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Foreword 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

THE G O A L O F T H E O R E T I C A L C H E M I S T R Y is to predict chemistry, either 
with simple mathematical expressions or with the more complicated 
expressions that researchers must solve on a computer, rather than by 
working with test tube and beaker in the lab. Theorists have long 
dreamed of synthesizing and characterizing the properties of 
conceptualized materials and their stabilities and reactivities without 
early recourse to bench experiments. Computer experiments are already 
of considerable aid to the experimentalist in prescreening compounds of 
desired character. The day is fast approaching when organic chemists wil l 
routinely use computational procedures to examine targeted molecules 
for specific properties before attempting synthesis and characterization 
of these systems. Quantum chemical experiments already aid our 
understanding of chemical processes, and such computations are often 
included with experimental results in publications. The impact of such 
work is continually growing. Entire industries are being transformed at 
the most fundamental level, perhaps most strikingly so in the 
pharmaceutical industry. 

Progress has been somewhat slower in the development of theoretical 
tools for transition metal systems. The localized nature of d and f 
electrons, for example, often not only makes molecular orbital 
calculations difficult but also makes the utility of such calculations 
uncertain. In addition, the chemistry of these systems requires 
consideration of large molecules, clusters, surfaces, and bulk systems. 
Phenomena as diverse as medicine, catalysis, and high-temperature 
superconductivity are complex, and they require the most modern 
techniques for their accurate study. Methods that are of proven value for 
the chemistry of hydrogen and the main group elements, methods that 
predict molecular structure with an accuracy rivaling experiment, are 
proving inadequate, even qualitatively, when applied to the more 
challenging metal-containing systems. 

The symposium on which this book is based presented recent 
advances in the theory and computation of systems containing d and f 
electrons and applications to a number of the complex systems that have 
recently been examined using these techniques. Leading experimentalists 
presented work that would greatly benefit from advanced theory. The 
latest developments in molecular orbital theories, in correlation 

ix 
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calculations, and in local and nonlocal spin density theories were 
discussed, as well as the effects that calculations using these techniques 
have had on our way of thinking about these systems. The foundations of 
future scientific, technological, and industrial revolutions are currently 
being laid in the laboratories and computer rooms dedicated to 
understanding d and f electrons. 

This book contains contributions from most of the leading scientists 
in this area. It presents a snapshot of the state of the art as it existed in 
June 1988. 

We take this opportunity to thank the sponsors of this symposium 
again, whose support helped make this meeting the dynamic forum it 
was. Financial support came from Eastman Kodak Company of 
Rochester, NY; IBM Corporation of Yorktown Heights, NY; Multiflow 
Computer Company of Branford, CT; and the Petroleum Research Fund 
of the American Chemical Society. We also take this opportunity to 
thank Tom Ellis in Montreal and Susanne Gaddy in Gainesville for their 
cheerful editorial assistance. 

D E N N I S R. SALAHUB 

Université de Montréal 
Montréal, Québec H3C 3J7, Canada 

MICHAEL C. ZERNER 

University of Florida 
Gainesville, F L 32611 

December 1, 1988 
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Chapter 1 

Q u a n t u m C h e m i s t r y T h r o u g h o u t the Per iod ic 
Table 

Dennis R. Salahub1 and Michael C. Zerner2 

1Département de Chimie, Université de Montréal, C.P. 6128, Succursale A, 
Montréal, Québec H3C 3J7, Canada 

2Quantum Theory Project, Williamson Hall, University of Florida, 
Gainesville, FL 32611 

An overview is presented of the state-of-the-art for 
quantum chemical calculations for d- and f- electron 
systems. The present role and the potential of ab
initio, density functional and semi-empirical 
methods are discussed with reference to contemporary 
developments in related experimental disciplines. 
Progress towards a true computational chemistry 
including the transition metals, lanthanides, and 
actinides is outlined with emphasis both on 
achievements and on the remaining barriers. 

Imagine a chemist, a modern-day Rip Van Winkle, awake and refreshed 
following a twenty-year sleep and finding himself at the instrument 
exhibit at an ACS national meeting. Poor fellow! His search for 
rotating evaporators and simple bench-top IR's will not be an easy 
one. If there are any, they are lost in a sea of television 
screens; a dazzling display of rotating, vibrating, pulsating, 
dancing, reacting, technicolor molecules. A few well placed 
questions and Rip learns that, while he was sleeping the sleep of 
the just, there was quite a revolution going on, that now chemists 
and, it seems, in large numbers are using computer programs to 
simulate the molecules they will perhaps eventually make react. A 
bit more courage, and a few more questions and he learns that by-
and-large the molecules dancing on the screen are organic - carbon, 
hydrogen, nitrogen, oxygen, with an odd halogen, or sulfur or 
phosphorus. Finding the colorful transition metals that he liked 
so much before he went to sleep turns out to be another difficult 
task; and when he finally finds a demonstrator to explain how they 
are handled, after much hemming and hawing, he learns that the 
methodological basis for the computations is not the same as it is 
for the lighter, s-p, elements. 

