energies of CO, f o r a range of d i f f e r e n t b a s i s s e t s , 

are presented i n Table 6.2, c a l c u l a t e d a t the experimental 

e q u i l i b r i u m bond-length. The STO-4.31G b a s i s s e t has been 

desc r i b e d p r e v i o u s l y . 3d P o l a r i z a t i o n f u n c t i o n s were added to 

each atom, with exponents of 0.938 and 0.990 f o r carbon and oxygen, 
35 

taken from Yoshimine and McLean, to give an STO-4.31G + P b a s i s 

s e t . For the STO-6.33G b a s i s s e t , double z e t a f u n c t i o n s i n bases 

of contracted GTF were used, with the expansion parameters 

determined by a l e a s t - s q u a r e s f i t to STO a t the ST0-3G l e v e l ; 
32 

exponents were taken from Clementi. The same p o l a r i z a t i o n 
49 

functions were used to give an STO-6.33G + P b a s i s s e t . Dunning's 

(9s 5p/4s 2p) c o n t r a c t i o n of H u z i n a g a ' s 5 0 p r i m i t i v e s e t , with the 

same s e t of p o l a r i z a t i o n f u n c t i o n s , was a l s o employed, as was a 

S l a t e r Double Zeta b a s i s s e t . 

From Table 6.2, i t i s c l e a r t h a t Dunning's c o n t r a c t i o n 

g i v e s an e x c e l l e n t value for the t o t a l energy of CO; however, of 

prime i n t e r e s t i n t h i s i n v e s t i g a t i o n i s the r e l a x a t i o n energy 

accompanying c o r e - i o n i z a t i o n . Here, Dunning's c o n t r a c t i o n compares 

only poorly with the S l a t e r Double Zeta b a s i s s e t , w h i l s t the 

STO-6.33G + P b a s i s s e t , although e n e r g e t i c a l l y not as good as 

Dunning's c o n t r a c t i o n , provides a much b e t t e r d e s c r i p t i o n of the 

r e l a x a t i o n process. Since a study of a v a r i e t y of molecules was 

envisaged, i n c l u d i n g f l u o r i n e - c o n t a i n i n g molecules, and p o s s i b l y 

elements even higher i n the P e r i o d i c Table, i t was f e l t d e s i r a b l e 

to use a b a s i s s e t with p o l a r i z a t i o n f u n c t i o n s . A S l a t e r Double 

Zeta b a s i s s e t with p o l a r i z a t i o n would be p r o h i b i t i v e l y time-

consuming; i n t h i s event, although the Dunning c o n t r a c t i o n was quicker 
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computationally, the STO-6.33G + P b a s i s s e t was chosen, s i n c e i t 

gave r e l a x a t i o n energies of e s s e n t i a l l y S l a t e r Double Zeta q u a l i t y . 

The s i n g l e o r b i t a l r e l a x a t i o n energies accompanying C. 
•L 5 

and 0- c o r e - i o n i z a t i o n i n CO f o r some of these b a s i s s e t s are i s 
given i n Table 6.3. As might have been a n t i c i p a t e d from S e c t i o n 

6.1, i n a l l c a s e s , the sum of the s i n g l e o r b i t a l r e l a x a t i o n energies 

e x a c t l y equals the d i r e c t l y computed value. For the c o r e - o r b i t a l s 

( l a , 2 a ) , the STO b a s i s s e t s a l l under-estimate 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, w h i l s t the Dunning c o n t r a c t i o n does not. Of 

more importance, however, i s the f a c t t h a t f o r the valence o r b i t a l s , 

the STO-6.33G + P b a s i s s e t performs c o n s i s t e n t l y b e t t e r than 

Dunning's c o n t r a c t i o n , and much b e t t e r than the STO-4.31G b a s i s 

s e t s . T h i s v a l i d a t e s the choice of t h i s b a s i s s e t f o r f u r t h e r 

s t u d i e s . The general f e a t u r e s of the s i n g l e o r b i t a l r e l a x a t i o n 

energies accompanying c o r e - i o n i z a t i o n are, however, r e t a i n e d 

i r r e s p e c t i v e of the b a s i s s e t employed. For example, f o r the 

r e l a x a t i o n accompanying 0^ g c o r e - i o n i z a t i o n i n CO, the c o n t r i b u t i o n 

from the 5a o r b i t a l i s always small and negative, w h i l s t the 

dominant c o n t r i b u t i o n comes from the lir o r b i t a l s . 

6.3 S i n g l e O r b i t a l R e l a x a t i o n Energies Accompanying Core-
I o n l z a t i o n i n the First-Row Free Atoms 

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

Having made a p r e l i m i n a r y i n v e s t i g a t i o n of the method 

for determining 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 , and having chosen 

a b a s i s s e t (STO-6.33G + P) f o r subsequent s t u d i e s , a s u i t a b l e 

s t a r t i n g point i s a c o n s i d e r a t i o n of the f i r s t - r o w atoms, B to Ne. 

These systems have been w e l l - s t u d i e d t h e o r e t i c a l l y , and provide a 

s u i t a b l e background f o r the subsequent d i s c u s s i o n s of molecular 

systems. 



vo 

W 

3 

id 
•P 
<U 
N 

H 0) 
0) 
•P .Q 
id d «~l o 
W Q 

a, 
+ 
o 
m 

« 
vo 
O 
EH 
CO 

ft 
+ 
v7> 
c 

•H 

a 
$ 

P4 

+ 
H n 

O 
EH 
CO 

o 
n 

l 
O 
EH 
CO 

1 - 1 VD CN O O 
m m r » m o r -

vo o 
l 

<N O O 

IN w < O * O 
m n o vo vo o 

O fN n iH H O O 

m 

O vo o *a* 
i n i n i n vo o «N 

vo o M O O 

CTl 
O o \ i n vo o \ o 
ro ^ ON vo o O 

o> (N n o iH o O 

CTl 

r - m H 
CTI m vo 

O «* 
O r -

m o CM o O 

O 
9 l 

oo r» rH r -
t-i oo r» r - p» 

oo 
rH 

fM (N O rH O O 

m 

vo r - n oo o oo 
CN r » r » i n o O 

m o M CN 
I 

O O 

i n c\i n ON o 
CTl O oo VD o O 

vo 
H 

<N O H O O 00 

r» ro rH vo o oo 
(N r*» vo i n o O 

i n o fn (N o O 

vo 
O co o oo i n o 8 
vo f-H CM O H O O oo 

id 

H i n 
o b o o l n1 n IN H ] 

id 

rH i n 
o t> t> 

r r CM 
co 

01 

10 
rH 
id 
•P 
•H 
.Q 
H 
O 

vV 
•P 
id 
M 
0) 
G 
<U 

0) 
•O 

QJ 
Ji 
•P 

0 

0) 
a 
o 
o •p 
(0 
M 
(U 
VH 
0) 

0) 
M 

•H 
VH 

(0 
•rl 

EH 

id 



2^8 

6.3.2 R e s u l t s and D i s c u s s i o n 

The t o t a l energies and ASCF binding energies obtained 

i n t h i s study are shown i n Table 6.4, together with the Hartree-

Fock E n e r g i e s , neutral-atom e l e c t r o n binding energies from 

re l a x e d o r b i t a l r e l a t i v i s t i c HF-Slater c a l c u l a t i o n s , and e x p e r i ­

mental binding e n e r g i e s . The b a s i s s e t i s c l e a r l y adequate, the 

t o t a l energies being approximately 0.1% l e s s than the HF e n e r g i e s . 

The c a l c u l a t e d binding energies a t the ASCF l e v e l compare reasonably 

with the ASCF r e l a t i v i s t i c c a l c u l a t i o n s ; n e i t h e r of these allow 

for c o r r e l a t i o n e f f e c t s , however. 

The t o t a l r e l a x a t i o n energies accompanying core-

i o n i z a t i o n , together with the s i n g l e o r b i t a l c o n t r i b u t i o n s to the 

t o t a l r e l a x a t i o n energy, are shown i n Figure 6.3. I n going from 

B to Ne, there i s a steady i n c r e a s e i n the t o t a l r e l a x a t i o n energy 

Relaxation Energy (eV) 
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F i g . ( 6 . 3 ) RE accompanying c o r e - i o n i z a t i o n i n f i r s t - r o w atoms. 
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from 7.8 eV f o r B to 20.6 eV f o r Ne. The c o n t r i b u t i o n from the 

2s o r b i t a l s remains e s s e n t i a l l y constant a c r o s s the s e r i e s a t 

1.84 + 0.05 eV per e l e c t r o n ; the s i t u a t i o n f o r the 2p o r b i t a l s 

i s more complex. The c o n t r i b u t i o n from the s i n g l y - o c c u p i e d 2p 

o r b i t a l s decreases from 3.8 to 3.5 to 3.3 eV per e l e c t r o n . For 

the 0/ F and Ne atoms, the c o n t r i b u t i o n from the doubly-occupied 

2p o r b i t a l s (per e l e c t r o n ) i s v i r t u a l l y constant a t 2.77 + 0.02 eV; 

the remaining s i n g l y - o c c u p i e d 2p o r b i t a l c o n t r i b u t i o n i n c r e a s e s 

s l i g h t l y i n 0 and F to 3.44 eV. O v e r a l l , then, the 2s c o n t r i ­

bution per e l e c t r o n remains constant a c r o s s the s e r i e s , w h i l s t the 

average (DOMO and SOMO) 2p c o n t r i b u t i o n per e l e c t r o n decreases 

a c r o s s the s e r i e s , although the t o t a l 2p c o n t r i b u t i o n i s responsible 

f o r the steady i n c r e a s e i n r e l a x a t i o n energy a c r o s s the s e r i e s . 

6.4 S i n g l e O r b i t a l R e l a x a t i o n Energies Accompanying Core-ionization 
i n Some First-Row Diatomic Molecules 

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

A p r e l i m i n a r y account of the v a r i a t i o n i n core 

binding and r e l a x a t i o n energy as a functi o n of geometry has been 

presented i n Chapter 4, and a d e t a i l e d a n a l y s i s f o r the s i n g l e t 

and t r i p l e t s t a t e s of CH 2 and C F 2 i s being undertaken a t present. 
2 89 

I n a re c e n t paper, G o s c i n s k i and Palma have i n v e s t i g a t e d the 

r e l a t i v e importance of changes i n t o t a l r e l a x a t i o n energy as a 

functio n of bond-length, i n determining whether the e q u i l i b r i u m 

geometry f o r a c o r e - i o n i z e d s p e c i e s corresponds to an i n c r e a s e or 

decrease i n bond-length (with r e s p e c t to the n e u t r a l molecule). 

The p a r t i c u l a r systems of i n t e r e s t were nitrogen and carbon 

monoxide, f o r which the gradients of r e l a x a t i o n energies as a 

fun c t i o n of bond-length have p r e v i o u s l y been e s t a b l i s h e d . 1 7 0 
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The t o t a l r e l a x a t i o n energy ( p r i m a r i l y a s s o c i a t e d with 

the v a l e n c e - e l e c t r o n s ) a r i s e s from c o n t r i b u t i o n s from each of the 

occupied v a l e n c e - l e v e l s . The r e s u l t s presented so f a r i n t h i s 

chapter have shown t h a t c o n t r i b u t i o n s from i n d i v i d u a l o r b i t a l s 

depend q u i t e s t r i k i n g l y both on the l o c a t i o n of the core-hole and 

on the l o c a l i z a t i o n c h a r a c t e r i s t i c s of the v a l e n c e - o r b i t a l . To 

i n v e s t i g a t e t h i s i n more d e t a i l , the r e s u l t s of non-empirical 

LCAO MO SCF computations of approximately Double Zeta q u a l i t y on 

i n d i v i d u a l o r b i t a l r e l a x a t i o n s accompanying c o r e - i o n i z a t i o n i n 

carbon monoxide are presented here. The study covers: 

i ) 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 , and t h e i r v a r i a t i o n 

w ith bond-length; 

i i ) Mulliken population analyses of the i n d i v i d u a l molecular 

o r b i t a l s as a p r e l i m i n a r y i n d i c a t i o n of charge v a r i a t i o n 

accompanying c o r e - i o n i z a t i o n ; 

i l l ) d e n s i t y d i f f e r e n c e contours as a more d e t a i l e d p i c t o r i a l 

r e p r e s e n t a t i o n of i n d i v i d u a l o r b i t a l r e l a x a t i o n s . 

Taken i n conjunction, these methods provide a very adequate 

d e s c r i p t i o n of s i n g l e o r b i t a l r e l a x a t i o n . 

The v a r i a t i o n of binding energy and r e l a x a t i o n energy 

consequent upon c o r e - i o n i z a t i o n as a function of bond-length f o r the 

nitrogen molecule has a l s o been i n v e s t i g a t e d , together with the 

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 . Comparison i s made with the 

i s o e l e c t r o n i c CO molecule. 

6.4.2 Computational D e t a i l s 

The b a s i s s e t used and method of obta 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 energies have been adequately des c r i b e d i n a 

previous s e c t i o n . Density d i f f e r e n c e contours f o r the t o t a l 
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r e l a x a t i o n process have p r e v i o u s l y been presented f o r CO; i n 

t h i s study, the d e n s i t y d i f f e r e n c e contours appropriate to each 

i n d i v i d u a l molecular o r b i t a l have been constructed. The areas 

s t u d i e d were i n each case d i v i d e d i n t o a mesh of 97 x 97 p o i n t s . 

The same geometry ( v i z . the e q u i l i b r i u m geometry of the n e u t r a l 

molecule) was used f o r both the ground and c o r e - i o n i z e d s t a t e s , 

and the planes s t u d i e d were the molecular plane (10 x 10 au) and 

a plane perpendicular to t h i s , b i s e c t i n g the bond ( 8 x 8 au). 

Contours are drawn from 0.0004 au, each contour s u c c e s s i v e l y 

doubling i n value u n t i l a maximum of 0.8 au i s reached. P o s i t i v e 

values are represented by s o l i d l i n e s ; corresponding negative 

values by dashed l i n e s . A l l d i f f e r e n c e p l o t s are of the ground-

s t a t e minus the h o l e - s t a t e ; thus, dashed l i n e s i n d i c a t e an increase 

i n e l e c t r o n d e n s i t y subsequent on c o r e - i o n i z a t i o n . The valence 

o r b i t a l p l o t s are a l l to the same s c a l e ; those f o r the core-

o r b i t a l s , however, are a f a c t o r of approximately three l a r g e r . 

I n some senses, the nitrogen molecule i s considerably 

more d i f f i c u l t to t r e a t t h e o r e t i c a l l y w i t h i n the formalism previously 

d e s c r i b e d , i n that the computation of the i n d i v i d u a l valence-

o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energy r e q u i r e s the 

appropriate l o c a l i z e d v e c t o r s for the n e u t r a l molecule ( s i n c e i n 

the ASCF RHF formalism, the h o l e - s t a t e i s d e s c r i b e d i n l o c a l i z e d 

terms). One way to obtain l o c a l i z e d v e c t o r s i s by the a p p l i c a t i o n 

of a p e r t u r b a t i o n to the system. I n t h i s p a r t i c u l a r case, an 

e l e c t r i c f i e l d a cross the molecule was a p p l i e d t o remove the 

symmetry of the system and thereby l o c a l i z e the v e c t o r s . T h i s 

w i l l be d i s c u s s e d i n more d e t a i l i n a subsequent s e c t i o n . 
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6.4.3 Carbon Monoxide 

a) I n t r o d u c t i o n 

The b a s i s s e t employed for t h i s i n v e s t i g a t i o n was 

chosen as a reasonable compromise between c o s t e f f e c t i v e n e s s from 

the computing standpoint and accuracy. Table 6.5 shows the 

computed e q u i l i b r i u m bond-lengths for the n e u t r a l molecule and 

c o r e - i o n i z e d s p e c i e s , together w i t h the c a l c u l a t e d absolute 

binding and r e l a x a t i o n e n e r g i e s . For comparison, data i s a l s o 

i n c l u d e d f o r computations employing b a s i s s e t s of S l a t e r Double 

Zeta f u n c t i o n s , and S l a t e r Double Zeta plus p o l a r i z a t i o n f u n c t i o n s , 

denoted T r i p l e Zeta. The s l i g h t l y poorer d e s c r i p t i o n of the 

c o r e - o r b i t a l s gives a s i g n i f i c a n t l y higher t o t a l energy f o r the 

n e u t r a l molecule; however, the good d e s c r i p t i o n of the valence-

l e v e l s r e q u i r e d f o r the adequate d e s c r i p t i o n of r e l a x a t i o n and 

binding energies i s c l e a r l y evident, s i n c e the b a s i s s e t chosen 

approaches the accuracy of t h a t f o r the S l a t e r Double Zeta s e t . 

T h i s i s a l s o found to be the case f o r the computed bond-lengths. 

O v e r a l l , t h e r e f o r e , the b a s i s provides a good d e s c r i p t i o n of the 

ground and h o l e - s t a t e s as a function of i n t e r n u c l e a r s e p a r a t i o n . 

Figure 6.4 shows the change i n binding energy ( v e r t i c a l ) , r e l a x a t i o n 

energies and Koopmans1 energies f o r the C l g ( s o l i d l i n e ) and 0 l g 

(dotted l i n e ) h o l e - s t a t e s as a function of bond extension or 

compression i n carbon monoxide. The g r a d i e n t s f o r the r e l a x a t i o n 

energies are e s s e n t i a l l y the same as those p r e v i o u s l y r e p o r t e d ^ 0 

using the S l a t e r Double Zeta b a s i s s e t (0.27 and 2.42 eV a u - 1 f o r 
C l s ' °ls r e s P e c t i v e l Y / compared with 0.26 and 2.40 eV a u - 1 ) . I t 

i s c l e a r from a comparison with the change i n core o r b i t a l 

energies t h a t the s u b s t a n t i a l lengthening of the bond a s s o c i a t e d 
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Energy (in eV) 

0-6 

ABE(Koopmons) 

ABE.(ASCFI 
ABE.IASCF) 

ARE 

0-2 

ABE(Koopmans) 

Change r\ 
band length 

0-1 ,005 (in au) ARE 

0-2 

04 

-0« 

F i g . ( 6 . 4 ) V a r i a t i o n of ASCF BE, Koopmans' BE and t o t a l RE as a 
function of bond-length. 

with 0^ g c o r e - i o n i z a t i o n i s l a r g e l y a s s o c i a t e d w i t h the strong 

change i n r e l a x a t i o n energy as a function of bond-length; t h i s 

c o n t r a s t s with the s i t u a t i o n f o r the C^ g c o r e - i o n i z e d s p e c i e s , f o r 

which the e q u i l i b r i u m bond-length i s somewhat s h o r t e r than the 

n e u t r a l molecule. T h i s point has been considered i n some d e t a i l 

r e c e n t l y by Goscin&ki and Palma from the standpoint of the t r a n s -
2 89 

i t i o n formalism. 

b) S i n g l e O r b i t a l Relaxation E n e r g i e s 

I n d i v i d u a l o r b i t a l r e l a x a t i o n energies have been given 

i n Table 6.1 f o r and 0 l s c o r e - i o n i z a t i o n of CO at the e x p e r i ­

mental bond-length. The s a l i e n t f e a t u r e s of t h a t t a b l e w i l l be 
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b r i e f l y r e c a p i t u l a t e d here to provide the necessary background 

for subsequent d i s c u s s i o n . For the C^ g l e v e l s , the l a r g e 

c o n t r i b u t i o n to the r e l a x a t i o n energy comes from the 5o (lone 

p a i r on C) o r b i t a l ; f o r 0^ g c o r e - i o n i z a t i o n , the c o n t r i b u t i o n 

from t h i s o r b i t a l i s sm a l l and negative. The degenerate lir 

o r b i t a l s c o n t r i b u t e s u b s t a n t i a l l y to the r e l a x a t i o n accompanying 
C l s ^ - o n ^ z a t i o n » a n <* represent the dominant c o n t r i b u t i o n to the 

t o t a l r e l a x a t i o n energy f o r the 0^ g h o l e - s t a t e . The 4a (lone 

p a i r on 0) o r b i t a l c o n t r i b u t e s s u b s t a n t i a l l y to 0, r e l a x a t i o n , 
•L S 

but not to C^ s r e l a x a t i o n ; and the 3a o r b i t a l c o n t r i b u t i o n i s 

s m a l l and s i m i l a r f o r both 0, and C, c o r e - i o n i z a t i o n . 
I s I s 

The d i f f e r e n t c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n 

energy from each of the occupied v a l e n c e - o r b i t a l s i n CO, as a 

function of the h o l e - s t a t e , i s d r a m a t i c a l l y shown i n Figure 6.5, 

where comparison i s a l s o made with the o r b i t a l r e l a x a t i o n s 
accompanying c o r e - i o n i z a t i o n of C and 0 atoms. 
Relaxation Energy (in eV) 

7 C 1 s 

6 

5 

U 

01s .Iff 

£ Scr ; 2s 2s 
3 ^ V 2p " \ ^ ^ , 2p 

2 

1 * — v 

0 

-1 
C CO 0 C CO 0 

Fig. ( 6 . 5 ) S i n g l e o r b i t a l r e l a x a t i o n energies accompanying C. and 
Am 8 

°ls c o r e " i o n i z a t l o n i n CO. 
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c) Mulliken Population A n a l y s i s 

The Mulliken population analyses f o r both the n e u t r a l 

molecule and c o r e - i o n i z e d s p e c i e s are d i s p l a y e d i n Table 6.6. 

However, such an a n a l y s i s can at b e s t provide only a crude 

r a t i o n a l e f o r the trends i n r e l a x a t i o n e n e r g i e s . Thus f o r the 

5a o r b i t a l , the o v e r a l l e l e c t r o n t r a n s f e r accompanying core-

i o n i z a t i o n i s away from the atom on which the core-hole i s c r e a t e d , 

which might a priori suggest t h a t the o r b i t a l r e l a x a t i o n energies 

should both be s m a l l . The o r b i t a l r e l a x a t i o n energy fo r the C^ g 

c o r e - i o n i z e d s p e c i e s , however, r e c e i v e s i t s l a r g e s t c o n t r i b u t i o n 

from the 5a o r b i t a l , w h i l s t f o r the 0^ g c o r e - i o n i z e d s p e c i e s , the 

r e l a x a t i o n energy c o n t r i b u t i o n i s a c t u a l l y s m a l l and negative. 

T h i s can be r a t i o n a l i z e d i n terms of the f i n e d e t a i l s of e l e c t r o n i c 

r e o r g a n i z a t i o n as evidenced from the d e n s i t y contour maps. The 

nature of the gross e l e c t r o n t r a n s f e r s t h a t occur may be understood 

however i n terms of the r e l a t i v e o r b i t a l energy mismatch between 

valence 2s and 2p o r b i t a l s on carbon and oxygen as a f u n c t i o n of 

the l o c a t i o n of the core-hole. Thus, i n going from the n e u t r a l 

molecule to the C^ g c o r e - i o n i z e d system, the energy mismatch 

decreases, such t h a t the percentage s c h a r a c t e r of the 5o o r b i t a l , 

as f a r as carbon i s concerned, decreases. Since the negative 

bond overlap population between carbon and oxygen for t h i s o r b i t a l 

o r i g i n a t e s i n the C- - 0- i n t e r a c t i o n , on going from the ground-
zs ^ 

s t a t e to c o r e - i o n i z e d s t a t e , the antibonding i n t e r a c t i o n decreases. 

For the 0^ g h o l e - s t a t e however, the i n c r e a s e d c h a r a c t e r of 

the 5a o r b i t a l leads to a considerably i n c r e a s e d antibonding 

i n t e r a c t i o n . With the exception of the 3a o r b i t a l f o r the 0 l g 

c o r e - i o n i z e d case, the e l e c t r o n i c r e o r g a n i z a t i o n accompanying core-

i o n i z a t i o n follows the expected trend on the b a s i s of the p o s i t i v e 

c o n t r i b u t i o n s to the i n d i v i d u a l r e l a x a t i o n energies ( v i z . c r e a t i o n 
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of a core-hole on one atom r e s u l t s i n e l e c t r o n t r a n s f e r from the 

o t h e r ) . For the 3a o r b i t a l , the net population on oxygen 

i n c r e a s e s ; however, s i n c e the overlap d e n s i t y i s q u i t e s u b s t a n t i a l 

as an a r t e f a c t of the equal apportionment to both n u c l e i , the 

gross atomic population on oxygen i s a c t u a l l y c a l c u l a t e d to 

decrease on 0^ g c o r e - i o n i z a t i o n . T h i s again can be d i s c u s s e d 

i n somewhat more d e t a i l on the b a s i s of the d e n s i t y d i f f e r e n c e 

contours, as can the e l e c t r o n i c r e o r g a n i z a t i o n s i n the core-

o r b i t a l s accompanying c o r e - i o n i z a t i o n , which are found to be 

n e g l i g i b l e as f a r as the Mulliken a n a l y s i s i s concerned. 

d) Density D i f f e r e n c e Contours 

Since accurate d e n s i t y contours f o r the v a l e n c e -
290 

o r b i t a l s of CO have been e x t e n s i v e l y documented (Figure 6.2), 

the d i s c u s s i o n here i s centred on d e n s i t y d i f f e r e n c e contours fo r 

the n e u t r a l molecule and c o r e - i o n i z e d s p e c i e s . The t o t a l 

e l e c t r o n i c r e l a x a t i o n accompanying c o r e - i o n i z a t i o n i n CO by means 

of t o t a l d e n s i t y d i f f e r e n c e p l o t s computed i n the molecular plane 

and i n a plane perpendicular to the molecular a x i s b i s e c t i n g the 

bond has p r e v i o u s l y been i n v e s t i g a t e d . S u c h p l o t s are most 

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

c o r e - i o n i z a t i o n . I t i s found t h a t w h i l s t i n going to the C l f l 

core hole s t a t e , there i s a b u i l d up of d e n s i t y i n the inter-bond 

region, f o r the 0, core hole s t a t e there i s a decrease; t h i s 
-L s 

provides a r a t i o n a l e f o r the r e s u l t s obtained by d i r e c t computation 

t h a t the e q u i l i b r i u m bond-lengths are r e s p e c t i v e l y s h o r t e r and 

l a r g e r f o r the C^ g and 0^ g c o r e - i o n i z e d s p e c i e s compared w i t h the 

n e u t r a l molecule. I n the l i g h t of the c o n s i d e r a b l e d i f f e r e n c e s 

i n 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 t i s c l e a r t h a t o r b i t a l d e n s i t y 
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d i f f e r e n c e p l o t s should provide considerable i n s i g h t i n t o the 

component terms of the t o t a l r e l a x a t i o n energy. 

The r e l a x a t i o n f o r the c o r e - o r b i t a l s i s very s m a l l . 

T h i s i s r e f l e c t e d by the d e n s i t y d i f f e r e n c e contours. To emphasize 

r e o r g a n i z a t i o n of c o r e - o r b i t a l s , t h e r e f o r e , the d e n s i t y d i f f e r e n c e 

contours shown i n Figure 6.6 correspond to those appropriate f o r 

\\\ 

A B 

C D 

F i g . ( 6 . 6 ) Density d i f f e r e n c e contours i n the molecular plane 
showing the e l e c t r o n i c r e o r g a n i z a t i o n accompanying 
c o r e - i o n i z a t i o n f o r the l a and 2a o r b i t a l s of CO. 

a s i n g l e e l e c t r o n i n both the r e l a x e d and unrelaxed o r b i t a l . The 

complete d e n s i t y d i f f e r e n c e for these o r b i t a l s i n v o l v e s a doubly-

occupied ground-state with the appropriate h o l e - s t a t e being 
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singly-occupied. The net e f f e c t of t h i s would be to produce a 

somewhat asymmetric d e n s i t y d i f f e r e n c e p l o t with a l l of the 

contours p o s i t i v e . T h i s makes i t d i f f i c u l t to appreciate the 

d i s t o r t i o n of the o r b i t a l s , and i t i s t h e r e f o r e p r e f e r a b l e to 

present the d e n s i t y d i f f e r e n c e f o r equal population. Considering 

f i r s t l y c r e a t i o n of a core-hole on carbon (A and B) i t i s c l e a r 

that f o r the 2a o r b i t a l (centred on carbon, A), the asymmetry of 

e l e c t r o n flow (from the v a l e n c e - e l e c t r o n s ) i s manifest i n the 

ground-state; the decrease i n e l e c t r o n d e n s i t y i s l a r g e l y i n the 

s e c t o r i n the opposite d i r e c t i o n to the lone p a i r 5a o r b i t a l 

providing the l a r g e s t s i n g l e c o n t r i b u t i o n to the r e l a x a t i o n energy. 

The p o l a r i z a t i o n of the l a o r b i t a l (centred on oxygen, B) i s a l s o 

c l e a r from t h i s , s i n c e although the population i s e s s e n t i a l l y the 

same as f o r the n e u t r a l molecule, the contour i s asymmetric i n the 

same sense as t h a t f o r the 2a o r b i t a l . T h i s i s r e a d i l y under­

standable i n terms of the o v e r a l l e l e c t r o n i c migration towards the 

carbon atom on c r e a t i o n of the core-hole. Considering now creation 

of a core-hole on oxygen (C and D), i t i s found t h a t the d e n s i t y 

d i f f e r e n c e p l o t f o r the l a o r b i t a l (D) i s f a i r l y symmetrical, 

showing l i t t l e p o l a r i z a t i o n from v a l e n c e - o r b i t a l s . For the 2a 

o r b i t a l ( C ) , the contour p l o t i s asymmetric i n the sense of the 

oxygen hole; v i z . , e l e c t r o n d e n s i t y i s t r a n s f e r r e d onto the s i d e 

towards the core-hole. This p o l a r i z a t i o n i s analogous to t h a t 

found i n the lo o r b i t a l when a core-hole i s c r e a t e d on carbon. 

The s i t u a t i o n f o r the valence o r b i t a l s i s considerably more complex. 