The organic computational chemistry that so dazzled our 
allegorical eyes-wide-open chemist is based on the combined efforts 
of a large number of theoretical and experimental chemists over the 
last few decades. This combined experience has resulted, only 

0097-6156/89/0394-0001$06.00A) 
c 1989 American Chemical Society 
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2 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

r e c e n t l y , i n a s e t of t oo l s tha t can p rov ide the e n t i r e chemistry 
community, s p e c i a l i s t and n o n - s p e c i a l i s t a l i k e , w i t h a manual and a 
s e t of "specs", i n much the same way as any other ins t rument . The 
user , once he has read, or has been p r o p e r l y informed, that the 
ins t rument i s appropr ia te f o r h i s problem (an organic system w i t h N 
atoms and a r equ i r ed accuracy of x k c a l / m o l e ) can go ahead and use 
these enormously complex programs w i t h the g rea t e s t of ease to he lp 
him i n h i s work. 

That the same i s not t rue i n genera l fo r problems i n v o l v i n g 
t r a n s i t i o n metals or lan thanides or a c t i n i d e s can be a t t r i b u t e d 
above a l l e l se to the d i f f i c u l t y of hand l ing e l e c t r o n c o r r e l a t i o n 
f o r these systems. The d and f e l e c t r o n s are conf ined t o a s m a l l 
volume and there are many of them, p a r t i c u l a r l y i f metal-metal 
bonds are i n c l u d e d . This c o r r e l a t i o n problem w i l l be a t the core 
of t h i s paper and indeed of the whole volume. But t h i s i s not the 
only problem when i t comes to comparing d and f o r b i t a l systems 
w i t h systems that do not con t a in these t roub le makers. T r a n s i t i o n 
metal systems are most of ten o p e n - s h e l l systems, u n l i k e t h e i r 
o rgan ic cous ins . The treatment of open - she l l systems i s more 
d i f f i c u l t both at the Har t ree-Fock l e v e l , and at the pos t Ha r t r ee -
Fock l e v e l . Of importance i n t r a n s i t i o n metal complexes i s a 
comparison of the r e l a t i v e energies of complexes of d i f f e r i n g s p i n 
m u l t i p l i c i t i e s , and t h i s comparison i s made very d i f f i c u l t . The 
Har t ree-Fock procedure g r e a t l y favors s t a t e s of h ighe r 
m u l t i p l i c i t y , and t h i s b ias i s , aga in , only co r rec t ed by a h igh 
l e v e l c o r r e l a t e d theory (see DAVIDSON, f o r example) . In a d d i t i o n , 
the great wealth of s ta tes tha t l i e near i n energy fo r t r a n s i t i o n 
metal systems of ten make the SCF step r equ i r ed i n most treatments 
much more troublesome. For o rgan ic systems, SCF i s u s u a l l y (but 
not a lways!) not a problem. 

There are i n genera l three common ways used today to go about 
examining the e l e c t r o n i c s t r u c t u r e of t r a n s i t i o n metal systems. 
A l l of these are concerned i n one way or another i n s o l v i n g (or 
g e t t i n g around) the c o r r e l a t i o n problem and we w i l l g ive an 
overview of a l l three , u n d e r l i n i n g t h e i r r e spec t ive s t rengths and 
weaknesses: "standard" ab i n i t i o techniques (the su res t and of ten 
the best way to go for cases where the computa t ional e f f o r t does 
not render them i m p r a c t i c a l or i m p o s s i b l e ) , Dens i ty F u n c t i o n a l 
methods where the c o r r e l a t i o n i s handled through an e l e c t r o n gas 
model ( s t i l l an "ab i n i t i o " framework but p r a c t i c a b l e f o r much 
l a r g e r systems) and s e m i - e m p i r i c a l where "nature ' s c o r r e l a t i o n " , 
namely exper imenta l data , are used to adjus t parameters, r e s u l t i n g 
i n very r ap id methods that , when used j u d i c i o u s l y , can provide 
accurate r e s u l t s f o r very la rge systems. 

I n t h i s b r i e f overview we can only touch on very few aspects 
of a vas t and growing f i e l d . Our only goa l here i s to p rov ide some 
s t r u c t u r e so tha t newcomers, i n p a r t i c u l a r , may more r a p i d l y put 
the var ious ques t ions and the var ious techniques i n t o proper 
p e r s p e c t i v e , and o b t a i n a f i r s t impress ion of the present s t a te of 
the f i e l d and of where i t i s going , as we see i t . Taken along w i t h 
the other chapters of the book ( r e fe r red to by the name of an 
author i n c a p i t a l l e t t e r s ) and the other references c i t e d , we 
b e l i e v e tha t t h i s impress ion should be reasonably unbiased . 
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1. S A L A H U B & Z E R N E R Quantum Chemistry Throughout the Periodic Table 3 

Before s t a r t i n g the methodologica l overview, i t i s worthwhi le 
to remind ourse lves b r i e f l y of the exper imenta l c o n t e x t . The 
presence of d and f e l e c t r o n s , whose wave func t ions can be e i t h e r 
c o r e - l i k e , e s s e n t i a l l y a tomic , or more d i f f u s e , and thus t rue 
valence l i k e , or anyth ing i n between, does confer s p e c i a l , 
sometimes unique, p r o p e r t i e s . The f a s c i n a t i o n and the u t i l i t y of 
the t a rge t systems f o r many of the chapters of t h i s book are owed, 
i n the f i n a l a n a l y s i s , to the range of behavior tha t e l e c t r o n s i n 
these wave func t ions demonstrate. The four "exper imenta l" chapters 
of the book t r e a t subjec ts ranging from ESR and o ther 
spec t roscop ies of c l u s t e r s i n matr ices (WELTNER and VAN ZEE), to 
the thermodynamics and phase t r a n s i t i o n s of heavy fermions (OTT and 
F I S K ) , to e l e c t r o n dens i ty maps (COPPENS), to energy convers ion i n 
photosynthes is (SMITH and GRAY). These represent on ly a very s m a l l 
sampling of the many chal lenges being of fered to quantum chemist ry 
by recent exper imenta l advances. Other chapters w i l l mention 
aspects of i no rgan i c s y n t h e s i s , of r e a c t i o n mechanisms, of 
homogeneous, heterogeneous, and enzymatic c a t a l y s i s , of c l u s t e r 
beams, of surface sc ience , of s u p e r c o n d u c t i v i t y and magnetism, of 
NMR and Mossbaur spect roscopy, of b iomolecules and much, much more. 
In f ac t t h i s f i e l d provides a v e r i t a b l e smorgasbord of exper imenta l 
data w a i t i n g f o r i n t e r p r e t a t i o n and guidance from quantum 
chemis t ry . A good smorgasbord i s s tocked w i t h i n d i v i d u a l 
d e l i c a c i e s but a l s o has a theme - ours has the d and f e l e c t r o n s to 
p rov ide c o n t i n u i t y , coherence and, i f you w i l l , the f l a v o r that 
each of the authors of t h i s volume so w e l l enjoy. 

A b - i n i t i o C a l c u l a t i o n s 

The term " a b - i n i t i o " i s o f ten taken to i nc lude those methods which, 
g iven an i n i t i a l choice f o r the genera l form of the N - e l e c t r o n wave 
f u n c t i o n , ( e .g . one or many determinants) attempt to so lve the 
Schrodinger Equa t ion 

H¥ = E¥ 

H=Kinet ic energy opera tor + P o t e n t i a l energy opera tor 

E= molecular energy 

¥ = Y ( r 1 , r 2 , . . . . r N ) 

w i thou t i n t r o d u c i n g any e m p i r i c a l parameters. Th i s does not mean 
that no approximations are made (indeed, the whole a r t i s i n the 
approximat ions) but only that recourse i s not taken to experiment 
other than, perhaps, a - p o s t e r i o r i , tha t there r e s u l t s agreement 
w i t h experiment. Table I g ives a b r i e f summary of some of the main 
c l a s ses of ab i n i t i o methods wi th t h e i r c h a r a c t e r i z i n g f ea tu r e s . A 
good entry i n t o the d e t a i l s of these methods i s the book by Szabo 
and Ost lund (J_). Recent i s sues of the J o u r n a l of Chemical P h y s i c s , 
Chemical Phys ics L e t t e r s , and the I n t e r n a t i o n a l J o u r n a l of Quantum 
Chemistry cou ld a l s o be c o n s u l t e d . Examples of a p p l i c a t i o n s w i l l 
be found i n the chapters of WILLIAMSON and HALL (GVB,CASSCF), 
DEDIEU and BRANCHADELL (CASSCF,CI) , DAVIDSON (HF,MPPT,CI) , NOVARRO 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