Figure 6.7 d i s p l a y s the data for the 5o o r b i t a l . The o r i e n t a t i o n 

of the molecule and the l e t t e r i n g i s c o n s i s t e n t f o r Figures 6.7 

to 6.10. Thus, A and B represent the molecular plane, the carbon 

atom being l o c a t e d on the l e f t ; C and D show contours i n a plane 
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i 0 f 

B 

Fig.(6.7) Density d i f f e r e n c e contours f o r the 5o o r b i t a l i n CO. 

through the molecular a x i s , b i s e c t i n g the bond. A and C show 

C, c o r e - i o n i z a t i o n , B and C show 0, c o r e - i o n i z a t i o n . For the I s I s 
C l g c o r e - i o n i z e d system, which has a l a r g e , p o s i t i v e o r b i t a l 

r e l a x a t i o n energy, the contours taken i n the plane perpendicular 

to the i n t e r n u c l e a r a x i s show an i n c r e a s e i n d e n s i t y on going to 

the c o r e - i o n i z e d s p e c i e s . T h i s corresponds with the i n c r e a s e d 

bond overlap population revealed by the Mulliken population 

a n a l y s i s , suggesting t h a t the r e l a x a t i o n energy c o n t r i b u t i o n 

might i n c r e a s e with a decrease i n bond-length. The e l e c t r o n i c 

r e o r g a n i z a t i o n r e v e a l e d by the computed in-plane d e n s i t y d i f f e r e n c e 

contours f o r the 5a o r b i t a l i s q u i t e complex. The Mulliken 

population a n a l y s i s suggests o v e r a l l e l e c t r o n t r a n s f e r from carbon 

to oxygen. The contours r e v e a l , however, t h a t i n the immediate 

v i c i n i t y of the n u c l e i and i n the i n t e r a t o m i c region there i s a 

s i g n i f i c a n t i n c r e a s e i n e l e c t r o n d e n s i t y i n going to the core-ionized 
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s p e c i e s . E l e c t r o n t r a n s f e r from carbon to oxygen I s t h e r e f o r e 

predominantly a s s o c i a t e d with the regions d i r e c t e d away from the 

t e r m i n i of the bond. Th i s can be r a t i o n a l i z e d on the b a s i s of the 

i n c r e a s e d i n t e r a c t i o n between the component o r b i t a l s l o c a t e d on a 

c o r e - i o n i z e d carbon and on oxygen, compared with the s i t u a t i o n i n 

the n e u t r a l molecule. For 0, c o r e - i o n i z a t i o n , the contour taken 
I s 

p erpendicular to the i n t e r n u c l e a r a x i s shows a decrease i n 

population on c o r e - i o n i z a t i o n , w h i l s t the in-plane contour r e v e a l s 

an o v e r a l l decrease i n population around the oxygen. T h i s 

provides a r a t i o n a l e f o r the computed negative o r b i t a l r e l a x a t i o n 

energy. 

The d e n s i t y d i f f e r e n c e contours f o r the In o r b i t a l s 

are shown i n F i g u r e 6.8. For the contour perpendicular to the 

molecular a x i s , the behaviour w i t h r e s p e c t to 0^ g and C l g core-

i o n i z a t i o n i s considerably d i f f e r e n t . For 0^ g c o r e - i o n i z a t i o n 

the d e n s i t y decreases, w h i l s t i n the bonding region c l o s e to the 

i n t e r n u c l e a r a x i s the population i n c r e a s e s f o r C l g c o r e - i o n i z a t i o n . 

The corresponding in-plane contours are a l s o shown, r e v e a l i n g a 

s t r a i g h t f o r w a r d e l e c t r o n t r a n s f e r to the atom on which the core-

hole i s created, c o n s i s t e n t with the p o s i t i v e c o n t r i b u t i o n to 

the r e l a x a t i o n energy fo r c o r e - i o n i z a t i o n from e i t h e r c o r e - o r b i t a l . 

For the 4a o r b i t a l , the contours taken perpendicular 

to the molecular a x i s d i f f e r q u i t e s t r i k i n g l y f o r 0 l g and C^ g core-

i o n i z a t i o n (Figure 6.9). For the former, there i s an i n c r e a s e 

i n d e n s i t y i n the bonding region, w h i l s t f o r the l a t t e r t h ere i s 

a decrease i n d e n s i t y , which i s r e l a t i v e l y d i f f u s e i n c h a r a c t e r . 

T h i s r e f l e c t s the r e l a t i v e changes i n bond overlap populations 
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F i g . (6.8) Density d i f f e r e n c e contours f o r the lir o r b i t a l s i n CO. 

as deduced from the Mulliken population a n a l y s i s . The in-plane 

contours r e v e a l an o v e r a l l e l e c t r o n t r a n s f e r from oxygen to 

carbon accompanying C^ g c o r e - i o n i z a t i o n ; however, t h i s i s l a r g e l y 

a s s o c i a t e d with the non-bonding regions, and i n consequence the 

o r b i t a l r e l a x a t i o n energy i s q u i t e s m a l l . For Q l g c o r e - i o n i z a t i o n 

on the other hand, there i s a s u b s t a n t i a l build-up of e l e c t r o n 

d e n s i t y , both on the oxygen and i n the i n t e r n u c l e a r region. T h i s 

i s predominantly at the expense of the non-bonding regions, and 
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i I ' I 

Fig.(6.9) Density d i f f e r e n c e contours f o r the 4o o r b i t a l i n CO. 

the c o n t r i b u t i o n to the t o t a l r e l a x a t i o n energy f o r 0 l g core-

i o n i z a t i o n i s s u b s t a n t i a l . For the 3o o r b i t a l (Figure 6.10), the 

contour p l o t s taken perpendicular to the molecular a x i s are s i g n i ­

f i c a n t l y d i f f e r e n t ; t h a t f o r C l g i o n i z a t i o n e x h i b i t s an i n c r e a s e 

i n density which i s somewhat extended i n space, w h i l s t although 

t h a t f o r the 0, i o n i z a t i o n a l s o e x h i b i t s an i n c r e a s e i n the i s 
region c l o s e to the molecular a x i s , i t shows a decrease a t l a r g e r 

d i s t a n c e s . The crude o v e r a l l p i c t u r e provided by the Mulliken 

population a n a l y s i s t h e r e f o r e r e c e i v e s some support from the more 

d e t a i l e d p i c t u r e provided by the contour p l o t s . For the C^ g hole-

s t a t e , there i s a b u i l d up of e l e c t r o n d e n s i t y around the carbon, 

l a r g e l y a t the expense of the non-bonding region about oxygen; 

w h i l s t f o r the 0^ g h o l e - s t a t e , the corresponding i n c r e a s e i n d e n s i t y 

on oxygen o r i g i n a t e s mainly from the bonding region. The 
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Fig.(6.10) Density d i f f e r e n c e contours f o r the 3a o r b i t a l i n CO. 

c a l c u l a t e d o r b i t a l r e l a x a t i o n energies are i n both cases q u i t e 

s u b s t a n t i a l and p o s i t i v e . 

e) O r b i t a l R e l a x a t i o n Energies as a Function of 
Bond-Length 

Previous t h e o r e t i c a l s t u d i e s on CO and the core-

i o n i z e d s p e c i e s i n d i c a t e d t h a t the t o t a l r e l a x a t i o n energies 

a s s o c i a t e d with C, and 0. c o r e - i o n i z a t i o n i n c r e a s e as a f u n c t i o n 
i s i s 

170 
of bond-length i n an approximately l i n e a r manner, at l e a s t over 

r e a l i s t i c ranges of bond extensions and compressions about the 

bond-length appropriate to the n e u t r a l system ( c f . Figure 6.4). 

The complex dependence of the i n d i v i d u a l l y computed o r b i t a l 

r e l a x a t i o n energies on both the l o c a t i o n and l o c a l i z a t i o n c h a r a c t e r ­

i s t i c s of the o r b i t a l provides a considerable i n c e n t i v e f o r 

i n v e s t i g a t i n g the dependence of these o r b i t a l r e l a x a t i o n energies 
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on bond-length. The r e l e v a n t data are d i s p l a y e d i n Figure 6.11, 

and form an i n t e r e s t i n g comparison f o r c o r e - i o n i z a t i o n of the C, 
X s 

cte* OH 
AREIineV) AREIineV) 

0* 04 

0-3 03 Totpl 

0-2 0-2 

lir 0-1 0-1 
Total 

Change rt 0-1 1IT 005 bond length lau) 
0-1 005 01 005 01 

01 0-1 

0-2 

0-3 

04 

Fig.(6.11) Changes i n s i n g l e o r b i t a l r e l a x a t i o n energies as a 
function of bond-length. 

and 0, l e v e l s . For the C, core hole s t a t e , the 5a o r b i t a l I s I s 
r e l a x a t i o n i s s t r o n g l y dependent on bond-length, decreasing l i n e a r l y 

with i n c r e a s i n g bond-length, the slope being -2.8 eV au~^. T h i s 

may be r a t i o n a l i z e d p i c t o r i a l l y by c o n s i d e r a t i o n of the d e n s i t y 

d i f f e r e n c e contours p r e v i o u s l y described (Figure 6.7). For the 

°ls c o r e hole s t a t e , f o r which the r e l a x a t i o n energy i s computed 

to be negative, the change as a f u n c t i o n of bond-length i s i n the 

same sense as f o r the C^ s core hole s t a t e ; however the gradient i s 

<v 50% s m a l l e r . 

The o r b i t a l r e l a x a t i o n energies f o r the degenerate lir 

o r b i t a l s show n e g l i g i b l e dependence on bond-length f o r the C^ g 

h o l e - s t a t e ; however, for the 0^ g h o l e - s t a t e , the slope i s p o s i t i v e . 

The d e n s i t y contours perpendicular to the molecular plane i n d i c a t e 

an o v e r a l l decrease i n population on going from the n e u t r a l molecule 

to the 0^ s c o r e - i o n i z e d system; however, as has been p r e v i o u s l y 
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noted, fo r the C^ g c o r e - i o n i z e d system, the build-up i n e l e c t r o n 

d e n s i t y i n the i n t e r n u c l e a r region c l o s e to the molecular a x i s 

i s o f f s e t by a decrease i n the more remote i n t e r n u c l e a r regions, 

such t h a t o v e r a l l there i s l i t t l e change i n e l e c t r o n d e n s i t y i n 

t h i s region. For the 4a o r b i t a l , which co n t r i b u t e s a l a r g e 

proportion of the r e l a x a t i o n energy for the 0^ g c o r e - i o n i z e d 

system, the r e l a x a t i o n energy i n c r e a s e s as a function of bond-

length. T h i s , taken i n conjunction with the c o n t r i b u t i o n s 

provided by the lir o r b i t a l s of comparable dependence on bond-

length, o f f s e t s the negative c o n t r i b u t i o n provided by the 5o 

o r b i t a l , such t h a t the t o t a l r e l a x a t i o n energy i n c r e a s e s q u i t e 

s i g n i f i c a n t l y with bond-length. For the C l g c o r e - i o n i z e d system 

however, the r e l a x a t i o n energy fo r the 4a o r b i t a l shows an even 

stronger dependence on bond-length, the slope being 3.8 eV au-*" 

compared with 1.3 eV a u " 1 f o r the 0 l g h o l e - s t a t e . I t i s the 

c o n t r i b u t i o n from t h i s o r b i t a l which determines t h a t the o v e r a l l 

r e l a x a t i o n energy accompanying C, i o n i z a t i o n i n c r e a s e s as a 

function of bond-length, a l b e i t s l i g h t l y . 

For the 3a o r b i t a l , the dependence of r e l a x a t i o n energy 

on bond-length i s comparatively s m a l l and approximately the same 

magnitude but of the opposite s i g n f o r the C l g and 0 l g h o l e - s t a t e s ; 

indeed, the r e l a x a t i o n energies c o n t r i b u t e approximately the same 

proportion of the t o t a l r e l a x a t i o n energy i n the two c a s e s . The 

population a n a l y s i s and d e n s i t y d i f f e r e n c e contours suggest a 

comparable build-up of e l e c t r o n d e n s i t y i n the i n t e r n u c l e a r region 

f o r the two h o l e - s t a t e s , d e s p i t e the f a c t t h at the dependence of 

r e l a x a t i o n energies on bond-length are opposite i n s i g n . 

Nonetheless, the changes i n gross atomic populations as a f u n c t i o n 

of bond-length for the two core hole s t a t e s , d i s p l a y e d i n F i g u r e 6.12, 
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Fig.(6.12) Change i n Mulliken gross atomic population of the 
core-hole atom as a function of bond-length. 

show a remarkable correspondence with the changes i n r e l a x a t i o n 

e n e r g i e s . 

6.4.4 Nitrogen Molecule 

An i n v e s t i g a t i o n of the core hole s t a t e s of N 2, with 

p a r t i c u l a r emphasis on 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 z a t i o n , and on the v a r i a t i o n of t o t a l r e l a x a t i o n energy 

as a function of bond-length, has p r e v i o u s l y been descr i b e d . 

I n t h i s s e c t i o n , the r e s u l t s of an i n v e s t i g a t i o n of the i n d i v i d u a l 

v a l e n c e - o r b i t a l c o n t r i b u t i o n s to the r e l a x a t i o n energy as a 

f u n c t i o n of bond-length are presented. Before c o n s i d e r i n g t h i s 

data however, i t i s worthwhile i n v e s t i g a t i n g the change i n 

p o t e n t i a l energy s u r f a c e consequent upon c o r e - i o n i z a t i o n . I t has 

been shown''"^° that the p o t e n t i a l energy s u r f a c e f o r the l o c a l i z e d 

core hole s t a t e of N 2 corresponds to a s h o r t e r N-N bond-length 

than f o r the n e u t r a l molecule. I t might be thought t h a t such 
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changes i n p o t e n t i a l energy s u r f a c e s are s o l e l y m a n i f e s t a t i o n s 

of e l e c t r o n i c r e o r g a n i z a t i o n s accompanying c o r e - i o n i z a t i o n s . 

This i s not e n t i r e l y t r u e , however; i t i s p o s s i b l e to compute the 

p o t e n t i a l energy s u r f a c e f o r the c o r e - i o n i z e d s t a t e n e g l e c t i n g 

r e l a x a t i o n e f f e c t s . As may be seen from Table 6.7, the computed 

change i n bond-length of 0.048 au f o r nitrogen compares with t h a t 

computed from the h o l e - s t a t e c a l c u l a t i o n s of 0.018 au; v i z . , the 

i n c l u s i o n of r e l a x a t i o n e f f e c t s leads to a s u b s t a n t i a l decrease 

i n the computed bond-length change i n t h i s case. Confusion on 

the r o l e of r e l a x a t i o n e f f e c t s i n changing the p o t e n t i a l energy 

s u r f a c e s i n going from the n e u t r a l molecule to the core hole s t a t e 

stems from two l i n e s of i n c o r r e c t reasoning: 

i ) C ore-electrons are e s s e n t i a l l y non-bonding, and t h e r e f o r e i n 

the absense of r e l a x a t i o n e f f e c t s , i t might n a i v e l y be 

a n t i c i p a t e d t h a t there i s l i t t l e change i n p o t e n t i a l energy 

s u r f a c e i n going from the ground to the core hole s t a t e . 

T h i s i s not the case however, s i n c e even i f the d e n s i t y 

d i s t r i b u t i o n remained e s s e n t i a l l y the same, i t s energy would 

be i n f l u e n c e d by the decreased screening o r i g i n a t i n g from the 

atom on which the core-hole i s l o c a t e d , and t h i s w i l l be a 

function of the bond-length. 

i i ) Koopmans1 Theorem fo r the core hole s t a t e w i l l not i n general 

be a strong function of the bond-length. For a decrease i n 

bond-length of 0.1 au, the Koopmans' Theorem binding energy 

for the N^ s l e v e l s changes by ^ 0.01 au; i t might t h e r e f o r e 

be argued t h a t any change i n bond-length on i o n i z a t i o n i s 

a t t r i b u t a b l e to r e l a x a t i o n e f f e c t s . The problem here i s 

that Koopmans' Theorem merely provides an energy d i f f e r e n c e 

between the ground-state and core hole s t a t e i n the absence of 
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TABLE 6.7 E q u i l i b r i u m Bond-Lengths, Force Constants, Binding 
Energy and Re l a x a t i o n Energy f o r 

Nitrogen, E q u i l i b r i u m 
Bond-Length 
(au) 

Force Constant 
(mdynes. 8 ^) 

Ground-State 2.098 26.30 
Hole-State 2.080 25.53 
"Koopmans1" 2.050 27.40 
Experimental 2.074 a 22.96 b 

Experimental N 2 bond-length: 

ASCF Binding Energy 
Koopmans1 Binding Energy 
R e l a x a t i o n Energy 

eV 

412.88 
428.23 
15.35 

S i n g l e O r b i t a l C ontributions to the R e l a x a t i o n Energy! 

O r b i t a l 

lir 

5a 

4o 

3a 

( l w u ) 

(3a g) 

( 2 a u ) 

( 2 a g ) 

l a + 2a ( l a + l a ) g u 
Sum 

eV 

4.37 

0.30 

3.62 

1.90 

0.80 

15.36 

a Ref. 214 
b Ref. 291 
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r e l a x a t i o n e f f e c t s , and f o r i n d i v i d u a l points on the bond-

length coordinate. To cons t r u c t the unrelaxed p o t e n t i a l 

energy s u r f a c e , however, the v a r i a t i o n i n energy of the 

ground-state as a function of bond-length must a l s o be taken 

i n t o account. When t h i s i s c a r r i e d out, the p o t e n t i a l 

energy s u r f a c e w i l l i n e v i t a b l y be d i s p l a c e d . 

I t i s thus not i n general true to say that changes i n 

e q u i l i b r i u m bond-lengths consequent upon c o r e - i o n i z a t i o n are s o l e l y 

a t t r i b u t a b l e to r e l a x a t i o n e f f e c t s . 

The computed i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the 

t o t a l r e l a x a t i o n energy are displayed i n Table 6.7, w h i l s t 

Figure 6.13 shows the o r b i t a l i n t e r a c t i o n diagram of two N atoms 

to give N 2, together with the appropriate 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 . The c a l c u l a t e d molecular o r b i t a l energy diagram f o r the 

N 2 molecule i s p a r t i c u l a r l y simple; to provide a ready comparison 

with CO, the o r b i t a l notation l a , 2a, 3a, .... i s used (Table 6.7). 

On c o r e - i o n i z a t i o n , with a l o c a l i z e d h o l e - s t a t e , the l u u ( I T T ) 

o r b i t a l s c o ntribute most to the t o t a l r e l a x a t i o n . Both of the 

bonding o r b i t a l s , 3a (5a) and 2a ( 3 a ) , c o n t r i b u t e l e s s than the 

antisymmetric combination of 2s o r b i t a l s , 2 a u ( 4 a ) . 

At the e q u i l i b r i u m geometry of the n e u t r a l molecule, 

the s i n g l e l a r g e s t c o n t r i b u t i o n to the r e l a x a t i o n energy o r i g i n a t e s 

from the degenerate 1* o r b i t a l s ; the c o n t r i b u t i o n per o r b i t a l of 

4.37 eV i s almost e x a c t l y equal to the average of the In r e l a x a t i o n 

energies computed f o r the and 0 l s h o l e - s t a t e s of CO (4.40 eV). 

The c o n t r i b u t i o n s f i t i n t o a l o g i c a l l y c o n s i s t e n t p a t t e r n ; thus, 

for the C l s and 0 l g core hole s t a t e s of CO, the average c o n t r i ­

butions to the t o t a l r e l a x a t i o n energies f a l l i n the order 
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Fig.(6.13) O r b i t a l energies, and s i n g l e o r b i t a l r e l a x a t i o n 
energies, f o r N atom and N 2. 

lir > 4a > 3a > 5a, which i s a l s o the order computed f o r the N^ g 

core hole s t a t e s of N 2 > 

The t h e o r e t i c a l l y computed t o t a l r e l a x a t i o n energy 

f o r the N l g core hole s t a t e of N 2 i s not a strong f u n c t i o n of 

bond-length, having a gradient of ^ 1.8 eV a u " 1 . 1 7 0 I n the 

corresponding s i t u a t i o n f o r the core hole s t a t e s of CO however, 

the r e l a t i v e l y small dependence of r e l a x a t i o n energies on bond-

length were a t t r i b u t e d to a s u b t l e i n t e r p l a y of the bond-length 

dependencies f o r the i n d i v i d u a l o r b i t a l components. These are 
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shown i n Figure 6.14 f o r the n i trogen molecule. For both the 

AREOneVl 
Nj molecule 

5a 10 La 

0* 

06 

04 Iff 
fetal 0-2 
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04 

06 

06 

10 

Fig.(6.14) V a r i a t i o n of s i n g l e o r b i t a l r e l a x a t i o n energies as a 
function of bond-length. 

3a and lir o r b i t a l s , the g radients were small (-0.31 and 0.46, 

-0.04 and 1.26 eV au"^ for the C^ g and 0^ g h o l e - s t a t e s r e s p e c t i v e l y ) ; 

the a n a l y s i s of N 2 f i t s i n t o a c o n s i s t e n t p a t t e r n with t h i s data, 

as i s c l e a r from Figure 6.14. A crude l i n e a r c o r r e l a t i o n 

provides gradients of 0.6 and 4.1 eV au~^" f o r the 3a and lir o r b i t a l s 

r e s p e c t i v e l y . I t i s somewhat more d i f f i c u l t to c o r r e l a t e the 4a 

and 5a o r b i t a l s i n N 2 with the corresponding o r b i t a l s i n CO s i n c e 

the l o c a l i z a t i o n c h a r a c t e r i s t i c s are d i f f e r e n t ; however, the 

absolute magnitudes of the component r e l a x a t i o n energies f i t i n t o 

a c o n s i s t e n t p a t t e r n i f a d i r e c t c o r r e l a t i o n i s assumed. 
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6.5 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 E l e c t r i c F i e l d Dependence 
of C o r e - i o n i z a t i o n Phenomena i n CO and 

6.5.1 In t r o d u c t i o n 

The a n i s o t r o p i c nature of v a l e n c e - e l e c t r o n r e o r g a n i ­

z a t i o n s accompanying c o r e - i o n i z a t i o n might suggest that r e l a x a t i o n 

energies, and thus core binding energies, should be f i e l d dependent. 

I n t h i s s e c t i o n , the changes i n binding e n e r g i e s , and i n both the 

t o t a l and o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energies 

consequent upon c o r e - i o n i z a t i o n have been i n v e s t i g a t e d w i t h i n the 

ASCF formalism i n the presence of a strong e l e c t r i c f i e l d . 

Although of i n t e r e s t from the t h e o r e t i c a l viewpoint, there are 

important p a r a l l e l s to be drawn with experiment. For example, 

the strong i n t e r n a l f i e l d s i n i o n i c s o l u t i o n s , and the i n c r e a s i n g 
292 293 

i n t e r e s t i n the XPS i n v e s t i g a t i o n s of e l e c t r o l y t e s , " ' " J provide 

a motivation f o r t h i s study. Indeed, the adsorption of sma l l 

molecules a t i n s u l a t i n g s u r f a c e s , which under the t y p i c a l sample 

charging conditions a r i s i n g i n an XPS experiment might lead to very 

high e l e c t r i c f i e l d s a t the i n t e r f a c e , ' a l s o provides a 

l i k e l y area i n which the r e s u l t s to be desc r i b e d here might be of 

some i n t e r e s t . I t i s a l s o p o s s i b l e t h a t with the advent of 

thi r d - g e n e r a t i o n XPS instrumentation, c h a r a c t e r i z e d by high 

s e n s i t i v i t y and r e s o l u t i o n , appropriate molecular beam experiments 

could be performed to i n v e s t i g a t e the f i e l d dependence of binding 
295 

and r e l a x a t i o n energies d i r e c t l y . 
6.5.2 Computational D e t a i l s 

C a l c u l a t i o n s were performed s i m u l a t i n g an e l e c t r i c 

f i e l d across the molecule by the appropriate p o s i t i o n i n g of p o s i t i v e 

and negative charges along the molecular a x i s a t var y i n g d i s t a n c e s 
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from the geometric centre of the bond. The method employed for 

obtaining s i n g l e o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n 

energy accompanying c o r e - i o n i z a t i o n has been comprehensively 

described, as has the STO-6.33G + P b a s i s s e t used. 

Density contour p l o t s f o r the ground and core hole 

s t a t e s of CO were generated using a mesh of 97 x 97 p o i n t s , cover­

ing an area of 10 x 10 au for both the molecule with an app l i e d 

f i e l d i n both d i r e c t i o n s (charges s i t u a t e d 5 au from the 

geometric bond-centre) and the molecule with no applied f i e l d , 

i n the molecular plane. Appropriate d e n s i t y d i f f e r e n c e contours 

were constructed from these p l o t s . 

To i n v e s t i g a t e changes i n b a n d - p r o f i l e , p o t e n t i a l 

energy s u r f a c e s f o r the ground and core hole s t a t e s of CO, both 

with and without the a p p l i c a t i o n of a f i e l d , were c a l c u l a t e d . 

Band-profiles were then obtained from the Franck-Condon f a c t o r s , 
157 

computed using the recurrence r e l a t i o n s d e rived by Ansbacher. 
I n d i v i d u a l component FWHM of 0.54 and 0.58 eV were used f o r C^ s 

170 
and 0, c o r e - i o n i z a t i o n r e s p e c t i v e l y . Energy s e p a r a t i o n s of 

0.31 eV and 0.19 eV were used i n the absence of f i e l d , and 0.31 

and 0.22 eV i n the presence of an ap p l i e d f i e l d of 4.31 V cm"*, 

i n a sense such t h a t carbon i s a t the p o s i t i v e pole, f o r C^ g and 

°ls c o r e ~ i o n i z a t i o n / r e s p e c t i v e l y . 

For the nitrogen molecule, p o t e n t i a l energy s u r f a c e s 

f o r the ground and core hole s t a t e s p e c i e s were constructed both 

i n the presence and absence of an ap p l i e d f i e l d of 2.68 x 10 V cm" 

The b a n d - p r o f i l e s were constructed using the "best f i t " i n d i v i d u a l 

component FWHM of 0.39 eV obtained i n a previous a n a l y s i s of the 

nitrogen molecule.^® Component energy s e p a r a t i o n s of 0.31 eV 
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and 0.27 eV c a l c u l a t e d f o r the absence and presence of the f i e l d 

r e s p e c t i v e l y , were used. I n drawing the d i f f e r e n c e s p e c t r a , 

allowance has been made for the s h i f t s i n binding energy due to 

the a p p l i c a t i o n of the f i e l d . 

6.5.3 Carbon Monoxide 

a) T o t a l r e l a x a t i o n energies and binding energies as 
a function of the e l e c t r i c f i e l d 

194 
A p r e l i m i n a r y account by C l a r k showed t h a t f o r CO, 

both the absolute binding energies and r e l a x a t i o n energies e x h i b i t 

field-dependence; the f i e l d g r adients r e q u i r e d for an appreciable 

e f f e c t are understandably l a r g e , approaching t h a t r e q u i r e d f o r 

f i e l d i o n i z a t i o n . T h i s provided the stimulus for the more 

d e t a i l e d i n v e s t i g a t i o n reported here. The f i e l d dependence of the 

absolute binding and r e l a x a t i o n e n e r g i e s , f o r f i e l d g r adients i n the 

range -4 to +4 V i s shown i n Figure 6.15. The c a l c u l a t e d 
Erwrgy I In tvl EfWfy iki •» I 

Eltelric IMd 

/ 

EtacMc MM 

Fig.(6.15) V a r i a t i o n of BE and RE i n CO as a function of e l e c t r i c 
f i e l d . 
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s h i f t s i n binding energy are very s u b s t a n t i a l f o r these l a r g e 

g r a d i e n t s , ranging over * 1.0 eV and ^ 1.5 eV f o r the C^ g and 

0 l g l e v e l s r e s p e c t i v e l y . A p p l i c a t i o n of a f i e l d i n a sense such 

that carbon i s d i r e c t e d towards the p o s i t i v e pole r e s u l t s i n an 

i n c r e a s e i n binding energy for both and 0^ g c o r e - i o n i z a t i o n , 

and i n each case the r e l a x a t i o n energy a l s o i n c r e a s e s , although 

the magnitude of such an i n c r e a s e i s much s m a l l e r f o r the 0 l g 

l e v e l than f o r the C. l e v e l . Indeed, the i n c r e a s e s i n r e l a x a t i o n 
I s 

energy a r i s i n g from the a p p l i c a t i o n of the e l e c t r i c f i e l d substant­

i a l l y reduce the s h i f t i n binding energies which might otherwise 

have been expected on the b a s i s of Koopmans' Theorem. The 

f i e l d dependence i n the opposite sense i s much l e s s marked, and 

f o r both the 0^ g and C^ g l e v e l s , the c a l c u l a t e d absolute binding 

energy i s somewhat sm a l l e r . For the C^ g l e v e l s , the change i n 

r e l a x a t i o n energy i s again s i g n i f i c a n t l y l a r g e r than f o r the 0 l g 

l e v e l s ; however, i n both cases the c o n t r i b u t i o n reduces the 

o v e r a l l s h i f t i n binding energy which would have been a n t i c i p a t e d 

on the b a s i s of Koopmans* Theorem. 
Since with s t a t e - o f - t h e - a r t instrumentation, absolute 

binding energies are measurable to w i t h i n a few tens of m i l l i v o l t s , 

i t i s c l e a r t h a t on an absolute s c a l e , f i e l d g r adients of the 
7 -1 

order of 10 v o l t s cm should produce de t e c t a b l e e f f e c t s . 
R e l a t i v e binding energies can probably be determined with substant­
i a l l y higher accuracy; the change i n r e l a t i v e binding e n e r g i e s f o r 

7 -1 

a f i e l d of ^ 10 v o l t s cm appli e d along the molecular a x i s for 

the two d i s t i n c t p o l a r i t i e s would be <\. 10 m i l l i v o l t s , which should 

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

may be a n t i c i p a t e d t h a t l i n e - w i d t h s would t y p i c a l l y be ~ 0.2 eV 

for i n d i v i d u a l components of the o v e r a l l Franck-Condon envelope. 
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b) O r b i t a l c o n t r i b u t i o n s to t o t a l r e l a x a t i o n e n e r g i e s 
as a function of a p p l i e d f i e l d 

One of the main conclusions evident from t h i s chapter 

on simple systems (CO and N 2) i s the strong dependence of the 

i n d i v i d u a l components on the l o c a l i z a t i o n and bonding c h a r a c t e r ­

i s t i c s of the o r b i t a l s . I t might, 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 

the t o t a l f i e l d dependence of both absolute binding energies and 

r e l a x a t i o n energies should a r i s e from q u i t e d i f f e r i n g c o n t r i b u t i o n s 

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

an i n v e s t i g a t i o n of the f i e l d dependence of i n d i v i d u a l o r b i t a l 

r e l a x a t i o n energies i s presented. 

The c a l c u l a t e d changes i n r e l a x a t i o n energy terms as a 

function of a p p l i e d f i e l d f o r i n d i v i d u a l v a l e n c e - o r b i t a l s are 

d i s p l a y e d i n Figure 6.16. For the C l s h o l e - s t a t e , the g r e a t e s t 

f i e l d dependence i s e x h i b i t e d by the 5o and 4o o r b i t a l s ; t h i s i s 

a l s o the case f o r the 0, h o l e - s t a t e . C r e a t i o n of a core-hole 
i s 

on carbon, with the f i e l d such t h a t carbon i s d i r e c t e d to the 

p o s i t i v e pole, s t r o n g l y decreases the c o n t r i b u t i o n to the t o t a l 

r e l a x a t i o n energy provided by the 5a o r b i t a l . T h i s i s q u a l i t a t ­

i v e l y the behaviour which might have been a n t i c i p a t e d ; f o r the 5a 

o r b i t a l (lone p a i r on carbon), a p p l i c a t i o n of a f i e l d i n t h i s 

sense w i l l l e a d to reduced e l e c t r o n migration to the v i c i n i t y 

of the core-hole, and hence reduced c o n t r i b u t i o n s to the r e l a x a t i o n 

energy. T h i s i s a l s o the case f o r the 0 l g core-hole, with the 

f i e l d i n the same sense; however, the r e l a x a t i o n energy contribution, 

which even i n the absence of a f i e l d i s c a l c u l a t e d to be negative, 

becomes i n c r e a s i n g l y more negative, the f i e l d dependence being 

even l a r g e r than f o r the C l g h o l e - s t a t e . By c o n t r a s t , r e v e r s i n g 

the p o l a r i t y of the a p p l i e d f i e l d leads to an i n c r e a s e i n contribut­

ion to the r e l a x a t i o n energies f o r the 5a o r b i t a l , but with a 
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Fig.(6.16) V a r i a t i o n of s i n g l e o r b i t a l r e l a x a t i o n energies i n 
CO as a function of e l e c t r i c f i e l d . 

somewhat lower f i e l d dependence. The s i t u a t i o n with regard to 

the 4o o r b i t a l (lone p a i r on oxygen) e s s e n t i a l l y m i r r o r s the 

behaviour of the 5a o r b i t a l . Thus, the r e l a x a t i o n energy 

c o n t r i b u t i o n s for both C,„ and O, h o l e - s t a t e s i n c r e a s e as a 
I s I s 

f u n c t i o n of a p p l i e d f i e l d when the f i e l d i s with carbon d i r e c t e d 

to the p o s i t i v e pole. I n both c a s e s , however, the f i e l d depend­

ence i s s l i g h t l y stronger than for the 5a o r b i t a l , such t h a t the 

o v e r a l l c o n t r i b u t i o n from the sum of these two components leads 

to a small i n c r e a s e i n r e l a x a t i o n energy. The f i e l d dependence 

f o r the 4a o r b i t a l i s again somewhat g r e a t e r f o r the 0 l g hole-

s t a t e . For the r e v e r s e p o l a r i t y , the o v e r a l l c o n t r i b u t i o n s to 
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the r e l a x a t i o n e n e r g i e s for the 4o o r b i t a l become sm a l l e r . 

The l ir o r b i t a l s , although c o n t r i b u t i n g i n absolute 

terms a s u b s t a n t i a l proportion of the o v e r a l l r e l a x a t i o n e n e r g i e s , 
> 

show much l e s s f i e l d dependence than the 5a and 4a o r b i t a l s . 

The c o n t r i b u t i o n s from the degenerate In o r b i t a l s , however, more 

than compensate f o r the r e l a t i v e l y s m a l l f i e l d dependence of 

opposite s i g n e x h i b i t e d by the 3a o r b i t a l , and s i n c e the c o n t r i ­

butions of opposite s i g n from the 5a and 4a o r b i t a l s are c l o s e l y 

s i m i l a r , the v a r i a t i o n of the t o t a l r e l a x a t i o n energy as a f u n c t i o n 

of f i e l d for both the C l g and 0 l g h o l e - s t a t e s may be regarded as 

being l a r g e l y provided by the c o n t r i b u t i o n s from the lir o r b i t a l s . 

Indeed, fo r the 0^ g core-hole, the change i n t o t a l r e l a x a t i o n 

energy c l o s e l y follows the f i e l d dependence for the >lir o r b i t a l , 

s i n c e the 5a and 4a follow s i m i l a r but opposite f i e l d dependencies, 

and the c o n t r i b u t i o n from the 3a o r b i t a l i s compensated completely 

by that from one of the degenerate lir o r b i t a l s . The g r e a t e r 

f i e l d dependence of the t o t a l r e l a x a t i o n energy fo r the C^ g hole 

as compared to the lir c o n t r i b u t i o n l a r g e l y a r i s e s from the s m a l l 

but s i g n i f i c a n t d i f f e r e n c e s i n f i e l d dependence for the 5o and 4a 

o r b i t a l s , t h a t f o r the l a t t e r being the l a r g e r . The c l e a r 

i m p l i c a t i o n of t h i s work (that o r b i t a l c o n t r i b u t i o n s to r e l a x a t i o n 

energies depend markedly on l o c a l i z a t i o n and bonding c h a r a c t e r ­

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

dependence) suggests t h a t the experimental study of appropriate 

model systems should be eminently worthwhile. Thus, changes i n 

r e l a x a t i o n energy w i l l be r e f l e c t e d i n changes i n binding energy. 

I t may therefore be envisaged t h a t the f i e l d dependence of 

binding energies could r e v e a l information regarding the i n t e r a c t i o n 

between a simple molecule and an appropriate s u r f a c e . For example, 
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for CO chemisorbed on a metal s u r f a c e , the o r b i t a l c o n t r i b u t i o n 

to the r e l a x a t i o n energy provided by the 5a, 4a and lir o r b i t a l s 

might be expected to be s u b s t a n t i a l l y modified, depending on the 

bonding mode ( v i z . , t e r m i n a l with e i t h e r oxygen up or carbon up; 

or bridging (doubly or t r i p l y ) ; or ir-bonded) . Since the f i e l d 

dependence of each of the co n t r i b u t i o n s i s d i s t i n c t i v e , the study 

of absolute binding energies as a function of f i e l d could provide 

an a d d i t i o n a l information l e v e l as regards the mode of bonding. 

Th i s p a r t i c u l a r aspect c l e a r l y deserves more d e t a i l e d c o n s i d e r a t i o n 

and p r e l i m i n a r y i n v e s t i g a t i o n s of appropriate model systems w i l l 

be d e t a i l e d i n a l a t e r chapter. 

c) Mulliken population a n a l y s i s and dens i t y d i f f e r e n c e 
contours 

Changes i n Mulliken population a n a l y s i s and d e n s i t y 

d i f f e r e n c e contours as monitors of changes i n e l e c t r o n d i s t r i b u t i o n 

consequent upon c o r e - i o n i z a t i o n i n CO have been d i s c u s s e d i n the 

previous s e c t i o n . The d i s c u s s i o n presented here, t h e r e f o r e , 

concentrates on the i n f l u e n c e of an ap p l i e d e l e c t r i c f i e l d . The 

p o l a r i z a t i o n of the ground-state e l e c t r o n d i s t r i b u t i o n i n the 

f i e l d s t r ength range covered i n these i n v e s t i g a t i o n s i s considerable. 

The changes i n gross atomic populations on the core-

i o n i z e d atom as a functi o n of ap p l i e d f i e l d are shown i n Figure 

6.17 f o r the C l g and 0 l g h o l e - s t a t e s and follow remarkably s i m i l a r 

trends to the r e l a x a t i o n energy components i l l u s t r a t e d i n 

Figure 6.16. This provides strong evidence t h a t the s i n g l e 

l a r g e s t c o n t r i b u t i o n to the r e l a x a t i o n energy o r i g i n a t e s i n the 

change i n e l e c t r o n d e n s i t y i n the immediate v i c i n i t y of the atom 

on which the core-hole i s loc a t e d . 
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Fig.(6.17) Change i n Mulliken gross atomic population of the 
core-hole atom i n CO as a f u n c t i o n of applied f i e l d . 

Density d i f f e r e n c e contours f o r both the n e u t r a l 

molecule and c o r e - i o n i z e d s t a t e s i n the presence or absence of a 

f i e l d have been computed. The t o t a l d e n s i t y d i f f e r e n c e contours 

for the ground-state molecule with an a p p l i e d f i e l d i n the sense 

with carbon at the p o s i t i v e pole r e v e a l an o v e r a l l i n c r e a s e i n 

e l e c t r o n d e n s i t y i n the non-bonding (lone p a i r ) region of the 
s 

carbon and a l s o i n the d i f f u s e i n t e r n u c l e a r region. These i n c r e a s e s 

i n e l e c t r o n d e n s i t y are compensated by an o v e r a l l e l e c t r o n d r i f t 

from the non-bonding region around oxygen and from the i n t e r ­

n u c l e a r region c l o s e to the molecular a x i s . 
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The i n d i v i d u a l o r b i t a l d e n s i t y d i f f e r e n c e contours 

d i s p l a y e d i n Figure 6.18 i l l u s t r a t e the change i n e l e c t r o n d e n s i t y 

caused by the a p p l i c a t i o n of an e l e c t r i c f i e l d . I n t h i s and 

0 \ 

ft 

/I 
/ > 

B 

< 
I 

'J, 

Fig.(6.18) Change i n e l e c t r o n d e n s i t y on the a p p l i c a t i o n of an 
e l e c t r i c f i e l d . 

subsequent contour p l o t s , the o r i e n t a t i o n of the molecule i s 

+ C-0 -; A, B, C, D r e f e r to the 5a, l i r , 4a and 3a o r b i t a l s , 

r e s p e c t i v e l y . I n t h i s f i g u r e , dashed l i n e s i n d i c a t e an i n c r e a s e 

i n e l e c t r o n d e n s i t y on a p p l i c a t i o n of an e l e c t r i c f i e l d . 

For the 5a (carbon lone p a i r ) o r b i t a l , the a p p l i e d 
8 — 1 

f i e l d (4.31 x 10 V cm , carbon a t the p o s i t i v e p o l e ) , leads 

to an i n c r e a s e i n e l e c t r o n d e n s i t y i n the non-bonding region, 

w h i l s t for the lir o r b i t a l s there i s a r e l a t i v e l y s t r a i g h t f o r w a r d 

t r a n s f e r of e l e c t r o n d e n s i t y from one end of the molecule to the 
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other. For both the 3a and 4a o r b i t a l s , the p o l a r i z a t i o n i s 

such as to i n c r e a s e the e l e c t r o n d e n s i t y i n the non-bonding region 

a s s o c i a t e d with carbon; however, the f i n e d e t a i l of t h i s o v e r a l l 

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

o r b i t a l s . 

I n studying the c o r e - i o n i z e d s p e c i e s , i t i s r e v e a l i n g 

to i n v e s t i g a t e the changes i n den s i t y d i f f e r e n c e i n going from the 

ground-state to core hole s t a t e as a funct i o n of appl i e d f i e l d . 

Such d i f f e r e n c e of den s i t y d i f f e r e n c e p l o t s are shown i n Fi g u r e s 

6.19 and 6.20 f o r the C, and 0, hole s t a t e s r e s p e c t i v e l y . 

o 
I 

11 • 

o 
B 

0 1111 

Fig.(6.19) The e f f e c t of the a p p l i c a t i o n of an e l e c t r i c f i e l d 
on the e l e c t r o n density changes subsequent on C^ g 

c o r e - i o n i z a t i o n i n CO. 
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Fig.(6.20) The e f f e c t of the a p p l i c a t i o n of an e l e c t r i c f i e l d 
on the e l e c t r o n d e n s i t y changes subsequent on 0^ s 

c o r e - i o n i z a t i o n i n CO. 

I n these two f i g u r e s , s o l i d l i n e s i n d i c a t e an i n c r e a s e i n e l e c t r o n 

d e n s i t y on the a p p l i c a t i o n of an e l e c t r i c f i e l d , s i n c e these are 

now d i f f e r e n c e s of d e n s i t y d i f f e r e n c e contours, i . e . : 

(Ground s t a t e - core hole s t a t e ) - (Ground s t a t e - core hole state) 
no f i e l d f i e l d 

The data d i s p l a y e d i n Figure 6.16 may be r a t i o n a l i z e d 

i n q u a l i t a t i v e terms on the b a s i s of such d i f f e r e n c e contours. 

For the C 1 h o l e - s t a t e , for example, i n the presence of the f i e l d 

the d e n s i t y on carbon i n c r e a s e s i n the immediate v i c i n i t y of the 

carbon atom for the In and f o r the 4a o r b i t a l s , and decreases f o r 

the 5a and 3a o r b i t a l s , the r e l a x a t i o n energy fo r the former 

th e r e f o r e i n c r e a s i n g and the l a t t e r decreasing with a p p l i e d f i e l d . 
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For the h o l e - s t a t e , the behaviour i s somewhat analogous; f o r 

the 5 a o r b i t a l , the d e n s i t y around oxygen decreases i n the f i e l d , 

and t h i s i s a l s o the case f o r the 3a o r b i t a l . For both the lir 

and 4o o r b i t a l s , which e x h i b i t an i n c r e a s e i n r e l a x a t i o n energy 

i n the presence of the applied f i e l d , however, there i s an i n c r e a s e 

i n d e n s i t y . 

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 z a t i o n as a function of a p p l i e d f i e l d 

The changes i n e q u i l i b r i u m bond-lengths and i n force 

constants accompanying c o r e - i o n i z a t i o n i n carbon monoxide have 

been computed p r e v i o u s l y . Comparison of t h e o r e t i c a l l y 

computed and experimentally determined ba n d - p r o f i l e s f o r the 

C^ s and 0^ s l e v e l s provides v i r t u a l l y q u a n t i t a t i v e agreement. 

The s u b s t a n t i a l e l e c t r o n i c r e o r g a n i z a t i o n s accompanying core-

i o n i z a t i o n of the C, and 0, l e v e l s are manifest i n a decrease 
i s i s 

and i n c r e a s e , r e s p e c t i v e l y , i n e q u i l i b r i u m bond-lengths, i n going 

from the n e u t r a l molecule to c o r e - i o n i z e d s p e c i e s . I n the p a r t i c ­

u l a r case of the C^ g core hole s t a t e , the decrease i n bond-length 

i s accompanied by an i n c r e a s e i n force constant , w h i l s t f o r the 

0^ s core-hole s t a t e , the i n c r e a s e i n bond-length i s accompanied 

by a decrease i n force constant. 

The strong f i e l d dependence of r e l a x a t i o n energy 

phenomena suggests t h a t the p o t e n t i a l s u r f a c e s f o r both ground 

and core hole s t a t e s p e c i e s may w e l l be modified by a p p l i c a t i o n of 

a strong e l e c t r i c f i e l d . I n t h i s s e c t i o n , changes i n e q u i l i b r i u m 

bond-lengths and force constants f o r the ground-state and core 

hole s t a t e s p e c i e s as a function of a p p l i e d f i e l d are considered. 
8 —1 

Attention has been r e s t r i c t e d to a f i e l d of 4.31 x 10 V cm , 
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with carbon at the p o s i t i v e pole. The computer-intensive nature 

of such i n v e s t i g a t i o n s precludes a more extended study over a 

range of f i e l d strengths and molecular o r i e n t a t i o n s . 

Comparison i s drawn with both the previous t h e o r e t i c a l 

work and a v a i l a b l e experimental data i n Table 6.8. The computed 

changes i n bond-length i n going from the n e u t r a l molecule to core-

i o n i z e d s p e c i e s are very s i m i l a r to those reported p r e v i o u s l y ^ " ^ 

f o r a S l a t e r Double Zeta b a s i s s e t . The force constants are 

somewhat comparable with those reported f o r the T r i p l e Zeta b a s i s 

s e t , the main d i f f e r e n c e being t h a t f o r the c o r e - i o n i z e d 

s t a t e , the b a s i s s e t used i n t h i s work suggests a c l o s e r comparison 

with the force constant f o r the e q u i v a l e n t cores s p e c i e s (N0 +) 

than i s evident from the T r i p l e Zeta c a l c u l a t i o n s . However, the 

t h e o r e t i c a l l y c a l c u l a t e d b a n d - p r o f i l e s based on the computed 

Franck-Condon f a c t o r s are i n e x c e l l e n t agreement with the a v a i l a b l e 

experimental data f o r both b a s i s s e t s . The corresponding data 

f o r the molecule and c o r e - i o n i z e d s p e c i e s i n a f i e l d g r a d i e n t 
g 

of 4.31 x 10 V/cm. (carbon d i r e c t e d to p o s i t i v e pole) are a l s o 

shown i n Table 6.8. 

The a p p l i c a t i o n of such a l a r g e f i e l d has a r e l a t i v e l y 

minor e f f e c t on the e q u i l i b r i u m bond-length and force constant of 

the ground-state molecule; the e q u i l i b r i u m bond-length i s c a l c u l a t e d 

to decrease by * 0.3% w h i l s t the force constant decreases by ^ 0.4%. 

However, the s u b s t a n t i a l changes i n v a l e n c e - e l e c t r o n r e o r g a n i z a t i o n 

accompanying c o r e - i o n i z a t i o n p r e v i o u s l y evidenced by the d e n s i t y 

d i f f e r e n c e contours lead to s i g n i f i c a n t changes i n e q u i l i b r i u m 

bond-lengths and force constants i n the presence of the f i e l d . 

For the C l s h o l e - s t a t e , the change i n bond-length with r e s p e c t to 

the system i n the absence of an a p p l i e d f i e l d i s an i n c r e a s e of 
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0.3%, w h i l s t the force constant decreases by ^ 2%. For the 

0^ g h o l e - s t a t e , the changes are much more s u b s t a n t i a l . W h i l s t 

the computed change i n e q u i l i b r i u m bond-length i n going from the 

n e u t r a l molecule to c o r e - i o n i z e d s p e c i e s i s 0.155 au i n the absence 

of a f i e l d , i n the presence of the f i e l d the elongation i s much 

sm a l l e r (0.077 au). The corresponding force constants a l s o 

d i f f e r s i g n i f i c a n t l y , being 10.2 and 13.7 mdynes/8 r e s p e c t i v e l y , 

compared with the computed force constant of 19.4 mdynes/A* f o r 

the n e u t r a l molecule i n the absence of a f i e l d . 

S ince there i s p r e d i c t e d to be a change i n absolute 

binding energy as a r e s u l t of applying the f i e l d , the o v e r a l l 

changes i n c o r e - l e v e l s p e c t r a on applying a f i e l d are b e s t apprec­

i a t e d i n the form of d i f f e r e n c e s p e c t r a . The computed d i f f e r e n c e 

s p e c t r a f o r the C 1 and 0 l s h o l e - s t a t e s i n CO are shown i n Figure 

6.21. The i n d i v i d u a l v i b r a t i o n a l components are represented by 
71% 

CO 
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Fig.(6.21) The C l g and 0 1 s p e c t r a and computed Franck-Condon 
f a c t o r s for CO i n the presence and absence of an 
a p p l i e d e l e c t r i c f i e l d . 
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the dotted l i n e s (...) with the t h e o r e t i c a l b a n d-profiles shown 

as the dashed l i n e ( ) . The s o l i d l i n e r e p r esents the d i f f e r e n c e 

spectrum ( f i e l d minus no f i e l d ) . There i s only a s l i g h t change 

i n the o v e r a l l b and-profile on a p p l i c a t i o n of the f i e l d ; however, 

the s u b s t a n t i a l change i n binding energy leads to a c h a r a c t e r i s t i c 

p r o f i l e for the d i f f e r e n c e spectrum. For comparison purposes, 

the experimental band-profile a t the appropriate r e s o l u t i o n i s 

a l s o included, shown as (• • ), emphasizing t h a t the b a s i s s e t 

employed i n t h i s work provides an e x c e l l e n t d e s c r i p t i o n for the 

system i n the absence of the f i e l d . 

The a n a l y s i s p r e v i o u s l y p u b l i s h e d * ^ 0 f o r the 0^ g core 

hole s t a t e i n d i c a t e s t h a t 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 z a t i o n i s manifest as an o v e r a l l broadening of the spectrum, 

s i n c e the v i b r a t i o n a l quanta are r e l a t i v e l y small (0.22 eV). 

The change i n Franck-Condon f a c t o r s and s h i f t i n absolute binding 

energy on applying a f i e l d l e a d to a q u i t e d i s t i n c t i v e d i f f e r e n c e 

spectrum, as i s evident from the data presented i n Figure 6.21. 

From t h i s , i t may be p r o j e c t e d t h a t the e f f e c t s of much weaker 

f i e l d s should be d e t e c t a b l e . 

6.5.4 Nitrogen Molecule 

a) Relaxation energies as a f u n c t i o n of a p p l i e d f i e l d 

One of the more i n t e r e s t i n g aspects of the p r e v i o u s l y 

presented t h e o r e t i c a l s t u d i e s on carbon monoxide was the p r e d i c t i o n 

t h a t the absolute binding and r e l a x a t i o n energies f o r the core-

i o n i z e d s p e c i e s were dependent on the magnitude of an a p p l i e d 

f i e l d . The f i e l d g r adients r e q u i r e d , however, to demonstrate 
7 —1 

t h i s phenomenon are considerable (̂  10 V cm ) . The f i e l d 

dependence of absolute binding energies depend q u i t e markedly on 
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r e l a x a t i o n energies and hence on the I n d i v i d u a l components which 

contribute to the t o t a l . I n t h i s s e c t i o n , the e f f e c t of an 

applied f i e l d on both binding and r e l a x a t i o n energies f o r the 

nitrogen molecule i s considered. 

W h i l s t i n the RHF formalism, the d e s c r i p t i o n of the 

nitrogen core hole s t a t e s i s i n terms of degenerate l o c a l i z e d 

h o l e s , the a p p l i c a t i o n of a f i e l d removes the degeneracy. From 

the r e s u l t s d i s p l a y e d i n Figure 6.22, i t i s c l e a r t h a t the a p p l i ­

c a t i o n of a very l a r g e f i e l d 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 i n 

Ni-N 2 N9 molecule Energy (in eV J 

1-2 A S C F B E 
shift 

ABE 1-0 
(ASCF) 

06 

06 A B E 
(Koopmans) 

04 

S .UarMr field 
linVariMO 8) 1 

0-2 
A R E . 

04 

Fig.(6.22) V a r i a t i o n of ASCF and Koopmans' BE, and RE i n N 0 as 
a function of e l e c t r i c f i e l d . 

binding energy between the now i n e q u i v a l e n t N^ s c o r e - l e v e l s ; f o r 
8 —1 

a f i e l d of ^ 10 V cm , the s h i f t between the component peaks, 

shown by the dashed l i n e ( ) , i s computed to be 0.35 eV, w h i l s t 

the c e n t r o i d of the peaks s h i f t s by an i n s i g n i f i c a n t amount 
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0.02 eV) with r e s p e c t to the molecule I n the absence of an 

a p p l i e d f i e l d . I n the absence of r e l a x a t i o n e f f e c t s , the 

computed s h i f t between the nitrogens i s somewhat sma l l e r (<v 0.2 eV). 

I f the f i e l d i s a p p l i e d i n such a sense t h a t the 

nitrogen bearing the core-hole i s d i r e c t e d towards the p o s i t i v e 

pole, the computed s h i f t i n binding energy with r e s p e c t to zero 
8 —1 

f i e l d i s negative. Thus, f o r a f i e l d of * 4 x 10 V cm , the 

computed s h i f t of -0.25 eV may be compared with that from 

Koopmans1 Theorem of e s s e n t i a l l y zero. T h i s i l l u s t r a t e s the 

considerable i n f l u e n c e of r e l a x a t i o n e f f e c t s . A s i m i l a r s i t u a t i o n 

has p r e v i o u s l y been des c r i b e d f o r the 0^ g h o l e - s t a t e of CO. For 

the r e v e r s e p o l a r i t y , the binding energy of the N^g l e v e l s i n c r e a s e s 

as a f u n c t i o n of i n c r e a s e d f i e l d . Thus for the l a r g e s t a p p l i e d 

f i e l d , the Koopmans1 s h i f t of ^ 0.7 eV may be compared with t h a t 

computed i n c l u d i n g r e l a x a t i o n e f f e c t s of ^ 0.9 eV. 

The v a r i a t i o n of the i n d i v i d u a l component c o n t r i b u t i o n s 

to the r e l a x a t i o n energies as a function of a p p l i e d f i e l d i s 

i l l u s t r a t e d i n Figure 6.2 3. The main feature which emerges i s 

the f a c t t h a t the c o n t r i b u t i o n s from the In and 3a o r b i t a l s are 

not s t r o n g l y f i e l d dependent, w h i l s t the c o n t r i b u t i o n s from the 

5o and 4a o r b i t a l s vary i n such a manner t h a t the t o t a l r e l a x a t i o n 

energy changes only s l i g h t l y as a f u n c t i o n of a p p l i e d f i e l d . There 

are some s i m i l a r i t i e s i n the computed behaviour of the r e l a x a t i o n 

energy components for the 4a and 5a o r b i t a l s with those p r e v i o u s l y 

d e s c r i b e d f o r carbon monoxide. 

For the 4a o r b i t a l , the r e l a x a t i o n energy c o n t r i b u t i o n 

decreases as a function of the applied f i e l d , i f t h i s i s i n a 

sense such that the nitrogen on which the core-hole i s c r e a t e d 
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N2 molecule 
ARE tin eV) 

So 20 

16 

1-2 

04 

04 
111 

Electric field 
(inVcnf'-IO8) 

04 

06 

1-2 

1-6 4tf 
20 

Fig.(6.23) V a r i a t i o n of s i n g l e o r b i t a l r e l a x a t i o n energies i n 
N 2 as a functi o n of e l e c t r i c f i e l d . 

i s d i r e c t e d to the negative pole. The c a l c u l a t i o n s would seem 

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

from t h i s o r b i t a l i s some 50% of t h a t appropriate to the system 

i n the absence of a f i e l d . For the appli e d f i e l d i n the 

opposite sense, there i s a small i n c r e a s e i n r e l a x a t i o n energy. 

The behaviour of the 5a o r b i t a l c o n t r i b u t i o n i s almost the mi r r o r 

image of that f o r the 4a; f o r a l a r g e f i e l d a p p l i e d i n a sense 

such t h a t the nitrogen bearing the core-hole i s d i r e c t e d towards 

the negative pole, there i s a l a r g e computed i n c r e a s e i n the 
8 —1 

r e l a x a t i o n energy. For a f i e l d strength of -4 x 10 V cm , 

the i n c r e a s e i n c o n t r i b u t i o n i s ̂  1.7 eV. T h i s i s e n t i r e l y 

c o n s i s t e n t with the data p r e v i o u s l y presented f o r CO. The i n t e r n a l 
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f i e l d a t carbon provided by the o v e r a l l negative charge on oxygen 

i s somewhat analogous to the s i t u a t i o n f o r nitrogen, and the 

r e l a x a t i o n energy c o n t r i b u t i o n for the 5a o r b i t a l i n the p a r t i c u l a r 

case of the C, h o l e - s t a t e i s s u b s t a n t i a l and p o s i t i v e (3.5 eV). 

For the f i e l d i n the opposite sense, the r e l a x a t i o n energy c o n t r i ­

bution f o r the r e l e v a n t nitrogen h o l e - s t a t e decreases, and a t a 
8 —1 

f i e l d of 2.5 x 10 V cm i s e s s e n t i a l l y zero. T h i s i s analogous 

to the s i t u a t i o n a r i s i n g f o r the 0^ g h o l e - s t a t e of CO, where the 

c o n t r i b u t i o n provided by the 5a o r b i t a l s i s a c t u a l l y small and 

negative (-0.5 eV). 
b) 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 z a t i o n as a f u n c t i o n of a p p l i e d f i e l d 

The a p p l i c a t i o n of l a r g e e l e c t r i c f i e l d g r a d i e n t s , as 

w e l l as suggesting a s u b s t a n t i a l s h i f t i n binding energy between 

the i n e q u i v a l e n t nitrogens, a l s o leads to s i g n i f i c a n t computed 

changes i n p o t e n t i a l energy s u r f a c e s . Table 6.9 shows the 

computed bond-lengths and f o r c e constants f o r the c o r e - i o n i z e d 

s p e c i e s , both i n c l u d i n g and i n the absence of r e l a x a t i o n e f f e c t s , 

i n the presence of an applied f i e l d . The r e s u l t s obtained with 

t h i s b a s i s s e t i n the absence of an applied f i e l d have been 

p r e v i o u s l y d i s c u s s e d (Table 6.7), and are found to agree favourably 

with the r e s u l t s of T r i p l e Zeta c a l c u l a t i o n s . The c a l c u l a t i o n s 

here r e v e a l s i g n i f i c a n t changes i n both e q u i l i b r i u m bond-lengths 

and force constants i n the presence of a f i e l d ; the data i n Table 

6.9 and Figure 6.22 may be used to compute o v e r a l l b a n d - p r o f i l e s 

and a d i f f e r e n c e spectrum f o r c o r e - i o n i z e d i n the absence and 

presence of an e l e c t r i c f i e l d , as shown i n F i g u r e 6.24. The 

dashed l i n e shows the t h e o r e t i c a l l y c a l c u l a t e d b a n d - p r o f i l e s ; 
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TABLE 6.9 E q u i l i b r i u m bond-lengths and force constants f o r N 2 i n 

the presence of an applied f i e l d 

Nitrogen, N2 

Applied f i e l d (2.68 x 10 8 V cm" 1) 

Ground S t a t e 

Hole S t a t e 

+ N*x-N2 -

+ Nx-N2* -

"Koopmans'" 

+ N1*-N2 -

+ N r N 2 * -

Eq u i l i b r i u m bond-
length (au) 

2.108 

2.110 

2.063 

2.063 

2.030 

Force constant 
(mdynes/fi) 

22.26 

19.76 

23.82 

23.74 

29.35 

N 2 molecule N 1 f levels 

0 •»'• 1 1 0 

No fMU 

Fig.(6.24) The spectrum and computed Franck-Condon f a c t o r s 
for N 2 i n the presence and absence of an applied f i e l d , 
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the dotted spectrum i s the experimental b a n d - p r o f i l e ; and the 

s o l i d l i n e r e p r esents the c a l c u l a t e d d i f f e r e n c e spectrum. 

The d i f f e r e n c e spectrum i s p a r t i c u l a r a l y s t r i k i n g , and 

suggests t h a t the e f f e c t of applying a f i e l d might be d e t e c t a b l e 

a t more r e a l i s t i c f i e l d strengths ( i . e . , below the f i e l d i o n i z a t i o n 

l i m i t ) . Although the computed band-profile f o r the system i n the 

absence of a f i e l d underestimates the extent of v i b r a t i o n a l 

e x c i t a t i o n , i t i s c l e a r t h a t the two components of the N^ g l e v e l s 

f o r the applied f i e l d case d i f f e r s i g n i f i c a n t l y i n FWHM, s i n c e the 

extent of v i b r a t i o n a l e x c i t a t i o n i s d i f f e r e n t f o r the i n e q u i v a l e n t 

n i t r o g e n s . 

The a n a l y s i s of r e l a x a t i o n energies i n t o components 

a s s o c i a t e d with the r e o r g a n i z a t i o n of i n d i v i d u a l o r b i t a l s seems 

to provide some i n s i g h t i n t o the dependence on e l e c t r o n i c s t r u c t u r e 

of the r e o r g a n i z a t i o n process. C o r r e l a t i o n s between r e l a t e d 

systems may be drawn. The 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 

changes i n binding and r e l a x a t i o n energies consequent upon applying 

a strong e l e c t r i c f i e l d suggests t h a t appropriate modulation 

experiments might be worthwhile to provide experimental data f o r 

d i r e c t comparison with the i n t e r e s t i n g p r e d i c t i o n s which have been 

made. I t i s not i n c o n c e i v a b l e t h a t the strong e l e c t r i c f i e l d s 

present a t s u r f a c e s i n appropriate chemisorbed systems could lead 

to l i n e broadening i n a way suggested by the work reported here. 
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CHAPTER SEVEN 

SINGLE ORBITAL RELAXATION ENERGIES ACCOMPANYING 

CORE-IONIZATION IN SOME POLYATOMIC SYSTEMS 

Changes i n binding and r e l a x a t i o n energies accompanying 

c o r e - i o n i z a t i o n s are computed w i t h i n the ASCP Hartree-Fock forma­

l i s m f o r CO a t the e q u i l i b r i u m geometry; CO a t the geometries 

appropriate to COH+ and HCO+; COH+; HCO+ ( l i n e a r ) ; HCO+ (bent); 

HCO+ (bent) with geometry appropriate to H2CO; and H2CO. 

V a r i a t i o n s i n r e l a x a t i o n energies along t h i s s e r i e s are d i s c u s s e d 

i n terms of the i n d i v i d u a l v a l e n c e - o r b i t a l c o n t r i b u t i o n s to the 

t o t a l r e l a x a t i o n e n e r g i e s . I t i s found t h a t such an a n a l y s i s 

can provide considerable i n s i g h t i n t o the r e l a t i o n s h i p between 

e l e c t r o n i c s t r u c t u r e and e l e c t r o n i c r e o r g a n i z a t i o n s accompanying 

c o r e - i o n i z a t i o n . C e r t a i n aspects of the e n e r g e t i c s (protonation 

and hydrogenation) involved i n these systems are a l s o considered. 

The two p a i r s of isomeric molecules HCN, HNC and HNO, HON 

have a l s o been i n v e s t i g a t e d w i t h i n the Hartree-Fock formalism f o r 

both ground and co r e - i o n i z e d s t a t e s . Although v a r y i n g only s l i g h t l y 

i n t o t a l computed energy, i t i s shown t h a t s u b s t a n t i a l d i f f e r e n c e s 

i n the core hole s t a t e s p e c t r a are expected. An a n a l y s i s of 

the e l e c t r o n i c r e o r g a n i z a t i o n processes accompanying c o r e - i o n i z a t i o n 

i n these s p e c i e s i s given i n terms of the s i n g l e o r b i t a l c o n t r i ­

butions to the t o t a l r e l a x a t i o n e n e r g i e s . 

F i n a l l y , s i n g l e o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n 

energy accompanying c o r e - i o n i z a t i o n are computed w i t h i n the ASCF 

formalism f o r the i s o e l e c t r o n i c s e r i e s CH 4, NH3, H 20, HF and Ne. 

I n d i v i d u a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energy a s s o c i a t e d 
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with the v a l e n c e - l e v e l s of e s s e n t i a l l y c o r e - l i k e 2s c h a r a c t e r are 

a l s o presented. 

7.1 O r b i t a l C ontributions to Relaxation Energies Accompanying 
C o r e - I o n i z a t i o n i n the S e r i e s CO, COH+, HCO+ and H2CO 

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

Carbon monoxide and nitrogen as simple prototype 

systems have been studied i n the previous Chapter. The a n i s o t r o p i c 

nature of the r e l a x a t i o n phenomena accompanying c o r e - i o n i z a t i o n s i n 

these systems suggests t h a t knowledge of the d e t a i l e d dependence 

of o r b i t a l r e l a x a t i o n energies on bonding c h a r a c t e r i s t i c s may be 

extended by r e l a t i n g changes i n r e l a x a t i o n energy i n the carbon 

monoxide system, v i a the intermediacy of the r e l e v a n t protonated 

s p e c i e s , to the formaldehyde system. Fu r t h e r , the l i n e a r HCO+ 

and COH+ systems provide prototypes f o r CO t e r m i n a l l y bonded to 

a strong a-acceptor, and as such might be expected to provide some 

i n s i g h t i n t o changes i n r e l a x a t i o n energies accompanying coordination. 

I n the p a r t i c u l a r case of HCO+, i t might be a n t i c i p a t e d t h a t o r b i t a l 

c o n t r i b u t i o n s to r e l a x a t i o n energies would be s t r o n g l y dependent 

on the HCO angle, and i n the l i g h t of the previous i n v e s t i g a t i o n 

of the bond-length dependence,significant v a r i a t i o n s might be 

expected as a functi o n of change i n bond-lengths f o r a given HCO 

angle. The i n v e s t i g a t i o n of CO, HCO+, H2CO, a t the appropriate 

geometries furthermore allows a Bom c y c l e to be constructed. 

I n t h i s s e c t i o n , t h e r e f o r e , changes i n r e l a x a t i o n 

energy on going from CO a t the e q u i l i b r i u m geometry, to the geometries 

appropriate to the CO fragment i n HCO+ and COH+, and the changes 

consequent upon protonation of CO to produce these s p e c i e s are 

considered. D i s t o r t i o n of HCO+ to the geometry appropriate to 

tha t f o r production of H,CO by ad d i t i o n of H~ has a l s o been 
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i n v e s t i g a t e d from the standpoint of o r b i t a l r e l a x a t i o n energies and 

provides a d i r e c t c o r r e l a t i o n between CO and B^CO. 

7.1.2 Computational D e t a i l s 

Non-empirical LCAO MO SCF c a l c u l a t i o n s were performed 

w i t h i n the Hartree-Fock formalism fo r the ground and O, and C, 
i s i s 

c o r e - i o n i z e d s p e c i e s of the t i t l e compounds. The b a s i s s e t 

employed has been described p r e v i o u s l y , but may be termed STO-6.33G, 

with 3d p o l a r i z a t i o n f u n c t i o n s f o r oxygen and carbon, and 2p f o r 
+ + 2 9 7 

hydrogen. Optimized geometries f o r HCO and COH , and an 
214 

experimental geometry f o r H^CO were used. -Calculations f o r CO 
+ + 

with geometries appropriate to th a t i n COH and HCO were a l s o 

performed, as were c a l c u l a t i o n s f o r HC0 + with the HCO angle and 

C-H and C-0 bond-distances appropriate to HjCO. The methodology 

of obtaining s i n g l e o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n 

energy has been documented i n the previous Chapter. Density 

d i f f e r e n c e contour p l o t s f o r the molecular plane have a l s o been 

c a l c u l a t e d f o r t h i s s e r i e s of molecules, using the same area and 

contours throughout. 

7.1.3 R e s u l t s and D i s c u s s i o n 

a) E n e r g e t i c s of the Born c y c l e 

The c a l c u l a t e d t o t a l energies allow a r e l a t i v e l y complete 

i n v e s t i g a t i o n of the r e l e v a n t proton and hydride a f f i n i t i e s , and 

heat of hydrogenation, as shown i n Figure 7.1. 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 of the e l e c t r o n i c s t r u c t u r e s of HCO+ and COH+ have 

p r e v i o u s l y been described by Bruna, Peyerlmhoff and Buenker, 
297 

i n c l u d i n g geometry o p t i m i z a t i o n s . The t h e o r e t i c a l l y computed 

optimized bond-length f o r CO with the b a s i s s e t employed i n t h i s 
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F i g . ( 7 . 1 ) The e n e r g e t i c s of protonation of CO 

work i s some 2% longer than t h a t experimentally determined; f o r the 

protonated s p e c i e s , the optimized bond-lengths are ̂  3% longer and 

2% s h o r t e r than f o r CO f o r the s p e c i e s protonated on carbon and 

oxygen, r e s p e c t i v e l y . The energies required to elongate or compress 

the C-0 bond-length from t h a t appropriate to the e q u i l i b r i u m f o r 

the n e u t r a l molecule are s m a l l . The proton a f f i n i t y i s co n s i d e r a b l y 

higher f o r protonation on carbon, the energy d i f f e r e n c e with r e s p e c t 

to protonation on oxygen being 16.2 k c a l mol"*, with t h i s b a s i s s e t . 

T h i s compares with a computed d i f f e r e n c e of 18.4 k c a l mol * from 
297 

the work of Bruna and co-workers. The experimentally determined 
—1 298 

proton a f f i n i t y of CO (-137 k c a l mol ) i s somewhat l a r g e r than 

t h a t c a l c u l a t e d with the b a s i s s e t employed i n t h i s work (-121.5 

k c a l mol * ) . 

297 

Previous s t u d i e s have shown t h a t the e q u i l i b r i u m 

geometry f o r HC0 + corresponds to a l i n e a r system. The d i s t o r t i o n to 

the bent conformation appropriate i n HCO angle to t h a t i n formaldehyde 
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i s e n e r g e t i c a l l y expensive (̂  30 k c a l mol ) and the considerable 

i n c r e a s e i n C-0 bond-length i n going to formaldehyde i s such t h a t 

t h i s r e q u i r e s a f u r t h e r 7 k c a l mol" 1. Lengthening the C-H bond-

length to t h a t appropriate to HjCO, however, leads to a sm a l l e r 

lowering i n energy. The computed hydride a f f i n i t y of HC0 +, with 

geometry corresponding to t h a t i n formaldehyde, of -364.8 k c a l m o l - 1 

may be compared with t h a t f o r the e q u i l i b r i u m geometry of HC0 + 

( l i n e a r ) of -328.0 k c a l mol" 1. I t i s of i n t e r e s t to i n v e s t i g a t e 

the d i f f e r e n c e i n proton a f f i n i t i e s f o r protonation on carbon and 

oxygen f o r the IT as opposed to the o system. The c a l c u l a t i o n on the 

bent conformation f o r HC0 + would suggest t h a t protonation of the ir 

system on carbon would be e n e r g e t i c a l l y very unfavourable; by cont r a s t , 

i t might be a n t i c i p a t e d t h a t it protonation would be r e l a t i v e l y more 

favourable f o r oxygen. The computed d i f f e r e n c e s i n proton 

a f f i n i t i e s f o r a and n protonation of carbon and oxygen confirm 

t h i s , being 72.4 k c a l mol 1 and 24.9 k c a l mol 1 r e s p e c t i v e l y . 

The c a l c u l a t i o n s a l s o allow a comparison to be made 

between the experimentally determined and d i r e c t l y computed heat of 

hydrogenation of carbon monoxide. The agreement i s q u i t e reasonable, 

as might have been a n t i c i p a t e d f o r an isodesmic process: experimental 

-1.3 k c a l mol 1 ; t h e o r e t i c a l -11.3 k c a l mol 1 . 

b) Core binding energies 

The computed ASCF binding and r e l a x a t i o n energies (shown 

i n b rackets) f o r C, and 0, c o r e - i o n i z a t i o n of CO are 299.6 eV 
I s I s 

(10.79 eV) and 543.7 eV (19.91 eV) r e s p e c t i v e l y . With t h i s b a s i s 

s e t , t h e r e f o r e , the absolute binding energies are s l i g h t l y over­

estimated, the corresponding experimental v a l u e s being 296.2 eV and 

542.6 eV. As has been p r e v i o u s l y noted however, r e l a t i v e binding 
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energies and changes i n r e l a x a t i o n energies are w e l l described, and 

the b a s i s s e t i s th e r e f o r e p a r t i c u l a r l y s u i t e d to the d i s c u s s i o n of 

changes i n the o r b i t a l c o n t r i b u t i o n s to r e l a x a t i o n energies and s h i f t s 

i n binding e n e r g i e s , which are the fe a t u r e s of predominant i n t e r e s t 

i n t h i s Chapter. The r e l e v a n t c o r r e l a t i o n diagrams f o r the core 

binding energies are d i s p l a y e d i n Fi g u r e 7.2. 
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F i g . ( 7 . 2 ) ASCF B.E. f o r a) COH+, CO, HCO+ 

and b) HCO+ ( l i n e a r ) HCO+ (bent), H2CO. 

Considering the protonated s p e c i e s , t h e r e i s a s u b s t a n t i a l 

s h i f t to higher binding energy for both the 0^ g and C^ g l e v e l s f o r 

protonation on e i t h e r carbon or oxygen. The s h i f t s f o r both the 

C l g and 0 l g l e v e l s are computed to be c l o s e l y s i m i l a r (* 10.8 eV and 

10.0 eV, r e s p e c t i v e l y ) . Also included i n F i g u r e 7.2(a) are the 
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core binding energies f o r CO a t the bond-length appropriate to the 

protonated s p e c i e s . I t has been shown t h a t binding and r e l a x a t i o n 

energies depend s i g n i f i c a n t l y on bond-length, but i n a s u b t l e r a t h e r 

than a gross manner. There are s i m i l a r i t i e s t h a t can be noted i n 

the r e d i s t r i b u t i o n of v a l e n c e - e l e c t r o n d e n s i t y consequent upon core-

i o n i z a t i o n , and protonation of a molecule. For example, the 

eq u i l i b r i u m bond-length f o r the C^ g h o l e - s t a t e of CO i s s u b s t a n t i a l l y 

s h o r t e r than fo r the n e u t r a l molecule. C r e a t i o n of e l e c t r o n demand 

at carbon by protonation produces a s i m i l a r change i n e q u i l i b r i u m 

C-0 bond-length compared with the n e u t r a l molecule. The comparison 

i s r e i n f o r c e d by i n s p e c t i o n of appropriate d e n s i t y d i f f e r e n c e contours, 

I n Figure 7.3, f o r example, the va l e n c e - e l e c t r o n r e d i s t r i b u t i o n on 

C^ s and 0^ g c o r e - i o n i z a t i o n i n CO i s compared with protonation a t 

Fig.(7.3) A comparison of changes i n v a l e n c e - e l e c t r o n d i s t r i b u t i o n 
subsequent on c o r e - i o n i z a t i o n , and protonation i n CO. 

carbon and oxygen to give HCO+ and COH+ r e s p e c t i v e l y . When a 

COgst-COprotanated " ^ ^ ^ j y 

COgst-CO^est 

Cis Ols 
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core-hole i s creat e d on carbon, the change i n v a l e n c e - e l e c t r o n 

d i s t r i b u t i o n around the oxygen i s very s i m i l a r to the change caused 

by protonation a t carbon; the converse s i t u a t i o n f o r c o r e - i o n i z a t i o n 

a t oxygen i s a l s o seen. Furthermore, the 0, co r e - i o n i z e d s p e c i e s 

has a s u b s t a n t i a l l y l a r g e r e q u i l i b r i u m bond-length, and a comparable 

s i t u a t i o n a r i s e s f o r the oxygen protonated s p e c i e s . The f e a t u r e s 

i n common between c r e a t i o n of a core-hole on an atom and protonation 

of t h a t atom have been developed i n t o a d i r e c t r e l a t i o n s h i p between 
299 

proton a f f i n i t i e s and s h i f t s i n core binding energies by S h i r l e y . 

I t i s evident from Figure 7.2 t h a t f o r HC0 +, the C, 
X s 

binding energy i s not a strong function of the HCO bond-angle; 

r e l a x a t i o n energies are a l s o found to be f a i r l y constant. However, 

i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to r e l a x a t i o n energies are s t r o n g l y 

i n f l u e n c e d by the molecular geometry. The ad d i t i o n of H~ to HC0 + 

to give formaldehyde produces a s u b s t a n t i a l s h i f t to lower binding 

energy f o r both the 0^ g and C l g c o r e - i o n i z e d s p e c i e s . 

I t i s c l e a r from t h i s data t h a t coordination of CO to 

a strong o-electron acceptor such as a proton r e s u l t s i n a l a r g e 

s h i f t to higher binding energy, which i s approximately the same f o r 

protonation on e i t h e r carbon or oxygen. I t i s of i n t e r e s t to 

b r i e f l y compare the computed s h i f t s f o r the C^ g and 0^ g l e v e l s f o r 

HC0 + with those derived from c a l c u l a t i o n s on CĤ CO"*", where the 

p o s s i b i l i t y e x i s t s of both a and TT i n t e r a c t i o n s . The computed 

s h i f t s are some 2 eV to lower binding energy than f o r the protonated 

s p e c i e s , as might be a n t i c i p a t e d from the s y n e r g i c e f f e c t of o-

donation from CO to C H 3
+ and back-donation v i a the IT system.. The 

s h i f t (with r e s p e c t to CO) f o r the C. l e v e l s i s however s i g n i f i c a n t l y 
X s 

higher than f o r the 0, l e v e l s ; t h i s d i f f e r e n c e i s roughly constant 
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f o r both of the s p e c i e s studied (HCO+ and CH 3CO +). The d i f f e r e n c e 

0.8 eV) i s a l s o t h a t t y p i c a l l y measured f o r t r a n s i t i o n metal 

carbonyls i n comparison with the f r e e l i g a n d . 3 0 0 

c) R e l a x a t i o n energies 

The main purpose of t h i s Chapter i s to extend the proposed 

method of a n a l y s i s of t o t a l r e l a x a t i o n energies i n t o components 

a s s o c i a t e d with i n d i v i d u a l v a l e n c e - o r b i t a l c o n t r i b u t i o n s . The 

points of emphasis t h e r e f o r e a r e : 

( i ) how are the component r e l a x a t i o n energy terms changed upon 

coordination of CO to a strong o-acceptor ( H + ) ? 

( i i ) what changes occur consequent upon the O - T T mixing introduced 
A 

by a l t e r i n g the HCO angle? 

( i i i ) how do the component terms f o r CO compare with those fo r HjCO, 

which might crudely be taken as a model for a bridge bonded 

carbonyl? 

The r e s u l t s f o r the s e r i e s CO, HC0 + and C0H + are d i s p l a y e d 

i n Figure 7.4. The t o t a l r e l a x a t i o n energies f a l l w i t h i n a narrow 

range; for the C l j g l e v e l s , the r e l a x a t i o n energies f o r C0H +, CO and 

HC0 + are computed to be 10.3 eV, 10.8 eV and 11.2 eV r e s p e c t i v e l y , 

w h i l s t f o r the 0 l g l e v e l s , the corresponding values are 19.9 eV, 

19.9 eV and 20.0 eV r e s p e c t i v e l y . 

I t i s convenient to d i s c u s s the r e s u l t s f o r the C, and 
i s 

0^ s c o r e - i o n i z e d s t a t e s s e p a r a t e l y , where appropriate drawing 

comparisons between the two s e t s of data. I t i s c l e a r , however, 

from an i n s p e c t i o n of Figure 7.4 t h a t there are considerable d i f f e r e n c e s 

both i n terms of s i g n and magnitude of the i n d i v i d u a l c o n t r i b u t i o n s 

f o r i o n i z a t i o n of the C, and 0, l e v e l s i n the l i n e a r s e r i e s CO, 
I s I s 

HC0 +, H0C +. Bond overlap populations r e v e a l t h a t the 0-H and C-H 
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Fig.(7.4) T o t a l R.E. and i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the 
t o t a l R.E. f o r the s e r i e s COH+/ CO and HCO+, subsequent 
upon C l s and 0 l g c o r e - i o n i z a t i o n . 

bonding i n t e r a c t i o n s are l a r g e l y a s s o c i a t e d with the 4a o r b i t a l i n 

COH+ and HCO+ r e s p e c t i v e l y and there i s , t h e r e f o r e , a tendency f o r 

the r e l a x a t i o n energy c o n t r i b u t i o n s from t h i s o r b i t a l to be somewhat 

l e s s f o r the protonated s p e c i e s compared with the n e u t r a l molecule. 
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I t was shown i n the previous Chapter t h a t whereas f o r C, core-
JL S 

i o n i z a t i o n , r e o r g a n i z a t i o n of the 5a (carbon lone p a i r ) o r b i t a l 

c o n t r i b u t e s a s i g n i f i c a n t proportion of the t o t a l r e l a x a t i o n energy, 

the r e o r g a n i z a t i o n i s such as to cont r i b u t e a small negative term 

to the t o t a l r e l a x a t i o n energy f o r the 0 l g c o r e - i o n i z e d s p e c i e s i n 

CO. T h i s s i t u a t i o n i s considerably modified on going to the 

protonated s p e c i e s . For the C, c o r e - i o n i z e d s p e c i e s , the proton-

a t i o n on e i t h e r carbon or oxygen shows the l a r g e s t changes i n 

co n t r i b u t i o n to the t o t a l r e l a x a t i o n energies f o r t h i s o r b i t a l . 

Moreover, the data can be i n t e r p r e t e d i n an e n t i r e l y c o n s i s t e n t 

manner. For protonation on carbon, the c o n t r i b u t i o n from the 5o 

o r b i t a l decreases w h i l s t t h a t f o r the it system (degenerate I I T o r b i t a l s ) 

i n c r e a s e s . The l a t t e r i s r e a d i l y understandable i n terms of the 

decrease i n o r b i t a l energy mismatch f o r i n t e r a c t i o n of the r e l e v a n t 

2p o r b i t a l s on carbon and oxygen, g i v i n g r i s e to gr e a t e r e l e c t r o n 

t r a n s f e r on c r e a t i o n of a core-hole on carbon. T h i s i s a l s o the 

case f o r c r e a t i o n of a core-hole on oxygen f o r the HCO+ s p e c i e s , but 

the s i t u a t i o n i s reversed f o r the corresponding oxygen protonated 

s p e c i e s , which shows a decreased c o n t r i b u t i o n to the t o t a l r e l a x a t i o n 

energy, t h i s being l a r g e s t f o r the 0^ g c o r e - i o n i z e d s p e c i e s . The 

co n t r i b u t i o n s from the c o r e - o r b i t a l s themselves are c a l c u l a t e d to be 

small and vary only s l i g h t l y i n going along the s e r i e s COH+, CO, HCO+. 

One of the more s i g n i f i c a n t f e a t u r e s of the data d i s p l a y e d i n 

Figure 7.4 i s the computed i n c r e a s e i n c o n t r i b u t i o n to the t o t a l 

r e l a x a t i o n energies from the 5o o r b i t a l on going from the n e u t r a l 

molecule to the protonated systems i n the p a r t i c u l a r case of the 0^ g 

c o r e - i o n i z e d systems. For both HCO+ and COH+, the c o n t r i b u t i o n to 

the r e l a x a t i o n energy i s p o s i t i v e , compared with the negative 
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contribution computed f o r the n e u t r a l molecule. 

The data r e v e a l , t h e r e f o r e , that although the t o t a l 

r e l a x a t i o n energies f o r e i t h e r C, or 0. c o r e - i o n i z a t i o n i n the 
±s i s 

s e r i e s C0H +, CO and HC0 + f a l l w i t h i n a narrow range, t h i s a r i s e s as 

a summation of c o n t r i b u t i o n s from each of the v a l e n c e - l e v e l s which 

d i f f e r both i n sign and magnitude a c r o s s the s e r i e s . I n a l l c a s e s , 

however, the s i n g l e most important c o n t r i b u t i o n a r i s e s from the 

degenerate In o r b i t a l s . 

T h i s being the case, i t i s of i n t e r e s t to i n v e s t i g a t e 

the changes i n c o n t r i b u t i o n a r i s i n g from bending, and as a convenient 

l i n k to H 2C0, the r e l e v a n t data f o r HC0 + with an HCO bond-angle 

corresponding to the geometry appropriate to formaldehyde are a l s o 

considered. The data are d i s p l a y e d i n Fig u r e 7.5. The transformation 

from HC0 + to HjCO may be considered i n d i s c r e t e s t a g e s , a process of 

considerable a s s i s t a n c e i n the c o n s t r u c t i o n of the r e l e v a n t c o r r e l a t i o n 

diagrams. 

S t a r t i n g from the t h e o r e t i c a l l y optimized ( l i n e a r HC0 +) 
A 

geometry, the HCO bond angle i s d i s t o r t e d to t h a t appropriate to 

formaldehyde. The bond-lengths are then subsequently r e l a x e d to the 

values appropriate to H 2C0. 

Considering the extremes of the s e r i e s , i t i s a s t r a i g h t ­

forward matter to i d e n t i f y the unique v a l e n c e - o r b i t a l (2b 2) f o r 

formaldehyde, which i n f a c t corresponds roughly to an antisymmetric 

combination of the in-plane 2p y o r b i t a l s on carbon and oxygen, with 

the appropriate combinations of H I s o r b i t a l s such t h a t o v e r a l l the 

o r b i t a l i s weakly C-H bonding and C-0 antibonding. For the C l j g 

c o r e - i o n i z e d s t a t e , the d i s t o r t i o n from l i n e a r i t y l i f t s the degeneracy 

of the IT o r b i t a l s . The c o n t r i b u t i o n from the remaining v o r b i t a l 
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F i g . ( 7 . 5 ) T o t a l R.E. and i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the 
t o t a l R.E. i n the s e r i e s HCO+ ( l i n e a r ) , HCO+ (bent) and 
H 2 C O subsequent upon C l g and 0 ^ g c o r e - i o n i z a t i o n . 

decreases, w h i l s t the a o r b i t a l d e r ived from the TT o r b i t a l provides 

an i n c r e a s e d c o n t r i b u t i o n , such t h a t o v e r a l l the r e l a x a t i o n energy 

does not change s i g n i f i c a n t l y . I n going to formaldehyde, the 

i n t e r a c t i o n w ith the antisymmetric combination of H I s o r b i t a l s 
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generates an extended in-plane " i r-type" o r b i t a l , which provides the 

n e x t - t o - l a r g e s t c o n t r i b u t i o n to the r e l a x a t i o n energy, the l a r g e s t 

c o n t r i b u t i o n a r i s i n g from the ir o r b i t a l i t s e l f . The c o r e - o r b i t a l 

c o n t r i b u t i o n s remain roughly constant, and are i n a l l cases s m a l l . 

For the 0^ g c o r e - i o n i z e d systems, the unique (2b 2) 

o r b i t a l a c t u a l l y provides a negative c o n t r i b u t i o n to the t o t a l 

r e l a x a t i o n energy. A negative c o n t r i b u t i o n i s a l s o c a l c u l a t e d f o r 

one of the a^ a o r b i t a l s . A d e t a i l e d a n a l y s i s of the changes i n 

population a n a l y s i s f o r the r e l e v a n t o r b i t a l s i n going from CO to 

H 2C0 v i a HC0 + i n d i c a t e s that t h i s o r b i t a l i s the 4 a 1 o r b i t a l , which 

i n valence-only notoation i s the 2a^ o r b i t a l . These negative 

c o n t r i b u t i o n s are o f f s e t by the l a r g e p o s i t i v e c o n t r i b u t i o n s 

provided by the in-plane i r-type o r b i t a l and the ir o r b i t a l i t s e l f . 

The 5a^ o r b i t a l , which c o n t r i b u t e s s u b s t a n t i a l l y to the r e l a x a t i o n 

energy, d e r i v e s from the i n t e r a c t i o n of the 5a o r b i t a l of CO with a 

symmetric combination of the H I s o r b i t a l s . T h i s i n t e r a c t i o n 

provides a l a r g e i n c r e a s e i n r e l a x a t i o n energy f o r t h i s o r b i t a l , 

which f o r CO i t s e l f provides a small negative c o n t r i b u t i o n f o r the 

0, h o l e - s t a t e . The way i n which t h i s o r b i t a l evolves to provide 
I S 

such a s i g n i f i c a n t c o n t r i b u t i o n to the r e l a x a t i o n energy i s di s c e r n e d 

by f o l l o w i n g the sequence:-

CO •*• HC0 + ( l i n e a r ) HC0 + (bent) •+ H 2C0 

The d i s t o r t i o n from l i n e a r i t y causes a s u b s t a n t i a l reordering of the 

i n d i v i d u a l v a l e n c e - o r b i t a l c o n t r i b u t i o n s to the r e l a x a t i o n energy. 

The c o n t r i b u t i o n from the o r b i t a l derived from the 5a o r b i t a l i n CO 

i n c r e a s e s i n magnitude, w h i l s t t h a t from the 4o i s s u b s t a n t i a l l y 

decreased, and f i n a l l y , i n c o r r e l a t i n g with the 4a^ o r b i t a l i n 

formaldehyde, there i s a f u r t h e r decrease i n energy such t h a t the 

co n t r i b u t i o n i s s i g n i f i c a n t l y negative. The v a r i a t i o n i n 
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c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energies are s i g n i f i c a n t l y 

l a r g e r f o r 0 l s as compared with c o r e - i o n i z a t i o n s . T h i s can 

be r a t i o n a l i z e d q u a l i t a t i v e l y i n terms of the d i f f e r e n c e i n e l e c t r o n 

demands consequent upon c r e a t i o n of a core-hole on carbon i n the 

"centre" of the molecule, compared with c r e a t i o n of a core-hole on 

the terminal oxygen, where the e l e c t r o n demand i n r e s p e c t of the C-0 

and C-H bonds w i l l be considerably modified by the o v e r a l l bonding 

scheme ( v i z . H-C-0). The most profound changes i n r e l a x a t i o n 

energy c o n t r i b u t i o n s occur fo r the 4a and 5a o r b i t a l s of the l i n e a r 

HC0 + on bending, i n the p a r t i c u l a r case of the 0^ g c o r e - i o n i z e d 

s p e c i e s . The 5o i n c r e a s e s i t s c o n t r i b u t i o n to the t o t a l r e l a x a t i o n 

energy, w h i l s t the 4a decreases on going from the l i n e a r to bent 

systems. T h i s behaviour can be q u a l i t a t i v e l y understood i n terms 

of the l o c a l i z a t i o n c h a r a c t e r i s t i c s of the o r b i t a l s involved. The 

5o o r b i t a l i n CO e s s e n t i a l l y corresponds to a lone p a i r on carbon with 

very l i t t l e c o n t r i b u t i o n on oxygen, such t h a t the r e l a x a t i o n energy 

c o n t r i b u t i o n i s small and negative. For the bent protonated s p e c i e s , 

however, the component c o n t r i b u t i o n from b a s i s functions on oxygen 

f o r t h i s o r b i t a l are p r o p o r t i o n a t e l y bigger, s i n c e the o r b i t a l energy 

mismatch i s much l e s s . Conversely f o r the 4a o r b i t a l , (which i s 

predominantly a s s o c i a t e d with the oxygen for the f r e e ligand) i n the 

bent protonated s p e c i e s , t h i s o r b i t a l provides a s u b s t a n t i a l pro­

portion of the C-H bonding i n t e r a c t i o n , and protonation leads to an 

i n c r e a s e d c o n t r i b u t i o n from b a s i s f u n c t i o n s on carbon, s i n c e the 

o r b i t a l energy mismatch i s improved compared with the f r e e l i g a n d . 

I n consequence, the c o n t r i b u t i o n provided by t h i s o r b i t a l decreases 

on going from the f r e e l i g a n d to the bent protonated s p e c i e s . 
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The dependence on bond-length of i n d i v i d u a l o r b i t a l 

c o n t r i b u t i o n s to r e l a x a t i o n energies i n the case of CO has been 

d i s c u s s e d . A s i m i l a r i n v e s t i g a t i o n may be made f o r the bent proton 

ated s p e c i e s , providing an independent check of the o v e r a l l v a l i d i t y 

of the r e l a x a t i o n energy c o n t r i b u t i o n c o r r e l a t i o n diagram. For the 

f r e e l i g a n d , the c o n t r i b u t i o n s from the 4a and 5o o r b i t a l s e x h i b i t 

p o s i t i v e and negative g r a d i e n t s , r e s p e c t i v e l y , f o r both the C, and 
J - s 

°ls c o r e n ° l e s t a t e s . A s i m i l a r p a t t e r n i s evident from Fig u r e 7.5 

extending the C-0 bond-length f o r the bent HC0 + s p e c i e s . For the 

* o r b i t a l (degenerate i n CO), the grad i e n t of the r e l a x a t i o n energy 
c o n t r i b u t i o n as a functi o n of bond-length i s small and negative 

f o r the C, , and small and p o s i t i v e f o r the O, , c o r e - i o n i z e d s t a t e s i s i s 
For the bent protonated s p e c i e s , w h i l s t the c o n t r i b u t i o n f o r the 
C l s *- o n i z e (* s t a t e follows t h a t f o r the n e u t r a l molecule, f o r the 

0^ g i o n i z e d s t a t e , the gradient i s e s s e n t i a l l y zero. For the 3o 

o r b i t a l , the gr a d i e n t s f o r the C^ g and 0^ s i o n i z e d systems i n the 

f r e e ligands are p r e d i c t e d to be opposite i n s i g n , being p o s i t i v e 

f o r the l a t t e r . For the bent protonated s p e c i e s the gr a d i e n t s are 

small and negative f o r both c o r e - i o n i z e d s t a t e s . 

d) Density d i f f e r e n c e contours 

The t o t a l d e n s i t y d i f f e r e n c e contour p l o t s f o r HC0 +, CO 

and C0H + are shown i n Figure 7.6, from which i t i s c l e a r t h a t the 

o v e r a l l r e l a x a t i o n process i s very s i m i l a r f o r a l l three molecules, 

as might have been a n t i c i p a t e d from Fig u r e 7.4. An a n a l y s i s of the 

i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n process has 

been made. Figu r e 7.7 shows the v a r i a t i o n along t h i s s e r i e s of the 

3a c o n t r i b u t i o n , those f o r the l a and 2a o r b i t a l s being n e g l i g i b l e 
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F i g . ( 7 . 6 ) Density d i f f e r e n c e contour p l o t s f o r HCO , CO and COH 
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F i g . ( 7 . 7 ) 
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Density d i f f e r e n c e contour p l o t s f o r HC0 +, CO and C0H +. 
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f o r both 0 l s and C l g c o r e - i o n i z a t i o n . The o v e r a l l p a t t e r n f o r 

both C l g and 0 l g c o r e - i o n i z a t i o n i s remarkably s i m i l a r along t h i s 

s e r i e s of molecules, g i v i n g r i s e to the v i r t u a l l y constant 

c o n t r i b u t i o n from t h i s o r b i t a l to the t o t a l r e l a x a t i o n energy. 

The s i t u a t i o n f o r the 4 a o r b i t a l (Figure 7.8) i s more 

complex. For C l g c o r e - i o n i z a t i o n i n CO, there i s a build-up i n 
ACT orbital 

01s 

•: I 
7 

COhf 
HCO CO 

F i g . ( 7 . 8 ) Density d i f f e r e n c e contour p l o t s f o r HC0 +, CO and C0H +. 

e l e c t r o n d e n s i t y i n the region of the carbon atom, a t the expense 

of the oxygen lone p a i r , and the i n t e r n u c l e a r bonding region; for 

C0H +, however, there i s an area of el e c t o n d e n s i t y i n c r e a s e 

between the carbon and oxygen atoms. Since l e s s e l e c t r o n d e n s i t y 

i s t r a n s f e r r e d to the carbon atom, a decrease i n s i n g l e o r b i t a l 

r e l a x a t i o n energy i s expected. For HC0 +, there i s now l e s s electron 

t r a n s f e r from the oxygen lone p a i r - r a t h e r , some e l e c t r o n d e n s i t y i s 

l o s t from the hydrogen atom. For 0 l g c o r e - i o n i z a t i o n , the o v e r a l l 

p a t t e r n of e l e c t r o n flow i s f a i r l y s i m i l a r f o r CO and COH; however, 
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the p a t t e r n of e l e c t r o n flow i s markedly d i f f e r e n t f o r HCO / i n 

tha t d e s p i t e the f a c t there i s a core-hole on oxygen, the e l e c t r o n 

flow i s to the C-H region of the molecule. T h i s may account 

for the decrease of ̂  1.5 eV i n the 4o o r b i t a l r e l a x a t i o n energy 

on going from CO to HC0 +. 

The contour p l o t s f o r the 5a o r b i t a l s are shown i n 

Figure 7.9. For C, c o r e - i o n i z a t i o n , the p l o t s f o r CO and HC0 + 

5or orbital 

Cl 

\ 
v 

0% a ( 

COH CO HCO 
F i g . ( 7 . 9 ) Density d i f f e r e n c e contour p l o t s f o r HCO , CO and COH . 

are q u i t e s i m i l a r , save t h a t l e s s e l e c t r o n - f l o w to the O-H region 

i n COH+ occurs than to the O lone p a i r i n CO, r e s u l t i n g i n a 

s l i g h t l y higher r e l a x a t i o n energy f o r the 5a o r b i t a l i n COH+. For 

HCO+, there i s even l e s s t r a n s f e r of e l e c t r o n d e n s i t y to the 

oxygen lone p a i r , but r a t h e r more to the C-0 bonding region from 

the hydrogen. For 0, c o r e - i o n i z a t i o n , the e l e c t r o n flow f o r the 
J - s 

CO and C0H + molecules i s f a i r l y s i m i l a r , w h i l s t t h a t f o r the HC0 + 

molecule i s again q u i t e d i s t i n c t , with considerable build-up of 
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e l e c t r o n d e n s i t y i n the C-0 bonding and oxygen lone p a i r regions. 

F i n a l l y , F i g u r e 7.10 shows the contour p l o t s f o r the 

degenerate In o r b i t a l s . These are extremely s i m i l a r i n appearance. 

1tf orbital 

°1s 

O 

HCO® CO C O T 

Fig.(7.10) Density d i f f e r e n c e contour p l o t s f o r HC0 +, CO and C0H +. 

S i m i l a r d e n s i t y d i f f e r e n c e contours may be constructed 

for the HC0 + ( l i n e a r ) , HC0 + (bent) and H 2C0 molecules, to i n v e s t i ­

gate the e f f e c t of o-n mixing on the v a l e n c e - e l e c t r o n flow 

accompanying c o r e - i o n i z a t i o n . The t o t a l d e n s i t y d i f f e r e n c e 

contours are shown i n Fi g u r e 7.11, and as before, they are quite 

s i m i l a r i n o v e r a l l appearance. Again, as perhaps a n t i c i p a t e d 

from the st r o n g l y bonding nature of the o r b i t a l s , the 3a o r b i t a l 

r e l a x a t i o n p l o t s , Figure 7.12,are a l s o very s i m i l a r . For ease 

of comparison, the o r b i t a l s w i l l be r e f e r r e d to by the designation 

of the CO o r b i t a l with which they correspond, even though t h i s 

o r b i t a l , f o r formaldehyde, i s s t r i c t l y the 3a, o r b i t a l . 
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HCOT HOTIbent H2CO 

Fig.(7.11) Density d i f f e r e n c e contour p l o t s f o r HCO ( l i n e a r ) , 
HCO+ (bent) and HjCO. 

3or orbital 

Ois 
\ 

HCCT HCOe(bent) ^ C O 
Fig.(7.12) Density d i f f e r e n c e contour p l o t s f o r HCO ( l i n e a r ) , 

HCO+ (bent) and H-CO. 
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The 4a and 5a o r b i t a l s , F i g u r e s 7.13 and 7.14, are more 

complex, but the underlying s i m i l a r i t y between the r e l a x a t i o n 
U6 orbital ^ ^ 

Cls 

0 

01s 

HCO® HCO®I bent) H2CO 
Pig.(7.13) Density d i f f e r e n c e contour p l o t s f o r HCO+ ( l i n e a r ) , 

HC0 + (bent) and H0CO. 

5cr orbital 5cr orbital 

01 
\ i 

0 
i 

HCO® HC0®(bent) H 2C0 

Fig.(7.14) Density d i f f e r e n c e contour p l o t s f o r HCO* ( l i n e a r ) , 
HC0 + (bent) and H 9C0. 
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p a t t e r n i s apparent. The lir o r b i t a l shown i n Fi g u r e 7.15 i s the 

in-plane "ir-type" o r b i t a l of HC0 + (bent) , which becomes the l b 1 

o r b i t a l of formaldehyde. 
Iff orbital 

0 

° 1 

® H 2 C0 HCO HOT bent 
Fig.(7.15) Density d i f f e r e n c e contour p l o t s f o r HCO ( l i n e a r ) , 

HC0 + (bent) and H 2C0. 

I t should be c l e a r from the foregoing d i s c u s s i o n t h a t 

the a n a l y s i s of t o t a l r e l a x a t i o n energies i n t o i n d i v i d u a l o r b i t a l 

c o n t r i b u t i o n s r e v e a l s a s t r i k i n g dependence on the int i m a t e d e t a i l s 

of the 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 . Although i t i s p o s s i b l e 

t h e r e f o r e f o r t o t a l r e l a x a t i o n energies to vary by only a small 

amount i n going from one system to another, t h i s a r i s e s from a 

convolution of terms of opposite s i g n a r i s i n g from d i f f e r e n t 

i n d i v i d u a l v a l e n c e - o r b i t a l s . I t i s hoped t h a t an a n a l y s i s along 

the l i n e s presented here provides a d d i t i o n a l i n s i g h t i n t o the 

r e l a t i o n s h i p between e l e c t r o n i c s t r u c t u r e and e l e c t r o n i c r e l a x ­

a t i o n s accompanying c o r e - i o n i z a t i o n . 
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7.2 E l e c t r o n i c Reorganization Accompanying C o r e - I o n l z a t i o n i n 
the Isomeric P a i r s of Molecules HCN, HNC and HON, HNO 

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

I n the previous s e c t i o n , an i n v e s t i g a t i o n of the 

changes i n o r b i t a l c o n t r i b u t i o n s to r e l a x a t i o n energies f o r the 

s e r i e s CO -»• HCO+ •»• HOC+ was given. As an extension of t h i s work, 

the ground and core hole s t a t e s of HCN, HNC, HNO and HON were 

examined. The e n t h a l p i e s of is o m e r i z a t i o n f o r these systems are 

small i n both c a s e s , and i t i s t h e r e f o r e of i n t e r e s t to i n v e s t i g a t e 

the s h i f t s i n core binding energies and the c o n t r i b u t i o n s o r i g i n ­

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

Geometries optimized w i t h i n the SCF approximation were 

used f o r HCN, HNC 3 0 1 and HON, HNO; 3 0 2 comparison with experimental 

data where p o s s i b l e r e v e a l s e x c e l l e n t agreement. For the HON, 

HNO s p e c i e s , c a l c u l a t i o n s f o r the ground-state were r e s t r i c t e d to 

the s i n g l e t "̂A1 s t a t e s . The b a s i s s e t employed was the STO-6.33G 

+ P p r e v i o u s l y described. 

7.2.2 R e s u l t s and D i s c u s s i o n 

a) Absolute binding energies and s h i f t s 

There have been extensive s t u d i e s of both the ground 

and e x c i t e d s t a t e s of HCN and HNC 3 0 1' 3 0 3 and of HNO and HON, 3 0 4" 3 0 8 

and HCN has p r e v i o u s l y been i n v e s t i g a t e d i n some d e t a i l with r e s p e c t 

to the core hole s t a t e s , 2 0 0 i n c l u d i n g an a n a l y s i s of v i b r a t i o n a l 

e x c i t a t i o n s accompanying c o r e - i o n i z a t i o n . There has been no 

previous i n v e s t i g a t i o n of the core hole s t a t e s f o r t h i s s e r i e s of 

molecules using b a s i s s e t s of comparable q u a l i t y . The main 

emphasis i n t h i s s e c t i o n i s the i n t e r p r e t a t i o n of changes i n 

binding and r e l a x a t i o n e n e r g i e s ; however, the computed e n t h a l p i e s 

of i s o m e r i z a t i o n may be compared with those p r e v i o u s l y reported 
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i n the l i t e r a t u r e . The computed energy d i f f e r e n c e between HCN 

and HNC of 5.1 k c a l mol 1 compares with the value of 9,5 k c a l m o l - 1 

computed a t the SCF l e v e l by Schaefer and c o - w o r k e r s , 3 0 1 and 

14.6 k c a l mol 1 from an e x t e n s i v e CI i n v e s t i g a t i o n . Although 

the ground-state of HNO i s 1A%, t h a t f o r HON i s a t r i p l e t s t a t e 
3 1 -1 ( A " ) , the s i n g l e t A' s t a t e being ^ 30 k c a l mol to higher 

304 
energy. To avoid complications i n v o l v i n g m u l t i p l e t s p l i t t i n g s , 

and to provide a c o r r e l a t i o n f o r the i n d i v i d u a l o r b i t a l components, 

the i n v e s t i g a t i o n d escribed i n t h i s work has been confined to the 

^A' s t a t e of HON and the derived 0, and N,„ core hole s t a t e s . 
I s I s 

The energy d i f f e r e n c e between HNO and HON of 20.6 k c a l mol 1 

compares favourably with the value of 20 k c a l mol 1 obtained by 
304 

Gallup with a gaussian lobe b a s i s s e t of e s s e n t i a l l y Double 

Zeta q u a l i t y . 

The absolute binding and r e l a x a t i o n energies and 

s h i f t s f o r the s e r i e s of molecules are d i s p l a y e d i n Table 7.1. 

For comparison, data f o r CO and N 2, computed with the same b a s i s 

s e t , are a l s o included. The absolute binding energies are 

t y p i c a l l y ^ 2.5 eV too l a r g e . Although the energy d i f f e r e n c e 

between the tautomers i s s m a l l , i n both cases the s h i f t s i n core 

binding energies w i t h i n a given p a i r are q u i t e s i g n i f i c a n t 

+ 0.5 eV). On going from N 2 to HCN, there i s a s u b s t a n t i a l 

s h i f t to lower binding energy f o r the N. l e v e l s , p a r t l y a t t r i b u t a b l e 

to the l a r g e i n c r e a s e i n r e l a x a t i o n energy. The s h i f t to lower 

binding energy i s somewhat reduced f o r HON however, the r e l a x a t i o n 

energy c o n t r i b u t i o n to the s h i f t being zero. The computed 

s h i f t of 2.5 eV i n the N^ g l e v e l s between HON and HCN may be compared 

with the s h i f t of 3.3 eV i n going from HNO to HNC. Although f o r 
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HCN and HNC, the s h i f t s f o r the C l g and N l s l e v e l s may l a r g e l y 

be a t t r i b u t e d to changes i n r e l a x a t i o n e n e r g i e s , the s i t u a t i o n 

i s somewhat more complicated f o r HNO and HON. The former 

molecule has the higher N l g binding energy and lower 0 l g binding 

energy, despite the f a c t that the r e l a x a t i o n energy s h i f t s are 

i n a contrary sense. T h i s i s almost c e r t a i n l y a s s o c i a t e d with 

the f a c t t h a t f o r these molecules, the bent conformations c o r r e s ­

pond to e x t e n s i v e o-v i n t e r a c t i o n , compared with a l i n e a r 

conformation. A s i m i l a r s i t u a t i o n i n going from the l i n e a r to 

bent conformation f o r HCO+ was noted i n the previous s e c t i o n . 

b) O r b i t a l c o n t r i b u t i o n s to r e l a x a t i o n energies 

There are s i g n i f i c a n t d i f f e r e n c e s i n t o t a l r e l a x a t i o n 

energies f o r the C. and N, h o l e - s t a t e s f o r HCN and HNC. The 
I s i s 

a n a l y s i s i n terms of i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s may provide 

i n s i g h t i n t o the o r i g i n of such d i f f e r e n c e s . T h i s i s shown i n 

Figure 7.16. For the N^ g c o r e - i o n i z e d systems, the l a r g e s t 

c o n t r i b u t i o n s to the r e l a x a t i o n energies a r i s e from the degenerate 

lir o r b i t a l s . The population a n a l y s i s r e v e a l s t h a t on going from 

the n e u t r a l to c o r e - i o n i z e d s p e c i e s , there i s s u b s t a n t i a l ir-electron 

t r a n s f e r from carbon to nitrogen, such t h a t the c o n t r i b u t i o n s are 

comparable for the two systems. The c o r e - l e v e l s themselves 

provide very small c o n t r i b u t i o n s o v e r a l l , and the 3a o r b i t a l , which 

i s predominantly N 2s i n c h a r a c t e r f o r both HCN and HNC, provides 

a s u b s t a n t i a l but e s s e n t i a l l y i n v a r i a n t c o n t r i b u t i o n to the r e l a x ­

a t i o n energy accompanying N, c o r e - i o n i z a t i o n . An i n t e r e s t i n g 

s i t u a t i o n i s apparent fo r the 4a and 5a o r b i t a l s , which for HCN 

correspond e s s e n t i a l l y to the C-H bonding and lone p a i r o r b i t a l s 

on nitrogen r e s p e c t i v e l y . For HNC, the corresponding o r b i t a l s 

are dominantly of N-H bonding and carbon lone p a i r c h a r a c t e r . 
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Relaxation Energy Cfe 
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Fig.(7.16) S i n g l e o r b i t a l r e l a x a t i o n energies accompanying C l g 

and N, c o r e - i o n i z a t i o n i n HCN and HNC. i s 

Considering the lone p a i r - t y p e 5a o r b i t a l s , c r e a t i o n of a core-hole 

on nitrogen provides e s s e n t i a l l y zero c o n t r i b u t i o n to the t o t a l 

r e l a x a t i o n energy i n the case of HNC, but a l a r g e p o s i t i v e c o n t r i ­

bution i n the case of HCN. T h i s agrees with the analogous 

s i t u a t i o n p r e v i o u s l y described f o r CO, where f o r the 5a o r b i t a l 

(carbon lone p a i r ) , c r e a t i o n of a core-hole on carbon leads to 

a s u b s t a n t i a l c o n t r i b u t i o n to the r e l a x a t i o n energy f o r t h i s 

o r b i t a l , w h i l s t f o r the 0^ g core hole s t a t e , the c o n t r i b u t i o n i s 

a c t u a l l y negative. T h i s analogy i s f u r t h e r strengthened by 

comparison with the behaviour f o r the C^ g c o r e - i o n i z e d systems. 

Thus f o r HCN, whereas the 5a o r b i t a l (lone p a i r on nitrogen) 

c o n t r i b u t e s l i t t l e to the o v e r a l l r e l a x a t i o n energy, f o r HNC 

( l a r g e l y N-H bonding) the r e l a x a t i o n energy provides the s i n g l e 

l a r g e s t c o n t r i b u t i o n to the o v e r a l l r e l a x a t i o n energy. T h i s 

behaviour i s mirrored by the 4o o r b i t a l s ; f o r HNC, t h i s o r b i t a l 

(dominantly of N-H bonding c h a r a c t e r ) provides e s s e n t i a l l y zero 
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c o n t r i b u t i o n to the r e l a x a t i o n energy fo r the C. l e v e l s but a 
X s 

l a r g e c o n t r i b u t i o n f o r the N l g l e v e l s , w h i l s t f o r HCN, f o r which 

the 4a o r b i t a l i s dominantly of C-H bonding c h a r a c t e r , the r e v e r s e 

s i t u a t i o n o b t a i n s . I t i s u nfortunately not p o s s i b l e to provide 

a s t r a i g h t f o r w a r d p i c t o r i a l r a t i o n a l i z a t i o n of the c o n t r i b u t i o n 

to the r e l a x a t i o n energies provided by the o r b i t a l s of predominantly 

lone p a i r c h a r a c t e r on the b a s i s of simple Mulliken population 

a n a l y s e s , whereas f o r the other o r b i t a l s an i n c r e a s e i n r e l a x a t i o n 

energy c o n t r i b u t i o n may s t r a i g h t f o r w a r d l y be a s s o c i a t e d with an 

i n c r e a s e i n population on the atom on which the core-hole i s 

l o c a t e d . As has been p r e v i o u s l y noted, i n the case of carbon 

monoxide, f o r the lone p a i r o r b i t a l s ( f o r which a Mulliken popu­

l a t i o n a n a l y s i s p r e d i c t s e s s e n t i a l l y zero change i n going to the 

c o r e - i o n i z e d s p e c i e s ) a p i c t o r i a l r e p r e s e n t a t i o n of the r e l a x a t i o n 

energy c o n t r i b u t i o n s r e q u i r e s d e n s i t y d i f f e r e n c e contours, which 

r e v e a l the r e o r g a n i z a t i o n of e l e c t r o n d e n s i t y i n the v i c i n i t y of 

the atom bearing the core-hole. 

The data f o r HNO and HON are d i s p l a y e d i n F i g u r e 7.17. 

The ground s t a t e of HON i s a t r i p l e t ; however, the s i n g l e t s t a t e 

i s only s l i g h t l y higher i n energy (̂  1.5 eV) and to avoid 

complications a r i s i n g from m u l t i p l e t e f f e c t s and to provide a 

convenient comparison with HNO, the computations r e f e r to the 

c l o s e d - s h e l l systems. I n order f o r a comparison to be drawn 

with the data f o r l i n e a r HCN and HNC systems, the a - o r b i t a l which 

a r i s e s from the i n t e r a c t i o n of the H I s o r b i t a l with one of the 

degenerate ( i n an RHF formalism) p a i r of i r - o r b i t a l s f o r NO i s 

r e f e r r e d to as the In o r b i t a l ; however, i n terms of the symmetry 

of the bent systems, i t should be more c o r r e c t l y denoted as the 
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Fig.(7.17) S i n g l e o r b i t a l r e l a x a t i o n energies accompanying N. 
J. 5 and 0, c o r e - i o n i z a t i o n i n HNO and NOH. i s 

5a* o r b i t a l . For HNO, the l a r g e s t s i n g l e c o n t r i b u t i o n to the 

r e l a x a t i o n energy a r i s e s from the s t r o n g l y bonding N-0 i r - o r b i t a l 

(2u); the Mulliken population a n a l y s i s r e v e a l s s u b s t a n t i a l e l e c t r o n 

t r a n s f e r to a given atom on c r e a t i o n of the core-hole on t h a t atom. 

The behaviour of the doubly-occupied antibonding N-0 IT - o r b i t a l (3ir) 

i s p a r t i c u l a r l y i n t e r e s t i n g , i n t h a t f o r the N^ g l e v e l i n HNO i t 

provides a small but s i g n i f i c a n t c o n t r i b u t i o n to the r e l a x a t i o n 

energy, w h i l s t f o r the 0, c o r e - i o n i z e d s p e c i e s , the c o n t r i b u t i o n 
X s 

i s l a r g e r i n absolute magnitude, but opposite i n s i g n . T h i s may 

be r a t i o n a l i z e d i n a q u a l i t a t i v e manner i n terms of the i n c r e a s e d 

( f o r N^ g) or decreased (f o r 0^ g) i n t e r a c t i o n between the o r b i t a l s 

of TT-symmetry on nitrogen and oxygen as a f u n c t i o n of the e f f e c t i v e 
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o r b i t a l energy mismatch between them. The a - o r b i t a l derived 

from a l i n e a r combination of H I s and in-plane i r - o r b i t a l s of NO, 

which has been designated the lir o r b i t a l , c o n t r i b u t e s s u b s t a n t i a l l y 

to the t o t a l r e l a x a t i o n energy f o r both the N. and 0, h o l e - s t a t e s 
i s i s 

of HNO. T h i s p a r a l l e l s the behaviour f o r protonated CO, f o r 

which the r e l a x a t i o n energy c o n t r i b u t i o n of the I T - o r b i t a l , which 

i n t e r a c t s with the H I s o r b i t a l , decreases only s l i g h t l y on 

bending. 

The c o n t r i b u t i o n s a r i s i n g from the 4a, 3a and 5a 

o r b i t a l s f a l l i n the same sequence f o r both the N^ s and 0^ g 

h o l e - s t a t e s of HNO. The 3a and 4o o r b i t a l s are predominantly 

of 0 2s and N 2s c h a r a c t e r r e s p e c t i v e l y , and thus have s i g n i f i c a n t 

lone p a i r c h a r a c t e r . The population a n a l y s i s r e v e a l s l i t t l e 

o v e r a l l change i n going to the c o r e - i o n i z e d s p e c i e s ; however, the 

s u b s t a n t i a l c o n t r i b u t i o n s a r i s e from the l o c a l c o n t r a c t i o n of 

va l e n c e - e l e c t o n d e n s i t y , which i s only r e a d i l y revealed by d e n s i t y 

d i f f e r e n c e contour p l o t s . The 5o o r b i t a l , which i s N-0 a n t i -

bonding and N-H bonding, provides a s i g n i f i c a n t c o n t r i b u t i o n to 

the r e l a x a t i o n energy f o r both core hole s t a t e s of HNO. 

The s u b s t a n t i a l changes i n r e l a x a t i o n energy f o r both 

the N^ s and 0^ g l e v e l s i n going from HNO to HON c l e a r l y a r i s e from 

an i n t e r p l a y of the v a r i o u s c o n t r i b u t i o n s from the i n d i v i d u a l 

valence o r b i t a l s , as evidenced by the data i n Fig u r e 7.17. I n 

the absence of r e l a x a t i o n e f f e c t s , the computed s h i f t s f o r the 

N l s and 0 l g l e v e l s i n going from HNO to HON would be -1.7 eV and 

+0.8 eV r e s p e c t i v e l y , compared with the v a l u e s i n c l u d i n g r e l a x a t i o n 

e f f e c t s of -0.5 eV and +0.6 eV. For HON, the 2TT o r b i t a l provides 

a s u b s t a n t i a l c o n t r i b u t i o n to the r e l a x a t i o n energy for both of the 
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h o l e - s t a t e s . Since the s t r o n g l y N-0 ir-bonding o r b i t a l s i n NO 

have s u b s t a n t i a l l y l a r g e r c o n t r i b u t i o n s from the oxygen as opposed 

to the nitrogen ir-type o r b i t a l s , the i n t e r a c t i o n with the H I s 

o r b i t a l on going to the bent HON system i s s i g n i f i c a n t l y g r e a t e r , 

and t h i s i s r e f l e c t e d i n the somewhat g r e a t e r c o n t r i b u t i o n of t h i s 

o r b i t a l to the t o t a l r e l a x a t i o n energy on going from the HNO to 

the HON system. For the N^ g and 0^ g h o l e - s t a t e s , the c o n t r i b u t i o n s 

provided by the antibonding n - o r b i t a l (3ir) are s m a l l e r i n magnitude 

than f o r HNO, w h i l s t the c o n t r i b u t i o n s from the 3o and 4o o r b i t a l s 

i n c r e a s e . An i n t e r e s t i n g s i t u a t i o n a r i s e s f o r the 5o o r b i t a l , 

which provides a l a r g e c o n t r i b u t i o n to the r e l a x a t i o n energy i n 

HNO and f o r the N, h o l e - s t a t e i n HON; however, the corresponding 
JL S 

c o n t r i b u t i o n to the 0^ g h o l e - s t a t e i n HON i s very s m a l l . 

There i s no s t r a i g h t f o r w a r d r a t i o n a l i z a t i o n f o r t h i s on 

the b a s i s of changes i n population from a Mulliken a n a l y s i s . The 

5a o r b i t a l , which i s N-0 antibonding f o r both HNO and HON, provides 

an i n c r e a s e i n population on the atom bearing the core-hole i n the 

case of the N^g h o l e - s t a t e of HNO; however, there are s i g n i f i c a n t 

decreases i n population f o r the remaining h o l e - s t a t e s . The bond 

overlap populations r e v e a l the s u b s t a n t i a l changes i n e l e c t r o n 

d i s t r i b u t i o n i n the bonding regions, and i t would appear t h a t a 

Mulliken population a n a l y s i s provides too crude a p i c t u r e of the 

o v e r a l l e l e c t r o n i c r e o r g a n i z a t i o n , s i n c e i t does not allow a ready 

means of i d e n t i f y i n g regions c l o s e to the nucleus, as opposed to 

those which are more remote. 

7.3 S i n g l e O r b i t a l Relaxation Energies Accompanying Core-Ionization 
i n the I s o e l e c t r o n i c S e r i e s CĤ ,, NH,, H 50, HF and Ne 

7.3.1 I n t r o d u c t i o n 
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As a f i n a l extension of the method described i n the 

previous Chapter to polyatomic systems, an i n v e s t i g a t i o n of the 

i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energies 

accompanying c o r e - i o n i z a t i o n i n the i s o e l e c t r i c s e r i e s CH 4, NH3, 

H 20, HF and Ne i s presented i n t h i s s e c t i o n . T h i s s e r i e s i s of 

p a r t i c u l a r i n t e r e s t , s i n c e the changes i n valence e l e c t r o n i c 

s t r u c t u r e may conveniently be d i s c u s s e d i n terms of the united 

atom formalism; indeed P r i c e and P o t t s have presented an e l e g a n t l y 

simple d i s c u s s i o n of the valence energy l e v e l s f o r t h i s s e r i e s 
207 

based on t h i s concept. B r i e f c o n s i d e r a t i o n i s a l s o given to 

i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n energies 

a s s o c i a t e d with the e s s e n t i a l l y c o r e - l i k e valence 2s l e v e l s . As 

i n previous s e c t i o n s , the STO-6.33G + P b a s i s s e t was used. 
7.3.2 R e s u l t s and D i s c u s s i o n 

a) Absolute binding energies and t o t a l r e l a x a t i o n 
energies 

The computed absolute binding energies and r e l a x a t i o n 

energies are d i s p l a y e d i n Table 7.2. Comparison with a v a i l a b l e 

experimental data r e v e a l s e x c e l l e n t o v e r a l l agreement. The b a s i s 

s e t was chosen on the b a s i s of a compromise between f l e x i b i l i t y 

i n d e s c r i b i n g the 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 and c o s t - e f f e c t i v e ­

ness i n terms of computing re s o u r c e s . I n terms of d e s c r i b i n g 

d i f f e r e n c e s i n r e l a x a t i o n energies and i n a s s e s s i n g the r e l a t i v e 

importance of c o n t r i b u t i o n s a r i s i n g from i n d i v i d u a l o r b i t a l 

r e l a x a t i o n s , however, the b a s i s should be more than adequate. 

b) O r b i t a l r e l a x a t i o n energies accompanying cor e -
i o n i z a t i o n 

The prime motivation f o r t h i s work i s the d i r e c t 

i n v e s t i g a t i o n of the i n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to r e l a x a t i o n 



5 

ro 

O 
CM 

z 

0 
a o •H 
•P 
id N •H (3 0 H 

(0 
CN 

c 0 
•H 
+J 
n> N •H 
a o 
(0 

CN 

•P a c •H 

I 
ai o c 
Q) 

rH 
id 
> 

a 
.3 
id N •H c o 
H 

2 
o u 

0> 
c 
c 
m 
rH & 
n> ^ 
•P a> c e 

I 
u a> 

O _ 
3 & 
id u 
S c 

•a c 
•H 
n 

b 
CO 
< 
c 

e 
n 
rH [5 
Id M 
•P 0) 
c a 

n ai 
& 
a o •H 
•P 
id 

S 
rH 
u 

& 
u <u c w 

e •H CD. 

b CO < 

ai 
H 

u u U u o O GO 
• • • • • 

00 o CN vo CN 
m CM CM 

ro Q CI 
O Co CN CM 
• • • • • CM CM CM rH 

ro •-I a\ rH CM 
O CM CO ro • • f • • o rH 
in PO CN CM 

id rH 00 CM 01 00 H 
CO CM 00 in at • • • t • O m O ro O CM 
00 vo m CM 

CN f> [•*• VO 
VO CM ro r- in • t • • • o rH ID ro 
CM CM rH rH rH 

VO rH CM m VO in CM ro • • • • • O o vo rH 
r- ^ * O cn 00 VO in •<* CM 

<u 
2 

o 
CM 

8 
o 

r-
O 
CM 

V 
U 

1 
VH 

r- rH ai 
rH 4-1 
rH rH Id 

•P n w 01 2 



322 

energies for a simple i s o e l e c t r o n i c s e r i e s . The r e s u l t s are 

dis p l a y e d i n Fig u r e 7.18, and i t i s c l e a r from a comparison with 
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Fig.(7.18) I n d i v i d u a l o r b i t a l c o n t r i b u t i o n s to the t o t a l R.E. 
accompanying c o r e - i o n i z a t i o n i n the s e r i e s CH^, NHj 
H 20, HF and Ne. 

the data i n Table 7.2 t h a t the sum of the i n d i v i d u a l o r b i t a l 

c o n t r i b u t i o n s e x a c t l y reproduces the t o t a l computed r e l a x a t i o n 

e n e r g i e s . I n t h i s f i g u r e , the value f o r a single o r b i t a l i s 

given i n the case of degenerate o r b i t a l s . 

Considering the two extremes of the s e r i e s (namely, 

methane and neon), i t i s i n s t r u c t i v e to compare the o r b i t a l 

c o n t r i b u t i o n s f o r the eq u i v a l e n t o r b i t a l s . I n both c a s e s , the 
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remaining c o r e - e l e c t r o n ( l a ) c o n t r i b u t e s only a small f r a c t i o n of 

the t o t a l r e l a x a t i o n energy, which i s almost e x c l u s i v e l y 

a s s o c i a t e d with r e o r g a n i z a t i o n of the 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 . 

The 2a^ o r b i t a l i n CH 4 i s dominantly of 2s c h a r a c t e r and the 

c o n t r i b u t i o n to the t o t a l r e l a x a t i o n energy i n c r e a s e s i n absolute 

magnitude i n going to Ne; however, the percentage c o n t r i b u t i o n of 

the 2s o r b i t a l to the t o t a l r e l a x a t i o n energy i s approximately 

constant (16-20%) a c r o s s the s e r i e s . The t r i p l y - d e g e n e r a t e l t j 

o r b i t a l s of methane (dominantly of C 2p and H I s c h a r a c t e r ) 

c o r r e l a t e with the 2p atomic o r b i t a l s of neon, the r e l a x a t i o n energy 

for the l a t t e r being somewhat l a r g e r i n magnitude than fo r the 

former. I n both c a s e s , the c o n t r i b u t i o n to the t o t a l r e l a x a t i o n 

energy i s c o n s i d e r a b l y l a r g e r f o r the more p o l a r i z a b l e o r b i t a l s 

i n v o l v i n g valence 2p atomic o r b i t a l s , as opposed to the more 

st r o n g l y bound valence 2s l e v e l s . 

I n going from methane to ammonia, the r e l a x a t i o n 

energy c o n t r i b u t i o n from the 2a^ (2s) o r b i t a l i n c r e a s e s . The l t j 

o r b i t a l s now c o r r e l a t e with the 3a^ (lone p a i r ) and doubly-degenerate 

l e N-H bonding o r b i t a l s . The c o n t r i b u t i o n to the r e l a x a t i o n 

energy from the lone p a i r 3 a 1 o r b i t a l i s s i g n i f i c a n t l y l a r g e r than 

f o r the l e o r b i t a l s , as might have been a n t i c i p a t e d on the b a s i s of 

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

The increment i n r e l a x a t i o n energy i n going from the 2a^ 

o r b i t a l of NH^ to the corresponding o r b i t a l i n HjO i s almost i d e n t ­

i c a l to t h a t i n going from CH 4 to NH3 (̂  0.26 eV). The o r b i t a l 

r e l a x a t i o n energies f o r HjO f a l l i n the order l b ^ > 3a^ > l b j , which 

i s a l s o the order of decreasing population on oxygen a s s o c i a t e d with 

each of these o r b i t a l s , the gross atomic populations on oxygen 
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f o r the " h a l f - i o n i z e d " s t a t e s , computed as the average f o r the 

ground and core hole s t a t e s , being 0.96, 0.90 and 0.72 r e s p e c t i v e l y 

I n going from water to hydrogen f l u o r i d e , there i s 

again a small i n c r e a s e i n the r e l a x a t i o n energy a s s o c i a t e d with 

the 2o o r b i t a l (F 2 s ) . Since the 3a (H-F bonding) o r b i t a l i s 

str o n g l y p o l a r i z e d w ith a s u b s t a n t i a l build-up of negative charge 

on f l u o r i n e , there i s a s u b s t a n t i a l i n c r e a s e i n r e l a x a t i o n energy 

i n going from the l b 2 o r b i t a l i n H 20 to the 3a o r b i t a l i n HF; 

indeed, the c o n t r i b u t i o n to the r e l a x a t i o n energy from the bonding 

o r b i t a l i s somewhat l a r g e r than f o r the lir o r b i t a l s , which are 

almost e x c l u s i v e l y of F 2p c h a r a c t e r , there being n e g l i g i b l e 

population of the 2p and 3d p o l a r i z a t i o n f u n c t i o n s on hydrogen 

and f l u o r i n e r e s p e c t i v e l y . The c o n t r i b u t i o n to the r e l a x a t i o n 

energy provided by the degenerate i r - o r b i t a l s i s i n f a c t d i r e c t l y 

comparable with t h a t c a l c u l a t e d f o r the 2p v a l e n c e - o r b i t a l s of neon 

c) O r b i t a l r e l a x a t i o n energies accompanying dominantly 
2s valence i o n i z a t i o n 

The e s s e n t i a l l y c o r e - l i k e nature and somewhat s i m i l a r 

l o c a l i z a t i o n c h a r a c t e r i s t i c s for the v a l e n c e - o r b i t a l s dominantly 

of 2s c h a r a c t e r suggest t h a t c o r r e l a t i o n energy c o r r e c t i o n s to 

computed absolute binding energies should be somewhat s i m i l a r f o r 

the s e r i e s , and t h i s r e c e i v e s some support from the data presented 

i n Table 7.2. I n each case, the ASCF technique somewhat over­

estimates the absolute binding energies, the c o r r e l a t i o n energy 

f o r the i o n i c s t a t e being somewhat l a r g e r f o r the n e u t r a l molecule. 

The s i m i l a r i t y of the c o r r e l a t i o n energy changes f o r CH^ and f o r 

Ne are c l e a r l y apparent from t h i s data, s i n c e the d i f f e r e n c e 

between the experimentally determined and t h e o r e t i c a l l y c a l c u l a t e d 
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ASCF binding energies i s e s s e n t i a l l y the same (1.6 eV and 1.5 eV 

r e s p e c t i v e l y ) . For NH3 and H 20, the d i f f e r e n c e s are somewhat 

l a r g e r with r e s p e c t to Ne; however, the d i f f e r e n c e s are s t i l l 

q u i t e s m a l l . E s t i m a t e s of the c o r r e l a t i o n energy changes 

a s s o c i a t e d with i o n i z a t i o n of the 2s o r b i t a l s have been reported 

fo r both neon and water, being ^ 0 . 8 e V 1 3 6 and * 1.9 e V 1 4 0 ' 3 0 9 

r e s p e c t i v e l y , with the c o r r e l a t i o n energy being l a r g e r f o r the 

i o n i c s p e c i e s . T h i s d i f f e r e n c e i n c o r r e l a t i o n energy of 1.1 eV 

i n going from the s p h e r i c a l l y symmetrical Ne to HjO l a r g e l y accounts 

fo r the l a r g e r energy d i f f e r e n c e between the experimentally d e t e r ­

mined and t h e o r e t i c a l l y c a l c u l a t e d binding e n e r g i e s , although i t 

i s c l e a r t h a t the b a s i s s e t then s t i l l underestimates the t o t a l 

r e l a x a t i o n energies by 0.5 - 1.0 eV. Nonetheless, the small range 

of c o r r e l a t i o n energy d i f f e r e n c e s suggests t h a t an a n a l y s i s of the 

o r b i t a l c o n t r i b u t i o n s to the r e l a x a t i o n energies f o r the 2s l e v e l s 

should allow f o r a meaningful comparison between these c l o s e l y 

r e l a t e d systems. The r e s u l t of such an a n a l y s i s i s d i s p l a y e d i n 

Table 7.3. 

The trends a c r o s s the s e r i e s CH^ to Ne, and r e l a t i v e 

c o n t r i b u t i o n s from each v a l e n c e - o r b i t a l , c l o s e l y mirror the 

behaviour f o r the I s c o r e - l e v e l s ; the t o t a l r e l a x a t i o n e n e r g i e s , 

however, are an order of magnitude s m a l l e r . 

An a n a l y s i s of c o n t r i b u t i o n s to the t o t a l r e l a x a t i o n 

energy accompanying c o r e - i o n i z a t i o n has been extended from diatomic 

molecules i n the previous Chapter, to include t r i a t o m i c and poly­

atomic molecules i n t h i s Chapter. For simple isomeric systems 

such as C0H +, HC0 +; HNO, HON; and HCN, HNC, where absolute energy 

d i f f e r e n c e s between isomers may be s m a l l , 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 binding ene r g i e s may be observed; an a n a l y s i s of the s i n g l e 
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TABLE 7.3 Single Orbital Contributions (in eV) to the t o t a l Relaxation Energy 
Accompanying Ionizations of the Dominantly 2s Valence Orbitals i n 
Ne, HF, H20, NH3 and CH4 

Neon 

Molecular Orbital 

I s 
2s 
2p a 

Sum 

Single Orbital Relaxation 
Energy (In eV) 

O.OO 
0.29 
0.58 

2.03 

Hydrogen Fluoride l a 
2a 
3a 

Sum 

0.00 
0.34 
0.76 
0.75 

2.60 

Water 

3 a 3 
lb. 

Sum 

0.00 
0.32 
0.55 
0.61 
0.75 

2.23 

Ammonia la ^ 
2 a l 
l e a 

3a, 

Sum 

0.00 
0.25 
0.44 
0.66 

1.79 

Methane 
2 a l 
lt„ 

Sum 

O.OO 
0.18 
0.37 

1.29 

The figures quoted here give the contribution from ONE of the degenerate 
o r b i t a l s . 
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o r b i t a l r e l a x a t i o n energies can shed some l i g h t onto the o r i g i n 

of these d i f f e r e n c e s . The i s o e l e c t r o n i c s e r i e s of f i r s t - r o w 

hydrides shows t h a t a r e g u l a r trend i n s i n g l e o r b i t a l r e l a x a t i o n 

energies e x i s t s a c r o s s the P e r i o d i c Table. F i n a l l y , the method 

of obtaining s i n g l e o r b i t a l r e l a x a t i o n energies has been appl i e d 

to the valence (2s) l e v e l s of a s e r i e s of molecules. 
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CHAPTER EIGHT 

A THEORETICAL INVESTIGATION OF THE GROUND AND 

CORE HOLE STATES OF LINEAR AND BENT N1CO AND NiNO; 

A PROTOTYPE FOR CO AND NO ADSORBED ON NICKEL. 

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 w i t h i n t h e H a r t r e e -

Fock f o r m a l i s m have been performed on l i n e a r and bent conform-
•5 1 

a t i o n s o f NiCO, f o r both t h e A and E s t a t e s a r i s i n g from t he 

3d^4s^ and 3d"^ e l e c t r o n i c c o n f i g u r a t i o n s o f N i , f o r ground 

and c o r e - i o n i z e d s p e c i e s . 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 computed f o r the n i c k e l atom, the f r e e l i g a n d (CO) and t h e 

adsorbed s p e c i e s (NiCO). Comparison w i t h a v a i l a b l e e x p e r i ­

m ental d a t a r e v e a l s good agreement f o r t h e s h i f t s i n core 

b i n d i n g e n e r g i e s f o r t h e bent, 3d^4s 1 NiCO system. The main 

c o n t r i b u t i o n t o these b i n d i n g energy s h i f t s i s found t o be due 

t o r e l a x a t i o n e f f e c t s , which may be r a t i o n a l i z e d i n terms o f 

atomic p o p u l a t i o n and bond o v e r l a p changes accompanying c o r e -

i o n i z a t i o n . The r e l a x a t i o n e n e r g i e s accompanying co r e -

i o n i z a t i o n are analyzed i n terms o f t h e i n d i v i d u a l o r b i t a l 

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

used t o g a i n a c l e a r e r u n d e r s t a n d i n g o f t h e processes i n v o l v e d . 
A s i m i l a r a n a l y s i s i s undertaken f o r the l i n e a r and bent 

2 10 c o n f o r m a t i o n s o f NiNO, f o r t h e n s t a t e a r i s i n g from the 3d 

e l e c t r o n i c c o n f i g u r a t i o n o f N i . 

8.1 Carbon Monoxide Adsorbed on N i c k e l 

8.1.1 I n t r o d u c 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 o f the chemi-

s o r p t i o n o f simp l e molecules on t r a n s i t i o n m e t a l s u r f a c e s are 
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o f c o n s i d e r a b l e c u r r e n t i n t e r e s t , as evidenced by t h e ever-
5̂10 

i n c r e a s i n g l i t e r a t u r e i n t h i s area. The advent o f h i g h 

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

p o s s i b i l i t y o f s t u d y i n g t he photon and a n g u l a r dependent n a t u r e 

o f s p e c t r a , has p r o v i d e d a w e a l t h o f e x p e r i m e n t a l data^"'"''' on 

what a t f i r s t s i g h t might be termed simple systems (e.g. CO on 

N i ) , w h i l s t t h e development o f the r e q u i s i t e LEED t h e o r y - ^ 1 2 

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

c r y s t a l l o g r a p h y f o r such systems. D e s p i t e t h i s i n t e n s e r e ­

search a c t i v i t y , many o f the fundamental q u e s t i o n s are surrounded 

by c o n t r o v e r s y and remain unanswered. 

I n t h e e x i s t i n g t h e o r e t i c a l s t u d i e s on CO adsorbed 

on N i s u r f a c e s , t h r e e k i n d s o f Ni-CO i n t e r a c t i o n have been 

proposed: 

(a) B l y h o l d e r ^ 1 - ^ has performed a Complete Neglect o f D i f f e r ­

e n t i a l Overlap (CNDO) c a l c u l a t i o n on CO chemisorbed on a 

(111) plane group o f t e n Ni atoms. The bonding o f t h e 

carbon atom t o the n i c k e l atom l a r g e l y i n v o l v e s N i s and 

p o r b i t a l s , w i t h l i t t l e c o n t r i b u t i o n from the d o r b i t a l s . 

( b ) Doyen and E r t l - ^ 1 ^ use an Anderson Model H a m i l t o n i a n ^ 1 ^ i n 

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

the c o u p l i n g o f t h e 2n and 5o o r b i t a l s o f CO t o t h e meta l 

d-band; a l l o t h e r approaches which do n o t have t h i s r e s t ­

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

band o f n i c k e l i s e s s e n t i a l f o r an u n d e r s t a n d i n g o f the 

bonding. T h i s model should be extended t o i n c l u d e t h e 

s-p band and t h e 4 a and In o r b i t a l s o f CO b e f o r e i t can 

be used t o e x p l a i n t he Ni-CO p h o t o e l e c t r o n spectrum. 



330 

( c ) B a t r a and Bagus^ c o n s i d e r e d a model c l u s e r c o n s i s t i n g 

o f CO and f i v e n i c k e l atoms, f o r which they c a l c u l a t e d 

the e l e c t r o n i c s t r u c t u r e u s i n g t he s p i n - u n r e s t r i c t e d SCF-

s t a t i s t i c a l - e x c h a n g e scattered-wave (SCF-Xa-sw) method. 

They f i n d n o t o n l y s t r o n g i n t e r a c t i o n between the CO 5 a 

o r b i t a l and an a p p r o p r i a t e c o m b i n a t i o n o f me t a l p and d, 

and a l s o some s, o r b i t a l s , b u t a l s o i n t e r a c t i o n between 

the CO IT o r b i t a l w i t h metal p and d o r b i t a l s , i n d i c a t i n g 

t h a t CO bonding t o n i c k e l i n v o l v e s m e t a l s, p as w e l l as 

d o r b i t a l s . 

I n a l l o f these c a l c u l a t i o n s , i t has been assumed t h a t 

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

s u r f a c e , w i t h C p o i n t i n g t o the N i . Recent a n g u l a r - r e s o l v e d 
31 "5 ^5l8 

UPS measurements, ^ combined w i t h a. t h e o r e t i c a l s tudy o f 
the a n g u l a r dependence o f t h e UV p h o t o i o n i z a t i o n c r o s s - s e c t i o n s 

319 
o f gaseous CO, * s u p p o r t t h i s assumption. 

The comparison o f PES d a t a o f adsorbed molecules 

w i t h those o f t h e r e s p e c t i v e f r e e molecules p l a y s an i m p o r t a n t 

r o l e i n the study o f these systems. From t h e t h e o r e t i c a l 

s t a n d p o i n t , the major p o i n t s o f i s s u e concern the assignment 

o f valence energy l e v e l s f o r the chemisorbed system and t h e 

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

The q u e s t i o n which i s most germane t o t h i s i s s u e i s the r o l e 

o f changes i n r e l a x a t i o n energy c o n t r i b u t i o n s . 

"520 

I n a r e c e n t paper, Bagus and Hermann^ e s t a b l i s h e d 

w i t h ab initio c a l c u l a t i o n s t h a t even f o r an i d e a l i z e d NiCO 

molecule, t h e changes i n r e l a x a t i o n energy w i t h r e s p e c t t o the 

f r e e l i g a n d d i f f e r e d s u b s t a n t i a l l y f o r the v a r i o u s i o n i z e d 

s t a t e s . They a l s o i n v e s t i g a t e d t he s h i f t i n core b i n d i n g 

e n e r g i e s f o r the l i g a n d , and found t h a t f o r the g r o u n d - s t a t e 
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o f N I C O ( ^ A ) , t h e s i g n i f i c a n t s h i f t s computed w i t h o u t t a k i n g 

r e l a x a t i o n e f f e c t s i n t o account v i r t u a l l y d i sappeared when 

r e l a x a t i o n was i n c l u d e d , employing t h e ASCF f o r m a l i s m . Even 
321 

when they extended the system t o a l i n e a r Ni-Ni-CO model, 

o n l y a s l i g h t decrease eV) i n b i n d i n g energy was observed. 

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

s u b s t a n t i a l s h i f t s t o lower b i n d i n g energy f o r b o t h t he C, 

and 0, l e v e l s i n g o i n g from the f r e e l i g a n d t o t h e chemi-

sorbed s t a t e , a f t e r t a k i n g due allowance f o r the d i f f e r e n c e 

i n r e f e r e n c e l e v e l s . A s i g n i f i c a n t f e a t u r e , however, o f the 

p u b l i s h e d XPS d a t a f o r the c h e m i s o r p t i o n o f s m a l l molecules 
310 

on t r a n s i t i o n metals ' i s t h e c l e a r i n d i c a t i o n t h a t s h i f t s 

f o r t h e m e t a l c o r e - l e v e l s a re s m a l l ; t h i s has been a t t r i b u t e d 

t o t h e s u b s t a n t i a l c o n t r i b u t i o n t o t h e r e l a x a t i o n energy p r o ­

v i d e d by the metal l a t t i c e . 

5̂12 

The LEED s t u d i e s r e p o r t e d t o date ^ have l a r g e l y 

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

g o i n g from a c l e a n s u r f a c e t o t h e chemisorbed system, and have 

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

ances w i t h i n a g i v e n s u r f a c e l a y e r . I n p a r t i c u l a r cases w i t h 

good e x p e r i m e n t a l d a t a , i t i s p o s s i b l e t o i n f e r t h e geometric 

parameters o f t h e chemisorbed s p e c i e s . I n a LEED study o f CO 

a d s o r p t i o n on N i ( 1 0 0 ) , T r a c y ^ 2 2 suggested t h a t t h e CO molecules 

occupied f o u r - f o l d symmetric a d s o r p t i o n s i t e s ; most c a l c u l ­

a t i o n s assume t h e f o u r - f o l d N i ( 1 0 0 ) h o l l o w as t h e a d s o r p t i o n 
32 "5 

s i t e . An i n v e s t i g a t i o n by Andersson^ suggested t h a t t h e 

CO molecules were l i n e a r l y bonded t o t h e t o p s i t e s o f t h e 

N i ( 1 0 0 ) s u r f a c e n e t , a l s o obeying f o u r - f o l d symmetry. A 
324 

d e t a i l e d LEED i n t e n s i t y a n a l y s i s by Pendry and Andersson^ c o n f i r m s t h i s s u g g e s t i o n , and I'urthermore i m p l i e s that- the 
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v e r t i c a l spacings between t h e N i and C, and the C and 0 l a y e r s , 

are 1.80 - 0.10 A and 0.95 - 0.10 A, r e s p e c t i v e l y . To 
"524 

accommodate t h i s , Andersson and Pendry^ have proposed t h a t 

f o r CO chemisorbed on N i ( 1 0 0 ) , t he CO i s t i p p e d a t an angle 

o f 34° - 10° w i t h r e s p e c t t o t h e s u r f a c e , t he Ni-CO bond-

l e n g t h b e i n g e s s e n t i a l l y t h e same as i n Ni(CO)^. 

I n t h e p r e v i o u s two Chapters, i t has been shown 

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

e n e r g i e s , which i n a p p r o p r i a t e systems are a t t r i b u t a b l e l a r g e l y 

t o r e l a x a t i o n e f f e c t s , may be p a r t i t i o n e d amongst c o n t r i b u t i o n s 

a r i s i n g f rom r e o r g a n i z a t i o n o f the i n d i v i d u a l v a l e n c e -

o r b i t a l s . E x t e n s i v e s t u d i e s have been made o f t h e c o r e -

i o n i z e d s t a t e s o f CO, and f o r p r o t o t y p e systems i n which CO 

i n t e r a c t s w i t h a a e l e c t r o n a c c e p t o r . As one aspect o f t h i s 

work, t h e changes i n c o n t r i b u t i o n t o r e l a x a t i o n e n e r g i e s con­

sequent upon g o i n g f r o m CO t o HC0 + i n b o t h a l i n e a r and bent 

c o n f o r m a t i o n were s t u d i e d . The e x t e n s i v e a -n m i x i n g conseq­

uent upon g o i n g from a l i n e a r t o a bent c o n f o r m a t i o n r e s u l t s 

i n s i g n i f i c a n t changes i n r e l a x a t i o n e n e r g i e s . T h i s , t a k e n 

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

on l i n e a r NiCO i n d i c a t i n g e s s e n t i a l l y zero s h i f t f o r t h e C, 

and 0- ŝ l e v e l s w i t h r e s p e c t t o the f r e e molecule, prompted t h e 

i n v e s t i g a t i o n o f t h e core h o l e s t a t e s o f a bent NiCO system. 

I n t h i s s e c t i o n , an account o f 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 n e u t r a l molecule and core h o l e s t a t e s o f 

a l i n e a r and bent NiCO system i s p r e s e n t e d . The prime f o c u s 

has been on computing t he 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 changes i n r e l a x a t i o n e n e r g i e s , i n g o i n g from CO t o the 

NiCO system, and as an a n c i l l a r y I n v e s t i g a t i o n , t h e e n e r g e t i c s 

o f de.formation from a l i n e a r t o bent system have been c o n s i d e r e d . 
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8 . 1 . 2 C o m p u t a t i o n a l D e t a i l s 

Ab initio LCAO MO SCP c a l c u l a t i o n s w i t h i n t h e 

Hartree-Fock f o r m a l i s m were performed f o r core and s e l e c t e d 

h o l e - s t a t e s o f NiCO ( l i n e a r and b e n t ) , N i ( f r e e atom) and CO. 

The p r e v i o u s l y d i s c u s s e d STO-6.33G + P b a s i s s e t was used as 

b e f o r e , t o enable comparison t o be made w i t h the c a l c u l a t i o n s 

on HCO+ and CH^CO+, di s c u s s e d i n the p r e v i o u s Chapter. 

The i n t e r a t o m i c d i s t a n c e s f o r t h e l i n e a r Ni-CO 

system were chosen t o be the e x p e r i m e n t a l v a l u e s f o r the 

Ni(CO)^ m o l e c u l e ^ 2 5 (Ni-C = 3 - 4 7 7 au, C-0 = 2 . 1 7 3 a u ) . For 

the bent Ni-CO system, bond-distances were k e p t c o n s t a n t , and 

an Ni-S - 0 angle o f 146° was used. C a l c u l a t i o n s on the f r e e 

CO molecule were performed a t t h e e x p e r i m e n t a l b o n d - l e n g t h 

( 2 . 1 3 1 a u ) . 2 1 4 

For the NiCO systems, c a l c u l a t i o n s were performed 

f o r t h e ̂  A s t a t e r e s u l t i n g from a 3d^ ^ s 1 e l e c t r o n i c s t r u c t u r e 

o f t h e Ni atom, and f o r the 1 £ s t a t e a r i s i n g from a 3d 1 ^ > 

c o n f i g u r a t i o n o f the N i atom. The h o l e - s t a t e c a l c u l a t i o n s 
3 4 f o r t h e g r o u n d - s t a t e were a l l performed f o r t h e A s t a t e s , 

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

i s l i k e l y t o be s m a l l , due t o t h e i n s i g n i f i c a n t exchange 

i n t e g r a l s between the o p e n - s h e l l N i and CO-like m o l e c u l a r 

o r b i t a l s . I n computing t he r e l a x a t i o n e n e r g i e s f o r t h e open-

s h e l l g r o u n d - s t a t e systems, t he "Koopmans"' b i n d i n g energy 

was taken as t h e d i f f e r e n c e between t h e energy o f the hole -

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

energy o f t h e g r o u n d - s t a t e system. 

The s i n g l e o r b i t a l c o n t r i b u t i o n s t o the t o t a l 

r e l a x a t i o n energy were c a l c u l a t e d as d e s c r i b e d i n Chapter 6; 
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d e n s i t y d i f f e r e n c e c o n t o u r s f o r s e l e c t e d o r b i t a l s were a l s o 

performed. I n the g r o u n d - s t a t e o f t h e NiCO systems, the Co-

l i k e o r b i t a l s r e t a i n much o f t h e i r m o l e c u l a r c h a r a c t e r , and i t 

i s c o n v e n i e n t t o r e f e r t o these l e v e l s u s i n g t he CO n o t a t i o n , 

w i t h the a d d i t i o n o f a t i l d e : 5°t I T * e t c . 

8.I.3 R e s u l t s and D i s c u s s i o n 

( a ) R e l a t i v e Energies 

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 NiCO 
•5 

o f comparable q u a l i t y have been r e s t r i c t e d t o the A ground-
"520 321 

s t a t e and t h e d e r i v e d i o n i z e d s t a t e s o f t h e l i g a n d . As 
a. s t a r t i n g p o i n t t h e r e f o r e , t h e r e l a t i v e e n e r g i e s o f t h e l i n e a r 

3 1 

and bent c o n f o r m a t i o n s i n b o t h t he g r o u n d - s t a t e ^ A and E 

s t a t e s a re c o n s i d e r e d . C a l c u l a t i o n s on t h e n i c k e l atom and 

on CO a t i t s e q u i l i b r i u m b o n d - l e n g t h a l s o p r o v i d e an e s t i m a t e 

f o r t h e bond energy i n NiCO; the da t a are summarized i n 

T a b l e 8.1. 

The most i n t e r e s t i n g and s i g n i f i c a n t f e a t u r e 

o f t h e d a t a p r e s e n t e d i n Table 8.1 i s t h a t t h e energy o f t h e 

l i n e a r and bent c o n f o r m a t i o n s f o r t h e g r o u n d - s t a t e o f NiCO 

are c l o s e l y s i m i l a r , a t l e a s t f o r Ni-C and C-0 bo n d - l e n g t h s 

i d e n t i c a l t o those i n Ni(CO)^. Although these c a l c u l a t i o n s 

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

e n e r g e t i c s , i t would seem t o i n d i c a t e t h a t bent c o n f o r m a t i o n s 

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

d i s c u s s i o n o f e x p e r i m e n t a l d a t a r e l a t i n g t o the NiCO system. 
p 

A l t h o u g h t h e g r o u n d - s t a t e o f the n i c k e l atom ( P) corresponds 

t o t h e 3d 4s c o n f i g u r a t i o n , t h e energy f o r t h e (^D) 3d y 4s 

c o n f i g u r a t i o n i s o n l y s l i g h t l y h i g h e r ( ^ 0 . 0 9 eV), and s i n c e 
8 2 

the s t a t e f o r t he NiCO system i n v o l v i n g a n o m i n a l 3d 4s 
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TABLE 8 .1 Computed T o t a l E n e r g i e s f o r N1C0 ( l i n e a r and b e n t ) , 
N l atom, and f r e e CO 

NiCO 
A l i n e a r 

b e n t , 17° 

b e n t , 3^° 

T o t a l Energy 
( i n au) 

•1616.493755 

•1616.495044 

•1616.495420 

D i f f e r e n c e , 
( i n k c a l mol" ) 

(0) 

-0.81 

-1.04 

z l i n e a r 

b e n t , 17C 

b e n t , 3^C 

•1616.463863 

•1616.462695 

•1616.458325 

+18.75 
+19.49 

+22.23 

N i 

3d 9 4 s 1 

-3 j 10 3d 

-1503-906627 

-1503.798014 

(0) 

+68.15 

CO -112.580713 

N i + CO •••NiCO ( l i n e a r ) 
3d 9 4 s 1 3 A 

3d 10 
-4.03 

-53.^2 

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

c a l c u l a t i o n s here have c o n c e n t r a t e d on t h e 3d 9 4s 1 and 3d"^ 

c o n f i g u r a t i o n s . The energy gap between t h e 3d 9 4 s 1 and 3d1(^ 

c o n f i g u r a t i o n s f o r t h e Ni atom ( c a l c u l a t e d 2.96 eV; e x p e r i m e n t a l 

1.7 eV) decreases i n g o i n g t o b o t h t h e l i n e a r and bent NiCO 

system (0.8l eV and 1.0 eV r e s p e c t i v e l y ) , as 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 simple q u a l i t a t i v e arguments. 

The c a l c u l a t i o n s would i n d i c a t e however, t h a t f o r t h e 3 d 1 0 

c o n f i g u r a t i o n , t h e l i n e a r system i s c o n s i d e r a b l y s t a b i l i z e d ; 
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t h i s c o u l d have i m p o r t a n t r a m i f i c a t i o n s w i t h r e g a r d t o any 

d i s c u s s i o n 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 photo-

i o n i z a t i o n . The i n t e r a c t i o n e n e r g i e s o f CO w i t h N i are c a l ­

c u l a t e d t o be -4.0 k c a l mol-"*' and -53.4 k c a l m o l - 1 f o r the 

3d^ 4s^ and 3 d ^ c o n f i g u r a t i o n s r e s p e c t i v e l y ; however, these 

are f o r h y p o t h e t i c a l processes, and s i n c e m o l e c u l a r e x t r a -

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

compare these w i t h any e x p e r i m e n t a l d a t a . One i n t e r e s t i n g 

p o i n t which does emerge when the d a t a f o r t h e c o r e - i o n i z e d 

s p e c i e s are c o n s i d e r e d , however, i s t h a t r e l a t i v e l y weak i n t e r ­

a c t i o n s can produce p r o f o u n d changes i n i o n i z a t i o n and r e l a x ­

a t i o n e n e r g i e s , a f e a t u r e o f XPS which has p r e v i o u s l y been 

d i s c u s s e d f o r o t h e r systems. 

There has been d i s c u s s i o n about whether t h e 

o r d e r o f the 5° and I n i o n i z a t i o n p o t e n t i a l s o f CO ( i n t h e gas 

phase t h e 1* i o n i z a t i o n p o t e n t i a l i s g r e a t e r than t h e 5°) i s 

r e v e r s e d when t h i s molecule i s adsorbed on N i . Gustafsson 

et al.32& a s s i g n t h e adsorbed i o n i z a t i o n p o t e n t i a l s i n t h e 

same o r d e r as observed i n t h e f r e e CO molecule; B r u n d l e and 

C a r l e y have a l s o used t h i s assignment. W i l l i a m s et al?t ' 

however, make the r e v e r s e assignment, based on an a n a l y s i s o f 

a n g l e - r e s o l v e d UV pho t o e m i s s i o n s t u d i e s . A l t h o u g h t he i n ­

a d e q u a c i e s o f t h e use o f Koopmans 1 Theorem are well-known, 

F i g u r e 8.1 shows t h e o r b i t a l e n e r g i e s f o r f r e e CO, l i n e a r 

and bent NiCO, and "4: l i n e a r and bent NiCO. From t h i s , t h e 

5a and 1 IT i o n i z a t i o n p o t e n t i a l s o f CO are seen t o i n c r e a s e on 

g o i n g t o t h e l i n e a r -̂ A NiCO, the o r d e r o f t h e l e v e l s changing 

on a d s o r p t i o n . Bending t he NiCO system does n o t a f f e c t t h e 

o r d e r i n g o f the l e v e l s , though t h e 5a-lTr o r d e r i n g i n b o t h l i n e a r 

and bent NiCO i s t h e same as i n t h e f r e e CO molecule. C l e a r l y , 
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Orbital Energies 
(in au) 

-0-6 
5<r- 5<r-

1n> 

-0-7 - 5 ? 

- 55 
-Iff 

lir 

-0-8 La 

s - , USr 

-09 
««» 
-1-5 

35-
-V6 3 * 3 * 3 r f , 

\ P S P 
CO N i -CO Ni-C CO Ni -CO Ni-C 

(linear) (34°) (linear) (34°) 

F i g . ( 8 . 1 ) O r b i t a l e n e r g i e s f o r CO, NiCO ( l i n e a r ) 
and NiCO ( b e n t ) . 

Koopmans 1 Theorem i s inadequate t o d i s c u s s these changes i n 

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

c o r r e l a t i o n e f f e c t s are n e g l e c t e d . 

( b ) 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 

The prime m o t i v a t i o n f o r t h i s work has been 

t o i n v e s t i g a t e the a t - f i r s t - s i g h t r a t h e r s u r p r i s i n g r e s u l t 

t h a t 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 ^ 2 0 ' - ^ 2 ' L have suggested 

v i z . , t h a t f o r a p r o t o t y p e system f o r CO chemisorbed on n i c k e l 

( l i n e a r NiCO), t h e r e i s v i r t u a l l y no s h i f t o f the l i g a n d c o r e -

l e v e l s i n g o i n g from the f r e e l i g a n d t o the complex. The 

a n a l y s i s o f Bagus and Hermann r e v e a l s t h a t t h i s a r i s e s from 

a compensating e f f e c t o f r e l a x a t i o n phenomena; these w i l l 
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depend s t r o n g l y on the geometry, p a r t i c u l a r l y i n g o i n g from 

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

l i n e a r and bent NiCO f o r b o t h t h e 3d 9 4 s 1 and 3d1(^ c o n f i g u r ­

a t i o n s have t h e r e f o r e been c o n s i d e r e d . The r e s u l t s are shown 

i n Table 8.2. 

I t i s i m m e d i a t e l y e v i d e n t t h a t bending has 

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

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

the s u b s t a n t i a l i n c r e a s e s i n r e l a x a t i o n e n e r g i e s . The r e s u l t s 

f o r t h e l i n e a r NiCO (^A) agree w e l l w i t h those p r e v i o u s l y r e ­

p o r t e d , '^21 c o n f i r m t h e s m a l l changes i n b i n d i n g energy 

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

r e p o r t e d here show t h a t t h e s h i f t s f o r t h e metal c o r e - l e v e l s 

are a l s o s m a l l . For the c o r r e s p o n d i n g bent c o n f o r m a t i o n , 

t h e s i t u a t i o n i s t r a n s f o r m e d ; whereas the met a l c o r e - l e v e l s 

are p r e d i c t e d t o remain l a r g e l y u n a f f e c t e d by such a d i s t o r t i o n , 

t he l i g a n d c o r e - l e v e l s are s t r o n g l y s h i f t e d t o lower b i n d i n g 

energy, t he s h i f t s w i t h r e s p e c t t o t h e f r e e l i g a n d b e i n g ^5 eV 

and -v-6.5 eV f o r t h e 0, and C, l e v e l s r e s p e c t i v e l y f o r angles 
-L S J. S 

o f 17° and 34°. T h i s i s i n remarkably good agreement w i t h 

e x p e r i m e n t a l e s t i m a t e s based on da t a f o r CO chemisorbed on 

p o l y c r y s t a l l i n e N i s u r f a c e s f o r which due allowance has been 

made f o r t h e d i f f e r e n c e i n r e f e r e n c e l e v e l s , where f o r the 

0-̂ s and C^s l e v e l s , t h e e s t i m a t e d e x p e r i m e n t a l s h i f t s are 

5.4 eV and 5-1 eV, r e s p e c t i v e l y , t o low e r b i n d i n g energy com­

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

the N i 2 j g l e v e l s i s a l s o c o n s i s t e n t w i t h t h e a v a i l a b l e e x p e r i ­

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

molecule t o CO chemisorbed on a N i s u r f a c e t h e e x t r a - m o l e c u l a r 



339 

> 
0) 

n 

c 
w 
c 
o u 
at 

s 
10 
0) 
•H 

B 
c 

H 

•H 

•H 
CD 

b 
w 
<3 

•a 

id 
H s 
a 
CM 
CO 

(0 
CM 

W 

i 
a 

at 

a> 

w 
m < 

65 & 
ca i i a! 
< -H C 

n w 

H 

i 

H 
» 

ffl 
<1 

D> 

b p 
(0 G V 
< -H C 

01 H 

i 
a 

g 
•3 c 

H H 
u 
« 

w 

3 
CP 

b i 
< -3 c 

A W 

m vo o 
i-l €0 H 

1*1 
Ol vo 

o i 
H CM CM 

at in 
oi vo 

oi 
CO 

co 

CM vo m 
r - m 

CM ro ro 

r~ co 
m in • • 
O vo 

CM 
m 

CM Ot 
CM O • • 
CM ro 
I I 

vo ro • 
ro 
I 

M1 

VO 
• 

cn 
Ot 
CM 

CM 
ro 
CM 
CM 

CM 
H 
• 

ro 
oi 
CM 

CM m co 
CM 

vo vo 
(A Ol Ot 
CM CM CM 

r» ot 
CM co 
• • 
O m in 

H ^ r» M1 vo r*-

H CO Q in 
Ol CO CO O • • * • Ot o in in 
i-H CM CM CM 

CM m co 
m m vo 

CM CM CM 

CO CM 
ro en • • 

I 

vo 
Ol 
^J1 

I 

CM VO H f VO CO 
CM CM 
I I 

CM 
I 

ro 
m 

Ot CM 
O 
• • 

<* CO 
ro m in 

in 
• 

co 
ro 
in 

o i m o 
CM o CM 

in m i n 

vo ro vo » 
CM o H 

O 
CO o 
Ot Oi 

H H H CM 

in VO H H ro ro 
CM VO VO in in m in • • • • • • • • O H i-l H i-i ro ro ro 
CM CM CM CM CM CM CM CM 

O H 

*" d 
ro 
CM 

CO 
CM o 

CM ro 

O o H 

ro CM vo r-4 VO f- 00 
vo CO CO Ot in Ol Oi Ol • • • • • • • • CO CO CO CO H CM CM CM 
Ot Ol Ol Ot Ot Oi Ol Ol 
Ot Oi Ol Oi Ot Ot Ol Ol 

8 Ot 
•a 
ro < 
*-* ro 
•H 
Z 

o o 
r - >tf H ro 

a c a 
•H 9 Oi 
H J3 

id 

<L 0 

ro 

s •0 ro 
1 I 

8 8 
•H 



^40 

c o n t r i b u t i o n s to r e l a x a t i o n energies would be expected t o 
reduce the magnitude of t h i s s h i f t w i t h respect t o the sub­
surface and bulk even f u r t h e r . 

The comparable r e s u l t s f o r the ̂ % co n f i g u r ­
a t i o n show a much smaller d i f f e r e n c e between the l i n e a r and 
bent arrangement, since the r e l a x a t i o n energies are c l o s e l y 
s i m i l a r . This emphasizes the s u b s t a n t i a l d i f f e r e n c e s i n 
e l e c t r o n i c r e o r g a n i z a t i o n f o r d i f f e r i n g valence-electron 
d i s t r i b u t i o n s . 

(c) Single O r b i t a l Relaxation Energies 

An analysis of the r e l a x a t i o n energies 
accompanying c o r e - i o n i z a t i o n along the l i n e s presented i n 
the previous two Chapters has been undertaken f o r the and 
1 y 

L l i n e a r and bent NiCO systems. I t i s g r a t i f y i n g t o note 
t h a t even f o r such complex systems ( i n terms of the number of 
electrons and basis f u n c t i o n s ) , such an analysis i s s t i l l 
f e a s i b l e . Figure 8.2 shows the si n g l e o r b i t a l c o n t r i b u t i o n s 
to the t o t a l r e l a x a t i o n energy accompanying C, c o r e - i o n i z a t i o n 

•L s 

i n CO, l i n e a r and bent NiCO and h. ). For the ̂ A NiCO 
systems, the main change i n going from f r e e CO t o the l i n e a r 
NiCO i s i n the 5° and 4° c o n t r i b u t i o n s , those f o r Jo and lir 
remaining e s s e n t i a l l y constant, w h i l s t the 5o decreases and 
4a increases s i g n i f i c a n t l y . This might have been a n t i c i p a t e d 
on the grounds t h a t since the C lone p a i r o r b i t a l (5a) i s now 
involved i n the bonding to N i , i t cannot c o n t r i b u t e as much 
to the r e l a x a t i o n as i t d i d i n the free CO molecule; accordingly, 
a more s i g n i f i c a n t c o n t r i b u t i o n must come from the e s s e n t i a l l y 
0 lone p a i r o r b i t a l (4a). On going t o the bent NiCO system, 
the p r e v i o u s l y degenerate ITT o r b i t a l s now s p l i t , the c o n t r i b u ­
t i o n from the remaining ITT o r b i t a l s t a y i n g e f f e c t i v e l y the 
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16 
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14 c 1s ,' ^ Is Total 
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12 ' 
11 ' ' 
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•4? 
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A « _ . «\ ^ Iff 

1 Us ' \ 4tf-

1«' 

W 

0 

-1 

-2 

-3 

- 5 ? 

3A ,o '2 ,o 
CO Ni-CO Nl-C CO Ni-CO Ni -C 

(linear) (34°) ("near) (34s) 

F i g . (8.2) Single o r b i t a l r e l a x a t i o n energies 
accompanying C, c o r e - i o n i z a t i o n . 

same as before, w h i l s t the in-plane pseudo if - o r b i t a l 
(designated as 1 if1 ) decreases i n i t s c o n t r i b u t i o n , suggesting 
t h a t t h i s o r b i t a l i s now involved i n the Ni-CO bonding scheme. 
The remaining o r b i t a l s stay v i r t u a l l y unchanged, save f o r the 
4<* o r b i t a l , which again increases i t s c o n t r i b u t i o n to the 
r e l a x a t i o n . 

S i m i l a r behaviour, i n general, i s observed 
f o r the 1 E NiCO systems. On going from f r e e CO t o l i n e a r 
NiCO, the 3o and ly o r b i t a l c o n t r i b u t i o n s remain unchanged, 
the 5a decreases and the 4a increases. The behaviour on 
bending the NiCO system i s somewhat d i f f e r e n t than t h a t ob­
served i n the A case, however; now the lv and ITT' o r b i t a l s 



?42 

both c o n t r i b u t e less than the prev i o u s l y degenerate ITT o r b i t a l s 
but the most dramatic change i s a decrease i n the 5a o r b i t a l 
c o n t r i b u t i o n , making t h i s c o n t r i b u t i o n q u i t e large and negative 

The o r b i t a l c o n t r i b u t i o n s accompanying 0^ 
c o r e - i o n i z a t i o n are shown i n Figure 8.J. I n t h i s case, the 
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0-. c o r e - i o n i z a t i o n . I s 

span i n s i n g l e o r b i t a l r e l a x a t i o n energies i s much greater 
than i n the case of c o r e - i o n i z a t i o n . As expected, on 
going from f r e e CO to l i n e a r NiCO, the 3° and degenerate 1* 
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o r b i t a l c o n t r i b u t i o n s remain much the same, both f o r the J A 
1 V and L cases. As f o r the C-, c o r e - i o n i z a t i o n , the 5o con-

•J- s 
t r i b u t i o n to the r e l a x a t i o n decreases d r a m a t i c a l l y to a value 
of eV i n the case of ̂  A NiCO, and ̂ -2 eV f o r "4 NiCO. 
This i s p a r t i a l l y o f f s e t by the concomitant increase i n the 

3 1 
4 a c o n t r i b u t i o n f o r both A and £ cases. 

On going t o the bent NiCO conformations, the 
degenerate IT o r b i t a l s s p l i t , the ITT c o n t r i b u t i o n i n t h i s 
case i n c r e a s i n g , as opposed t o the C-^s core-ionized case, where 
the I * o r b i t a l c o n t r i b u t i o n s decreased. This may i n t u i t i v e l y 
be r a t i o n a l i z e d on the grounds t h a t the p o r t i o n of the In o r b i t a l 
nearest the Ni i s i n the v i c i n i t y of the C atom, and thus on 
C, c o r e - i o n i z a t i o n i n the bent species, s i g n i f i c a n t r e l a x a t i o n 
from the ITT o r b i t a l i n t h i s region i s no longer possible. 
For 0-̂ s c o r e - i o n i z a t i o n , however, the large p o r t i o n of the In 
i n the v i c i n i t y of the 0 atom i s not involved i n bonding t o 
the Ni atom, and may thus r e l a x to a greater extent than f o r 
the C n„ case. For the 5o o r b i t a l , as i n the case of C-. core-i s I s 
i o n i z a t i o n , t h i s c o n t r i b u t i o n decreases even more on bending 
the NiCO. I t i s worth p o i n t i n g out the s i m i l a r i t y i n behav-

"5 1 
i o u r of the o r b i t a l c o n t r i b u t i o n s i n the and z NiCO systems 
f o r both C, and 0, c o r e - i o n i z a t i o n , even though the o v e r a l l 

I S I S J O 

t o t a l r e l a x a t i o n energies are s i g n i f i c a n t l y greater i n the -\ 
NiCO systems. 

The e f f e c t of N i Q c o r e - i o n i z a t i o n on the 
c o n t r i b u t i o n s from the CO-like o r b i t a l s t o the t o t a l r e l a x a t i o n 
energy has also been i n v e s t i g a t e d , as shown i n Figure 8.4. 
For the V A NiCO c o n f i g u r a t i o n , the c o n t r i b u t i o n s from a l l the 
o r b i t a l s save the 4o o r b i t a l decrease, compared w i t h C-̂  core-
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F i g . ( 8 . 4 ) Single o r b i t a l r e l a x a t i o n energies accompanying 
N i 0 c o r e - i o n i z a t i o n . 

i o n i z a t i o n i n free CO. I n l i n e a r NiCO, the 3a c o n t r i b u t i o n 
i s e s s e n t i a l l y zero, w h i l s t the 1^ and 5° c o n t r i b u t i o n s are 
small and negative. The main c o n t r i b u t i o n from the CO-type 
NiCO o r b i t a l s comes from the 4o o r b i t a l . On bending the 
NiCO, the 3 ° and both the 1TT and 1TT ' c o n t r i b u t i o n s remain s i m i l a r 
i n magnitude, but the 4a and 5o c o n t r i b u t i o n s r e s p e c t i v e l y 
decrease and increase s i g n i f i c a n t l y . 

Quite a d i f f e r e n t p i c t u r e emerges f o r the 
1E NiCO c o n f i g u r a t i o n s . Here the 5a , ITT, and 4o o r b i t a l s 
a l l c o n t r i b u t e more t o the r e l a x a t i o n accompanying Nigg core-
i o n i z a t i o n , compared w i t h Ĉ  c o r e - i o n i z a t i o n i n f r e e CO. 
Whilst the 3 a c o n t r i b u t i o n i s v i r t u a l l y zero f o r the l i n e a r 
NiCO, s i g n i f i c a n t c o n t r i b u t i o n s to the r e l a x a t i o n are found 
f o r 4o, 1 * and e s p e c i a l l y the 5a o r b i t a l s . Indeed, w h i l s t 
the 30", 4 a and ITT o r b i t a l s remain much the same on bending 
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the NiCO, the 5o o r b i t a l c o n t r i b u t i o n increases even more, 
w h i l s t the 1 ir c o n t r i b u t i o n decreases. 

For the N i g s c o r e - i o n i z a t i o n , a comparison 
may be made f o r the Ni-type o r b i t a l s , both i n f r e e Ni atom, 
and the NiCO complexes, as shown i n Figure 8.5> For the 
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F i g . (8.5) Single o r b i t a l r e l a x a t i o n energies 
accompanying N i 0 c o r e - i o n i z a t i o n . 

9 1 
3d^ 4s c o n f i g u r a t i o n of f r e e Ni atom, the c o n t r i b u t i o n s to 
the r e l a x a t i o n energy from the two singly-occupied MO (S0M0), 
the 3d p and 4s o r b i t a l s , are less than the c o n t r i b u t i o n s from 

z~ 
the remaining four degenerate 3d doubly-occupied MO (D0M0). 
On going to the l i n e a r NiCO, the 3d 2 c o n t r i b u t i o n increases, 

z 
w h i l s t the 4s c o n t r i b u t i o n decreases; the 3d o r b i t a l s are no 
longer degenerate, but s p l i t i n t o two degenerate p a i r s . The 
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changes on bending the NiCO system are r e l a t i v e l y small, the 
previ o u s l y degenerate 3cl „ and 3cL„ c o n t r i b u t i o n s s p l i t t i n g . 

y z xz 
The p a t t e r n obtained f o r the \ NiCO c o n f i g ­

u r a t i o n i s q u i t e d i f f e r e n t . I n the fr e e 3 d 1 0 atom, the f i v e 
3d DOMO are degenerate; on going to the l i n e a r NiCO, they s p l i t 
i n t o the 3d 2* which has a strong negative c o n t r i b u t i o n t o the 
r e l a x a t i o n energy, the 3cL„» 3^ „ o r b i t a l s , which have a small 

xz y z 
c o n t r i b u t i o n , and the 3cL v> 3^ o 2 o r ^ i t a l s - This o r d e r i n g 

y x -y 
i s reasonable, since the Ni-C-0 axis i s the z.-axis; n a i v e l y , 
f o r t h i s s i t u a t i o n uncomplicated by SOMO, the s t r o n g l y bonding 
3d 0 o r b i t a l c o n t r i b u t e s less than the s l i g h t l y - b o n d i n g 3& „> 

3d^.z o r b i t a l s , which i n t u r n c o n t r i b u t e less than the 3 ^ x y j 
<\, 

3d g 2 o r D : i - t a l s which do not i n t e r a c t w i t h the CO system, 
x -y 

Indeed, t h i s p a t t e r n remains unchanged on going to the bent 
NiCO system. 

(d) M u l l i k e n Population Analysis 

The r e s u l t s of Mulli k e n population analyses 
f o r the ground and core hole states of the NiCO systems are 
displayed i n Table 8.3. For the (\ ) l i n e a r NiCO, the atomic 
populations on the n i c k e l , carbon and oxygen atoms are 0.12, 0.46 
and -0.57 r e s p e c t i v e l y . The net e f f e c t of bending the molecule 
i s an o v e r a l l e l e c t r o n t r a n s f e r from Ni t o C, t h i s a r i s i n g 
l a r g e l y from a change i n the 0 bond overlap c o n t r i b u t i o n s . 
Indeed, on going from the l i n e a r to bent arrangement, there 
are s i g n i f i c a n t changes i n both the Ni-C and C-0 bond overlap 
populations, as might have been n a i v e l y a n t i c i p a t e d on the 
basis of the lowering i n t o t a l energy. By c o n t r a s t , f o r the 
3d ̂  c o n f i g u r a t i o n , there i s a r e l a t i v e l y small change i n 
populations i n going from the l i n e a r to bent arrangement, and 
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TABLE 8.3 M u l l i k e n Population Analysis 

Gross Atomic Population Bond Overlap 
Ni C 0 Ni-C C-0 

5A NiCO ( l i n e a r ) 
Ground s t a t e O.II58 O.4589 -0.5747 -0.4836 0.1595 

Ni 2s 0.9976 0.4809 -0.4785 -0.7973 0.1734 
C I s 0.2679 0.9310 -0.1983 -0.3737 0.0189 
0 I s 0.3505 0.8640 -0.2145 -0.5701 -0.0809 

NiCO (bent, 34°) 
Ground s t a t e 0.2794 0.3049 -0.5842 -0.2988 0.2014 

Ni 2s 1.0947 0.3782 -0.4729 -0.6510 0.2149 
C I s 1.0322 0.3236 -0.3558 -0.1439 0.0274 
0 I s 1.1066 0.2116 -0.3181 -0.1996 -0.0681 

^Z NiCo ( l i n e a r ) 
Ground s t a t e 0.3100 0.3174 -0.6273 -0.0005 0.1705 

Ni 2s 1.1244 O.3876 -0.5120 -0.2557 0.1923 
C I s 0.7635 0.5544 -0.3179 0.0063 0.0298 
0 2s 0.7893 0.4881 -0.2774 -0.0549 -0.0719 

1z NiCO (bent, 34°) 
Ground s t a t e O.3OO5 O.3038 -0.6044 -0.0003 O.I96I 

Ni 2s 1.1243 0.3647 -0.4890 -0.2459 0.2257 
C I s 1.0974 0.2599 -0.3573 -0.0437 0.0260 
0 I s 0.9566 0.3443 -0.3009 -0.0769 -0.0705 
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t h i s i s consistent w i t h the small d i f f e r e n c e s computed f o r 
the binding and r e l a x a t i o n energies. Comparison of the ^ A and 

states shows an o v e r a l l increase i n e l e c t r o n density on 
carbon and oxygen at the expense of n i c k e l . A s i g n i f i c a n t 
f e a t u r e o f the bond overlap terms f o r the ̂ 1 (3d^) c o n f i g u r ­
a t i o n i s the s u b s t a n t i a l l y increased population f o r the Ni-C 
bond; t h i s i s consis t e n t w i t h the large d i f f e r e n c e i n computed 
energy of i n t e r a c t i o n of CO w i t h a n i c k e l atom. 

The c r e a t i o n of a core-hole on n i c k e l f o r 
the ^ A l i n e a r s t a t e of NiCO gives r i s e to an almost u n i t de­
crease i n population on the n i c k e l , the populations on carbon 
and oxygen decreasing only s l i g h t l y (<0.1 eV). As might have 
been a n t i c i p a t e d , the c r e a t i o n of a core-hole increases the 
e l e c t r o n accepting c a p a b i l i t y of the n i c k e l , w h i l s t decreasing 
the important bonding i n t e r a c t i o n provided by reverse f -

donation t o CO. I n consequence, the o v e r a l l Ni-C bond over­
lap decreases, w h i l s t t h a t f o r the C-0 bond increases. For 
the bent arrangement, the changes i n e l e c t r o n population are 
cl o s e l y s i m i l a r ; t h i s i s r e f l e c t e d i n the r e l a t i v e l y minor 
changes i n both r e l a x a t i o n and bindi n g energies f o r the Ni£ S 

l e v e l i n going from the l i n e a r to bent system. 

The s i t u a t i o n f o r the C, and 0, l e v e l s i s 
I s I s 

considerably d i f f e r e n t . Thus f o r the l i n e a r NiCO system, 
c r e a t i o n of a core-hole on carbon leads t o s u b s t a n t i a l valence-
e l e c t r o n t r a n s f e r from oxygen and to a le sser extent n i c k e l , w h i l s t 
f o r the 0 l g core hole s t a t e , the e l e c t r o n t r a n s f e r i s l a r g e l y 
at the expense of carbon, w i t h again s u b s t a n t i a l l y less e l e c t r o n 
t r a n s f e r from the n i c k e l . For the bent conformation, e l e c t r o n 
t r a n s f e r from the metal i s now so e f f e c t i v e t h a t f o r both the 
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C, and 0, h o l e - s t a t e s , the e l e c t r o n populations on the atoms I S J- s 
on which the core-holes are located d i f f e r l i t t l e from those 
f o r the n e u t r a l molecule, p r o v i d i n g a r a t i o n a l e f o r the sub­
s t a n t i a l increases i n r e l a x a t i o n energy on going t o the bent 
species. The bond overlap populations suggest t h a t f o r both 
the l i n e a r and bent systems, c r e a t i o n of a core-hole on n i c k e l 
w i l l lead to a longer Ni-C e q u i l i b r i u m bond-length, and corres­
pondingly t h a t the 0-. core-ionized species w i l l also give r i s e 
to an increased C-0 e q u i l i b r i u m bond-length. For the C^s core-
i o n i z e d s t a t e s however, the e q u i l i b r i u m bond-lengths f o r the 
Ni-C and C-0 bonds should be somewhat shorter than f o r the 
ground-state. For the^" z (3d 1 (^) l i n e a r molecule, there i s 
l i t t l e change i n e l e c t r o n populations on N i , C and 0 i n going 
t o the bent conformation f o r the N i 0 _ core hole s t a t e . There 
are, however, d i f f e r e n c e s i n the changes i n population conseq­
uent upon c r e a t i o n of an 0, or Cn core-hole i n the l i n e a r or 

F I s I s 
bent system, and f o r the l a t t e r t h i s i s again manifest i n an 
increased e l e c t r o n m i g r a t i o n from the metal. 

(e) Density Difference Contours 

The r e o r g a n i z a t i o n of the valence e l e c t r o n 
density consequent upon c o r e - i o n i z a t i o n may be i n f e r r e d p i c t o r -
i a l l y from density d i f f e r e n c e contours. Together w i t h the 
s i n g l e o r b i t a l r e l a x a t i o n energies and M u l l i k e n population 
analyses o u t l i n e d i n the previous two sections, t h i s should 
provide a complete p i c t u r e of the r e o r g a n i z a t i o n processes 
accompanying c o r e - i o n i z a t i o n . I n these f i g u r e s , as before, 
dashed l i n e s (negative contours) represent an increase i n 
e l e c t r o n density i n the core-hole s t a t e species. 

Figure 8.6 shows the r e o r g a n i z a t i o n accompanying 
C l g and 0 l s c o r e - i o n i z a t i o n i n CO, l i n e a r and bent NiCO f o r 
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F i g . (8.6) Density d i f f e r e n c e contours f o r the 3o o r b i t a l 

the 3 0 o r b i t a l . As a n t i c i p a t e d from the s i n g l e o r b i t a l 
r e l a x a t i o n energies shown i n Figures 8.3 and 8.4, the c o n t r i b u ­
t i o n from t h i s o r b i t a l i s remarkably s i m i l a r f o r a l l three 
environments, implying t h a t the 3 a o r b i t a l i n NiCO i s not 
involved i n the Ni-CO bonding. 

For the 4o o r b i t a l , shown i n Figure 8.7* the 
o v e r a l l r e o r g a n i z a t i o n p a t t e r n i n both the l i n e a r and bent 
forms of NiCO i s s i m i l a r t o tha t i n the free CO; however, there 
i s now some i n t e r a c t i o n w i t h the n i c k e l atom, increasing on 
going from the l i n e a r to bent conformation. This r e s u l t s i n 
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F i g . (8.7) D e n s i t y d i f f e r e n c e c o n t o u r s f o r t h e 4o o r b i t a l . 

an i n c r e a s e i n the c o n t r i b u t i o n from the >-\o o r b i t a l to the 

t o t a l C^ and 0n r e l a x a t i o n e n e r g i e s . I s I s 

F i g u r e 8.8 shows the d e n s i t y d i f f e r e n c e con­

t o u r s f o r the 5° o r b i t a l . On g o i n g from the f r e e CO to the 

l i n e a r NiCO, i t i s c l e a r t h a t t h e r e i s some i n c r e a s e i n v a l e n c e -

e l e c t r o n f l o w from the c a r b o n l o n e p a i r , and now a l s o the n i c k e l 

atom, to the oxygen lone p a i r , on C-, c o r e - i o n i z a t i o n . S i m i l -
J- o 

a r l y , f o r 0- ŝ c o r e - i o n i z a t i o n , the e l e c t r o n flow from the carbon 

lone p a i r i s no l o n g e r s e e n , more e l e c t r o n e l e c t r o n - f l o w now 

a r i s i n g from the oxygen l o n e p a i r . T h i s r e s u l t s i n the 
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Pig. (8.8) Density d i f f e r e n c e contours f o r the 5° o r b i t a l . 

dramatic decrease i n s i n g l e o r b i t a l r e l a x a t i o n energy observed. 
On bending the NiCO, greater change i n the reor g a n i z a t i o n 
p a t t e r n i s evident f o r 0, c o r e - i o n i z a t i o n , as borne out by 

JL 5 

the f u r t h e r change i n s i n g l e o r b i t a l r e l a x a t i o n energy. 

F i n a l l y , Figure 8.9 shows the changes i n 
the I n o r b i t a l s . On going to l i n e a r NiCO, there i s l i t t l e 
change. On bending, however, the ITT to ITT' o r b i t a l changes 
considerably f o r both C-̂  and 0-̂ s c o r e - i o n i z a t i o n . For the 
former, the amount of valence-electron density t r a n s f e r r e d to 
the carbon atom i s considerably decreased, r e s u l t i n g i n a de­
crease i n 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 accompanying 
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F i g . (8.9) D e n s i t y d i f f e r e n c e c o n t o u r s f o r the I n o r b i t a l . 

C-, c o r e - i o n i z a t i o n . On the o t h e r hand, f o r 0-, c o r e -

i o n i z a t i o n , t h e r e i s an i n c r e a s e i n the amount of e l e c t r o n 

d e n s i t y t r a n s f e r r e d to the oxygen atom, r e s u l t i n g i n an i n c r e a s e 

i n the l r o r b i t a l c o n t r i b u t i o n to the 0, r e l a x a t i o n energy. 

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

o r b i t a l r e o r g a n i z a t i o n s accompanying N i 0 c o r e - i o n i z a t i o n have 

a l s o been c o n s i d e r e d . F i g u r e 8.10 shows the changes accom­

panyin g N i 0 c o r e - i o n i z a t i o n i n the C O - l i k e o r b i t a l s (4o, 5a, 

1 TI) f o r both l i n e a r (upper f i g u r e ) and bent ( l o w e r f i g u r e ) 

NiCO. F o r t h e 4o o r b i t a l i n t h e l i n e a r NiCO, t h e r e i s a 

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

i n i t y of t h e Ni atom. T h e r e i s a l e s s s u b s t a n t i a l i n c r e a s e 
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F i g . (8.10) Density d i f f e r e n c e contours f o r N i 2 s core-
i o n i z a t i o n . 

f o r the 5o o r b i t a l , w h i l s t f o r the l ^ o r b i t a l s , there i s i n 
f a c t a decrease i n e l e c t r o n density around the n i c k e l atom. 
I n each case, bending the NiCO has a s i g n i f i c a n t e f f e c t on 
the r e o r g a n i z a t i o n p a t t e r n s . 

For completeness, Figure 8.11 shows the 
re o r g a n i z a t i o n of the 3d* , 3& 0 and 4s o r b i t a l s i n the Â 
NiCO systems ( l i n e a r and bent) accompanying Nigg core-
i o n i z a t i o n . Whilst f o r the 3<5( and 3^ 2 o r b i t a l s , there i s 
an increase i n the Immediate v i c i n i t y of the n i c k e l atom, f o r 
the 4s o r b i t a l , there i s a decrease i n e l e c t r o n density. 
This seems to account f o r the negative c o n t r i b u t i o n to the 
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F i g . (8.11) Density d i f f e r e n c e contour p l o t s f o r N i 2 s 

c o r e - i o n i z a t i o n . 

t o t a l r e l a x a t i o n energy from t h i s o r b i t a l , as shown i n 
Figure 8 .5 . As i n the previous case, bending changes the 
re o r g a n i z a t i o n p a t t e r n s , p a r t i c u l a r l y f o r the 3d„„ o r b i t a l . 

I t seems probable on the basis of the r e s u l t s presented 
i n t h i s Section t h a t a re-examination of the i n t e r p r e t a t i o n 
of the XPS data f o r CO adsorbed on n i c k e l i s requi r e d , i n 
terms of simple model systems. I t would appear t h a t some 
fea t u r e s , at l e a s t of the c o r e - l e v e l spectra, are i n t e r p r e t -
able i n terms of a prototype NiCO molecule i n a bent as opposed 
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t o l i n e a r arrangement. This provides support f o r the r e c e n t l y 
324 

proposed model of Andersson and Pendry. I n a d d i t i o n , i t 
i s worth emphasizing t h a t t h i s i s one more example of the f a c t 
t h a t r e l a t i v e l y weak i n t e r a c t i o n s i n the ground-state can 
produce profound changes i n i o n i z a t i o n and r e l a x a t i o n energies. 
8.2 N i t r i c Oxide Adsorbed on Nic k e l 

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

I t i s of i n t e r e s t t o extend the i n v e s t i g a t i o n to 
a d i f f e r e n t adsorbate system, t o see i f s i m i l a r r e s u l t s are 
obtained on going from a l i n e a r to bent conformation. A much 
less studied system, both experimentally^ and t h e o r e t i c a l l y , 
i s t h a t of n i t r i c oxide adsorbed on n i c k e l . The bond energy of 
NO i s considerably less than t h a t of CO; due t o t h i s , there 
i s an inherent thermodynamic i n s t a b i l i t y of NO, so t h a t the 
study of the conditions under which adsorbed molecular NO be­
comes k i n e t i c a l l y unstable and d i s s o c i a t e s , i s of p a r t i c u l a r 
interest . 3 3 0 , 3 3 1 Although NO i s s i m i l a r t o CO i n t h a t the 
i n i t i a l states have the same symmetry n o t a t i o n , and approxim­
a t e l y the same e x c i t a t i o n energies, i t d i f f e r s i n t h a t i t has 
an unpaired e l e c t r o n i n the anti-bonding 2^ o r b i t a l , which 
has a low binding energy. A terminally-bonded NO, w i t h an 
N-0 axis angle of between 0° and 60° w i t h respect t o the Ni-N 
a x i s , has r e c e n t l y been proposed from angular-resolved photo-
emission s p e c t r o s c o p y . C l e a r l y , the NiNO system would 
be a good choice f o r comparison w i t h CO adsorbed on n i c k e l , 
and an analogous t h e o r e t i c a l i n v e s t i g a t i o n i s presented i n 
t h i s s e c t i o n . 
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8.2.2 Results and Discussion 

(a) R e l a tive Energies, Core Binding Energies 
and Relaxation Energies 

The i n v e s t i g a t i o n has been r e s t r i c t e d t o the 
ground and core hole states of the l i n e a r and bent conform-

10 2 a t i o n s of NiNO, w i t h 3d Ni parentage; t h i s i s the IT ground 
s t a t e . No account of any m u l t i p l e t (^Jl-^n) s p l i t t i n g i n the 
N,„ and 0, hole-states e i t h e r NO or NINO was taken, the c a l ­l s I s 
c u l a t i o n s being confined to RHF wavefunctions. The r e l a t i v e 
energies of the l i n e a r and bent conformations, together w i t h 
the t o t a l energy of NO at i t s e q u i l i b r i u m bond-length of 
2.173 au, are shown i n Table 8.4. As f o r the NiCO case, the 
energies of the l i n e a r and bent conformations are very s i m i l a r . 

TABLE 8.4 Computed t o t a l energies 

2lTNiN0 ( 3 d 1 0 Ni parentage) 
l i n e a r 
bent, 17° 

bent, Z>h° 

Ni 3 d 1 0 

NO 

T o t a l Energy 
(au) 

-1632.920101 

-1632.920556 

-1632.920418 

-1503-798014 

- 129.064453 

Difference 
( k c a l mol" ) 

(0) 

-0.29 

-0.20 

Ni + 
3d 

NO NiNO ( l i n e a r ) 
2 
n -36.17 

Although only a crude i n d i c a t i o n of the adsorption energetics 
may be obtained i n t h i s way, i t i s reassuring t o note t h a t 
the i n t e r a c t i o n energy of NO w i t h Ni i s ^-36 k c a l mol" 1. 
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The computed binding energies and r e l a x a t i o n 
energies accompanying N-, and 0, c o r e - i o n i z a t i o n , and N i 0 

c o r e - i o n i z a t i o n , are shown i n Table Q.5> I n t h i s system, 
u n l i k e the NiCO system, the most dramatic change i n b i n d i n g 
energies occurs not i n going from the l i n e a r to 17° bent con­
formation; r a t h e r the change on increasing the angle-deformation 
to 3^° i s f a r more s i g n i f i c a n t . The estimated experimental 
s h i f t s f o r the N-̂  and 0- ŝ l e v e l s are 4.9 and 6.9 eV, respect­
i v e l y , to lower binding energy compared w i t h the f r e e l i g a n d , 
when due allowance has been made f o r the d i f f e r e n c e s i n r e f e r ­
ence l e v e l . For N n„ c o r e - i o n i z a t i o n , the c a l c u l a t e d s h i f t s 

I s 
of ^4.9 eV f o r the l i n e a r and 17° bent systems are i n good 
agreement w i t h experiment, whereas the value at 3^° o f ^ 8 eV 
i s over-estimated. On the other hand, the c a l c u l a t e d l i n e a r 
and 17° bent s h i f t s of ^4 .4 eV f o r 0, c o r e - i o n i z a t i o n are i n 

x S 
poor agreement, w h i l s t the s h i f t at 34° of ^6 .8 eV i s i n ex­
c e l l e n t agreement w i t h experiment. As i n the case of NiCO, 
these s h i f t s i n binding energy may l a r g e l y be a t t r i b u t e d t o 
the r e l a x a t i o n energies. The small c a l c u l a t e d s h i f t of less 
than 1 eV f o r the N i ~ l e v e l i n both l i n e a r and bent (17° and 

2s v 

34°) NiNO i s also consistent w i t h the a v a i l a b l e experimental 
data, and i s i n good agreement w i t h the s i t u a t i o n i n NiCO. 

(b) Single O r b i t a l Relaxation Energies 
Before considering the NiNO systems, i t i s 

of i n t e r e s t to look at the s i n g l e o r b i t a l r e l a x a t i o n energies 
i n the free NO molecule, as shown i n Figure 8.12. For N, 

J- s 
c o r e - i o n i z a t i o n , the c o n t r i b u t i o n s from the bonding 3o and 
oxygen lone p a i r 4 a o r b i t a l s are small, as f o r C l s core-
i o n i z a t i o n i n CO, and the I T o r b i t a l s c o n t r i b u t e s i g n i f i c a n t l y ; 
however, i n CO, the l a r g e s t c o n t r i b u t i o n to the C, r e l a x a t i o n 
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Relaxation Energy 
I in eV) 
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• 
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• 
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' '5* 

-1 
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Fig. ( 8 . 1 2 ) Single o r b i t a l c o n t r i b u t i o n s to and 
0, RE i n NO I s 

energy was from the 5 0 (lone p a i r on carbon) o r b i t a l , w h i l s t 
i n NO, the 5 o o r b i t a l c o n t r i b u t e s much l e s s , w i t h a s l i g h t l y 
greater c o n t r i b u t i o n coming from the anti-bonding 2n o r b i t a l . 
The c o n t r i b u t i o n s accompanying 0, c o r e - i o n i z a t i o n i n NO are 

X s 
s t r i k i n g l y s i m i l a r to those accompanying 0, c o r e - i o n i z a t i o n 

* 
i n CO, w i t h a v i r t u a l l y zero c o n t r i b u t i o n from the 2 T T o r b i t a l . 

The changes i n these c o n t r i b u t i o n s to the 0, 
X s 

and N l s r e l a x a t i o n energies on going to l i n e a r and bent ( 3 ^ ° ) 
2 

n NINO are shown i n Figure 8 . I 3 . For N-, c o r e - i o n i z a t i o n , 
on going from the free NO molecule to the l i n e a r conformation 
of NiNO, the 3 a and 4 0 o r b i t a l s remain v i r t u a l l y constant i n 
c o n t r i b u t i o n . The 5 ° o r b i t a l , however, decreases d r a m a t i c a l l y , 

•X-

as does the anti-bonding 2 T I c o n t r i b u t i o n , w h i l s t the I T T o r b i t a l s 
increase t h e i r c o n t r i b u t i o n . This would suggest t h a t as i n 
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Fig. (8.13) Single o r b i t a l r e l a x a t i o n energies accompanying 
N n„ and 0, c o r e - i o n i z a t i o n , I s I s 

l i n e a r NiCO, i t i s the 5a and i n NiNO, also the 2v o r b i t a l s 
which are s t r o n g l y involved i n the bonding to the n i c k e l atom. 
The s i t u a t i o n changes on bending the NiNO system. The 3 ° and 
4 ° o r b i t a l s remain very much the same, w h i l s t the pr e v i o u s l y 
degenerate I n o r b i t a l s now s p l i t , both decreasing i n c o n t r i b u t i o n , 
the I T more than the 1*. However, f o r the 5° o r b i t a l , there 
i s a very s u b s t a n t i a l increase i n c o n t r i b u t i o n , such t h a t i t 
now becomes the l a r g e s t s i n g l e component of the t o t a l N, 
r e l a x a t i o n energy. 
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For 0, c o r e - i o n i z a t i o n , the changes on 
going from free NO to l i n e a r NiNO are a decrease i n both 4o 
and 5 0 c o n t r i b u t i o n s , the remainder s t a y i n g e s s e n t i a l l y con­
s t a n t . Again on bending, there i s a large change i n the 
r e l a t i v e o r b i t a l c o n t r i b u t i o n s . The in-plane T r - o r b i t a l 
(1 TT* ) c o n t r i b u t i o n decreases, w h i l s t the 5a increases, by 
some 10 eV. The 2?r* c o n t r i b u t i o n also decreases somewhat. 

The changes in' o r b i t a l c o n t r i b u t i o n s accom­
panying N i 0 c o r e - i o n i z a t i o n are shown i n Figure 8.14, both 
f o r the NO-like and N i - l i k e o r b i t a l s . On N i 2 s c o r e - i o n i z a t i o n 
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NO Ni-NO Ni-N - 3 \ 
(linear) 134° I 

3 d X2 

F i g . (8.14) Single o r b i t a l r e l a x a t i o n energies accompanying 
N i 2 s c o r e - i o n i z a t i o n . 

there are zero c o n t r i b u t i o n s t n the r e l a x a t i o n energy from the 
% 'V* 

3° and 2* o r b i t a l s , w i t h increasing c o n t r i b u t i o n s from the 
•Xi <\, <Xi 

4 o , 5 0 and 1* o r b i t a l s . The only s i g n i f i c a n t change on going 
to the bent NiNO i s the s p l i t t i n g of the l i t o r b i t a l s , the 1* 
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c o n t r i b u t i o n i n c r e a s i n g d r a m a t i c a l l y , suggesting t h a t t h i s 
may now i n t e r a c t more s t r o n g l y w i t h Ni than i n the l i n e a r 
conformation, t h i s being able to experience the c o r e - i o n i z a t i o n 
of Ni more d i r e c t l y . The s i t u a t i o n f o r the 3d o r b i t a l s i s 
r e l a t i v e l y s t r a i g h t f o r w a r d f o r NiNO. I n the l i n e a r conform-
a t i o n , the 3d 0 and 3d o r b i t a l s which i n t e r a c t w i t h the NO 

z x z 

molecule l y i n g along the z-axis do not c o n t r i b u t e t o the Nl2s 
r e l a x a t i o n energy, w h i l s t the 3d and 3d 2 ? o r b i t a l s , which 

y x -y 
do not i n t e r a c t at a l l w i t h the NO molecule, c o n t r i b u t e most 
s i g n i f i c a n t l y . On bending the NiNO molecule, the 3d„_ con-
t r i b u t i o n decreases s i g n i f i c a n t l y , since now the oxygen atom 
of NO i n t e r a c t s even more w i t h t h i s o r b i t a l , w h i l s t the r e -

0/ 
maining 3d o r b i t a l s stay e s s e n t i a l l y unchanged in*, c o n t r i b u t i o n . 

(c) M u l l i k e n Population Analysis 
p 

For the l i n e a r n NiNO, the atomic populations 
on the n i c k e l , carbon and oxygen atoms are 0.28, 0.05 and 
0.33 r e s p e c t i v e l y , as shown i n Table 8 .6. This co n t r a s t s 

3 1 
somewhat w i t h the s i t u a t i o n f o r both and £ l i n e a r NiCO, 
where the carbon atom had a s i g n i f i c a n t population. The net 
e f f e c t of bending NiNO i s very small compared w i t h VA NiCO, 
there being a small amount of e l e c t r o n t r a n s f e r from Ni t o C, 
w i t h only s l i g h t changes i n the bond overlap populations. 
This i s i n accord w i t h the very small energy d i f f e r e n c e s between 
the l i n e a r and bent NiNO conformations. 

The c r e a t i o n of a core-hole on Ni gives r i s e 
to an almost u n i t decrease i n population on the n i c k e l , the 
populations on n i t r o g e n and oxygen decreasing only s l i g h t l y . 
The Ni-N bond overlap decreases s l i g h t l y . For the bent con­
formations the changes i n e l e c t r o n p o p u l a t i o n are c l o s e l y 
s i m i l a r . 
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TABLE 8.6 M u l l i k e n Population Analysis 

Gross atomic population Bond overlap 
A NiNO 

Linear 
Ground s t a t e 
Ni 2s 
N I s 
0 I s 

Ni 

0.2834 
1.0538 
1.3067 
1.1520 

N 

0.0499 
O.IO65 
-0.1872 
-0.0631 

•0.333"̂  
-0.1604 
-0.1195 
-0.0889 

Ni-N 

0.0293 
-0.1414 
-0.0091 
-0.0052 

N-0 

0.0707 
0.0670 
-0.1178 
-0.1485 

Bent, 17 
Ground s t a t e 0.2816 0.0462 -O.3278 0.0292 0.0846 
Ni 2s 1.0549 0.1016 -0.1564 -0.1418 0.0822 
N I s 1.3093 -0.1940 -0.1153 -O.OO83 -0.1103 
0 I s 1.1551 -0.0623 -0.0928 -0.0042 -0.1416 

Bent, 34 u 

Ground s t a t e 0.2751 0.0419 -O.3169 0.0289 0.1088 
Ni 2s 1.0577 0.0926 -0.1503 -0.1423 0.1082 
N I s 1.0399 -0.0245 -0.0155 -0.1045 -0.0674 
0 I s 1.0372 0.0394 -0.0766 -0.0899 -0.1362 
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Creation of a core-hole on n i t r o g e n i n the 
l i n e a r NiNO system leads to s i g n i f i c a n t e l e c t r o n t r a n s f e r 
from n i c k e l and to a much lesser extent from oxygen; c r e a t i o n 
of a core-hole on oxygen leads t o an analogous s i t u a t i o n , 
most of the e l e c t r o n t r a n s f e r again coming from n i c k e l . This 
contrasts w i t h the l i n e a r NiCO systems, where e l e c t r o n t r a n s ­
f e r from the metal was not so e f f e c t i v e . For NiNO, there i s 
l i t t l e change i n going to the 17° bent conformation, w i t h only 
s l i g h t change on bending to 3^° . 

Whilst the main t h r u s t of t h i s Chapter has been concerned 
w i t h a d e t a i l e d analysis of the r e l a x a t i o n processes accom­
panying c o r e - i o n i z a t i o n i n a NiCO model f o r CO adsorption on 
Ni , i t i s c l e a r from t h i s b r i e f s e c t i o n on NO adsorption t h a t 
the s i t u a t i o n here i s q u i t e d i f f e r e n t . I t i s hoped t h a t the 
use of s i n g l e o r b i t a l r e l a x a t i o n c o n t r i b u t i o n s to r e l a x a t i o n 
energies accompanying c o r e - i o n i z a t i o n i n such crude model 
systems f o r the adsorption of small molecules on metal surfaces 
may provide an a l t e r n a t i v e means of i n v e s t i g a t i n g the bonding 
at the metal surfaces, and the mechanism of r e l a x a t i o n upon 
c o r e - i o n i z a t i o n of such systems. 
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APPENDIX 

The Board of Studies i n Chemistry requires that each postgraduate research 
thesis contain an appendix l i s t i n g 

(a) a l l research colloquia, research seminars and lectures (by external 

speakers) arranged by the Department of Chemistry since 1 October 1976t 

and (b) a l l research conferences attended and papers read out by the writer 

of the th e s i s , during the period when the research for the t h e s i s was 

carrie d out. 

1. Research Colloquia, Seminars and Lectures 

1.1 1976-77 

a) University of Durham Chemistry Colloquia 

Wednesday, 20th October 

Professor J.B. Hyne (University of Calgary), "New Research on an 

Old Element - Sulphur". 

Wednesday, 10th November 

Dr. J.S. Ogden (Southampton Uni v e r s i t y ) , "The Characterization of 

High Temperature Species by Matrix I s o l a t i o n " . 

Wednesday, 17th November 

Dr. B.E.F. Fender (University of Oxford), "Familiar but Remarkable 

Inorganic Solids". 

Wednesday, 24th November 

Dr. M.I. Page (Huddersfield Polytechnic), "Large and Small Rate 

Enhancements of Intramolecular Catalysed Reactions". 

Wednesday, 8th December 

Professor A.J. Leadbetter (University of Exeter), "Liquid 

C r y s t a l s " . 



Wednesday, 26th January 

Dr. A. Davis (ERDR), "The Weathering of Polymeric Materials". 

Wednesday, 2nd February 

Dr. H. Falk, (NRC Canada), "Structural Deductions from the 

Vibrational Spectrum of Water i n Condensed Phases". 

Wednesday, 9th February 

Professor R.O.C. Norman (U. of York), "Radical Cations; 

Intermediates i n Organic Reactions. 

Wednesday, 23rd February 

Dr. G. Harris (U. of St. Andrews), "Halogen Adducts of Phosphines 

and Arsines". 

Friday, 25th February 

Professor H.T. Dieck (Frankfurt U.), "Diazadienes - New Powerful 

Low-Valent Metal Ligands". 

Wednesday, 2nd March 

Dr. F. Hibbert (Birkbeck College, London), "Fast Reaction Studies 

of Slow Proton Transfers Involving Nitrogen and Oxygen Acids". 

Friday, 4th March 

Dr. G. Brink (Rhodes U., R.S.A.), " D i e l e c t r i c Studies of Hydrogen 

Bonding i n Alcohols". 

Wednesday, 9th March 

Dr. 1.0. Sutherland (Sheffield U.), "The Stevans* Rearrangement: 

Orbital Symmetry and Radical P a i r s " . 

Friday, 18th March 

Professor Hans Bock (Frankfurt U.), "Photoelectron Spectra and 

Molecular Properties: A Vademecum for the Chemist". 



Wednesday, 30th March 

Dr. J.R. MacCallum (U. of St. Andrews), "Photooxidation of Polymers". 

Wednesday 20th A p r i l 

Dr. D.M.J. L i l l e y (G.D. Searle, Research Div.), " T a i l s of Chromatin 

Structure - Progress towards a Working Model". 

Wednesday, 27th A p r i l 

Dr. M.P. Stevens (Univ. of Hartford), "Photocycloaddltlon 

Polymerisation". 

Wednesday, 4th May 

Dr. G.C. Tabisz (Univ. of Manitoba), " C o l l i s i o n Induced Light 

Scattering by Compressed Molecular Gases". 

Wednesday, 11th May 

Dr. R.E. Banks (UMIST), "The Reaction of Hexafluoropropene with 

Heterocyclic N-Oxides". 

Wednesday, 18th May 

Dr. J . Atwood (Univ. of Alabama), "Novel Solution Behaviour of 

Anionic Organoaluminium Compounds: the Formation of Liquid Clathrates". 

Wednesday, 25th May 

Professor M.M. Kreevoy (Univ. of Minnesota), "The Dynamics of 

Proton Transfer i n Solution". 

Wednesday, 1st June 

Dr. J . McCleverty (Univ. of S h e f f i e l d ) , "Consequences of 

Deprivation and Overcrowding on the Chemistry of Molybdenum and Tungsten". 

Wednesday, 6th July 

Professor J . Passmore (Univ. of Brunswick), "Adducts Between 

Group V Pentahalides and a Postscript on S _ I + " . 



b) Durham University Chemical Society 

Tuesday, 19th October 

Dr. J.A. Salthouse (Univ. of Manchester), "Chemistry and Energy". 

Tuesday, 26th October 

Dr. R.E. Richards (Univ. of Oxford), "NMR Measurements on Intact 

Biological Tissue". 

Tuesday, 2nd November 

Dr. B. S u t c l i f f e (Univ. of York), "The Chemical Bond as a Figment 

of the Imagination". 

Tuesday, 16th November 

Mr. R. Ficken (Rohm & Haas), "The Graduate i n Industry". 

Tuesday, 30th November 

Dr. R.J. Donovan (Univ. of Edinburgh), "The Chemistry of the 

Atmosphere". 

Tuesday, 18th January 

Professor I . F e l l s (Univ. of Newcastle), "Energy Storage: the 

Chemists' Contribution to the Problem". 

Tuesday, 8th February 

Dr. M.J. Cleare (Johnson Matthey Research Centre), "Platinum Group 

Metal Compounds as Anti-Cancer Agents". 

Tuesday, 1st March 

Professor J.A.S. Smith (Q.E. College, London), "Double Resonance". 

Tuesday, 8th March 

Professor C. Eaborn (Univ. of Sussex), "Structure and Reactivity". 

1.2 1977-78 

a) University of Durham Chemistry Colloquia 



Tuesday, 27th September 

Dr. T.J. Broxton (La Trobe Univ. A u s t r a l i a ) , "Interaction of 

Aryldiazonium S a l t s and Arylazoalkyl Ethers i n Basic Alcoholic Solvents". 

Wednesday, 19th October 

Dr. B. Heyn (Univ. of Jena, D.D.R.), "a-Organo-Molybdenum Complexes 

as Alkene Polymerisation Catalysts". 

Thursday, 27th October 

Professor R.A. F i l l e r ( I l l i n o i s I n s t , of Technology, U.S.A.), 

"Reactions of Organic Compounds with Xenon Fluorides". 

Wednesday, 2nd November 

Dr. N. Boden (Univ. of Leeds), "NMR Spin-Echo Experiments for 

Studying Structure and Dynamical Properties of Materials Containing Interacting 

Spin-»j P a i r s " . 

Wednesday, 9th November 

Dr. A.R. Butler (Univ. of St. Andrews), "Why I l o s t F a i t h i n Linear 

Free Energy Relationships". 

Wednesday, 7th December 

Dr. P.A. Madden (Univ. of Cambridge), "Raman Studies of Molecular 

Motions i n Liquids". 

Wednesday, 14th December 

Dr. R.O. Gould (Univ. of Edinburgh), "Crystallography to the 

Rescue i n Ruthenium Chemistry". 

Wednesday, 25th January 

Dr. G. Richards,(Univ. of Oxford), "Quantum Pharmacology". 



Wednesday 1st February, 2.30 p.m. 

Professor K.J. I v i n (Queens University, B e l f a s t ) , "The o l e f i n 

metathesis reaction: mechanism of ring-opening polymerisation 

of cycloalkenes". 

Friday 3rd February 

Dr A. Hartog (Free University, Amsterdam, Holland), "Surprising 

recent Studies i n Organo-magnesium Chemistry". 

Wednesday 22 February 

Professor J.D. B i r c h a l l (Mond Division, I . C . I . L t d . ) , " S i l i c o n 

i n the Biosphere". 

Wednesday 1st March 

Dr A. Williams (University of Kent), "Acyl Group Transfer 

Reactions". 

Friday 3rd March 

Dr G. van Koten (University of Amsterdam, Holland), "Structure and 

Reactivity of Arylkopper Cluster Compounds". 

Wednesday 15 March 

Professor G. Scott (University of Aston), "Fashioning P l a s t i c s 

to match the Environment". 

Wednesday 22 March 

Professor H. Vahrenkarap (University of Freiburg, Germany), 

"Metal-Metal Bonds i n Organometallic Complexes". 

Wednesday 19 A p r i l 

Dr M. Barber (UMIST), "Secondary Ion Mass Spectra of Surfaces 

and Absorbed Species". 

Tuesday 16th May 

Dr P. Ferguson (C.N.R.S., Grenoble), "Surface Plasma Waves 

and Adsorbed Species cn Metals". 



Thursday 18th May 

Professor M. Gordon (University of Essex), "Three C r i t i c a l 

Points i n Polymer Science". 

Monday 22nd May 

Professor D. Tuck (University of Windsor, Ontario), " E l e c t r o ­

chemical Synthesis of Inorganic and Organometallic Compounds". 

Wednesday - Thursday 24th, 25th May 

Professor P. von R. Schleyer (University of Erlangen, Nurnberg), 

I , "Planar Tetra-co-ordinate Methanes, Perpendicular 

Ethylenes, and Planar Allenes". 

I I . "Aromaticity i n Three Dimensions". 

I I I . "Non-classical Carbocations". 

Wednesday 21st June 

Dr S.K. T y r l i k (Academy of Science, Warsaw), "Dimethylglyoxirae-

cobalt Complexes - C a t a l y t i c Black Boxes". 

Friday 23rd June 

Professor W.B. Pearson (University of F l o r i d a ) , "Diode Laser 

Spectroscopy a t 16 ym". 

Friday 30th June 

Professor G. Mateescu (Cape Western Reserve U n i v e r s i t y ) , 

"A Concerted Spectroscopy Approach to the Characterization of 

Ions and Ion P a i r s : Facts, Plans, and Dreams". 

(b) Durham University Chemical Society 

Thursday 13th October 

Dr J . C. Young, Mr A.J.S. Williams (University of Aberystwyth), 

"Experiments and Considerations Touching Colour". 

Thursday 20th October 

Dr R.L. Williams (Metropolitan Police Forensic Science Dept.), 

"Science and Crime". 



Thursday 3rd November 

Dr G.W. Gray (University of H u l l ) , "Liquid C r y s t a l s - Their 

Origins and Applications". 

Thursday 24th November 

Mr G. R u s s e l l (Alcan), "Designing for Soc i a l Acceptability". 

Thursday 1st December 

Dr B.F.G. Johnson (University of Cambridge), "Chemistry of 

Binary Metal Carbonyls". 

Thursday 2nd February 

Professor R.A. Raphael (University of Cambridge), "Bizarre 

Reactions of Acetylenic Compounds". 

Thursday 16th February 

Professor G.W.A. Fowles (University of Reading), "Home Winemaking". 

Thursday 2nd March 

Professor M.W. Roberts (University of Bradford), "The Discovery 

of Molecular Events at Solid Surfaces". 

Thursday 9th March 

Professor H. Suschitzky (University of Salford), " F r u i t f u l 

F i s s i o n s of Benzofuroxans". 

Thursday 4th May 

Professor J . Chatt (University of Sussex), "Reactions of Co­

ordinated Dinitrogen". 

Tuesday 9th May 

Professor G.A. Olah (Case Western Reserve University, Cleveland, 

Ohio), " E l e c t r o p h i l i c Reactions of Hydrocarbons". 



Research Conferences Attended 

I n s t i t u t e of Petroleum 6th Conference of Molecular Spectroscopy 

(30th March - 2nd A p r i l 1976) Durham. 

Summer School i n Theoretical Organic Chemistry (13th - 27th June 

1976) Teneriffe, Canary Islands. 

1st Polymer Surfaces Symposium (21st - 24th March 1977) Durham 

27th Annual Meeting of Nobel Prizewinners (9th i n Chemistry) 

(27th June - 1st July 1977) Lindau, West Germany. 

Meeting of the Chemical Society Theoretical Chemistry Group 

on "Molecules Adsorbed at Surfaces" (26th October 1977) London 

NATO Advanced Study I n s t i t u t e on "Theoretical Aspects of the 

Electronic Structure and Properties of the Excited States of 

Atoms, Molecules and Solids" (4th - 18th June 1978) Kos, Greece. 
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