Table I . Some Classes of Ab I n i t i o Methods 

Har t ree-Fock 
HF (or SCF) 

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

CI 

one ( sp in adapted) 
determinant 
¥ =U<1 ) ,*(2) | 
Det . b u i l t from 
molecular o r b i t a l s 
[ •< i ) l 

many determinants 
*= £ ¥ ( I ) C ( I ) 

I 

work = N 4 . <j>(i)'s adjusted 
i t e r a t i v e l y to o b t a i n 
minimum energy of t h i s wave 
func t i on through the SCF 
procedure . Th i s energy 
i s v a r i a t i o n a l and s i z e 
e x t e n s i v e . 

work= N 5 or g r e a t e r . C ( I ) ' s 
obta ined by d i a g o n a l i z a t i o n 
of l a rge m a t r i x . The CI 
method i s v a r i a t i o n a l but 
converges s l o w l y and i s , i n 
gene ra l , not s i z e e x t e n s i v e . 

M u l t i - C o n f i g u 
r a t i o n SCF 

MCSCF 

* = same as CI Both C f D ' s and ^ ( D ' s o p t i 
mized s i m u l t a n e o u s l y . More 
accurate than CI method w i t h 
SCF <f>(i) f o r a g iven CI 
expans ion. V a r i a t i o n a l , not 
s i z e e x t e n s i v e , convergence 
o f t en d i f f i c u l t . 

Complete A c t i v e S p e c i a l case of 
Space SCF MCSCF 

CAS SCF 

a l l determinants from chosen 
s e t of " a c t i v e " o r b i t a l s are 
i n c l u d e d i n the MCSCF. ( i . e . 
F u l l CI) v a r i a t i o n a l , s i z e 
ex tens ive ; CI expansion l i s t 
r a p i d l y gets very l a r g e . 

Gene ra l i z ed 
Valence Bond 

GVB 

S p e c i a l case of 
MCSCF 

combinations of determinants 
represent VB func t ions are 
used to f i x the CI coe f . 
s i m p l e s t i s p e r f e c t - p a i r i n g 

Many Body * = same as CI 
( M o l l e r - P l e s s e t ) 
P e r t u r b a t i o n Theory 

MP2,MP3, e t c . 

C ( I ) ' s determined by p e r t , 
theory . Most common i s 
second order "MP2", but 
h ighe r order i s a l s o common. 
N o n - v a r i a t i o n a l , s i z e 
e x t e n s i v e . 

Coupled C l u s t e r * = same as CI 
CP MET 
CCD, CCSD, e t c . 

C ( I ) determined by exponen
t i a l c l u s t e r expansion; non-
v a r i a t i o n a l , s i z e e x t e n s i v e . 

Quantum Monte quantum s i m u l a t i o n so f a r , s m a l l systems o n l y . 
C a r l o HF or CI "gu id ing" d i f f i c u l t f o r e x c i t e d 

QMC func t i on s t a t e s . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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(HF,MPPT), KOKA and MOROKUMA (CI ) , PANAS, SIEGBAHN and WAHLGREN 
(CASSCF,CI) , MESSMER e t . a l . (GVB), YANG and WHITTEN (HF), KOBER 
and HAY (HF,GVB), MALLI ( H F , C I ) , CHRISTIANSEN (QMC), and NEWTON 
(HF,MPPT)• 

Most of the ab i n i t i o c a l c u l a t i o n s presented a t the meeting 
were performed w i t h i n the HF-CI , CASSCF, or HF-GVB framework and 
t h i s i s a reasonable r e f l e c t i o n of the o v e r a l l use of these 
techniques f o r d and f systems. Near ly everyone agrees tha t , 
except fo r quick est imates or i n "for tunate" s i t u a t i o n s , a 
s t r a i g h t f o r w a r d Har t ree-Fock c a l c u l a t i o n i s u n l i k e l y to y i e l d 
r e l i a b l e r e s u l t s . Work on t r a n s i t i o n - m e t a l atoms (2_) i s 
e n l i g h t e n i n g i n t h i s r ega rd . On the other hand, the amount of 
c o r r e l a t i o n that i s " a c t u a l l y " needed i s a c e n t r a l q u e s t i o n i n the 
f i e l d and i s very much an open one. The u l t i m a t e answer, a t the 
moment, and q u i t e u n f o r t u n a t e l y , seems to be system dependent. 

Beyond the choice of a genera l method, f u r t h e r , t e c h n i c a l 
choices have to be made and the u t i l i t y of a c a l c u l a t i o n can depend 
c r i t i c a l l y on these . Perhaps the s i n g l e most important one tha t i s 
emerging i s the choice of the bas i s se t i n which the molecular 
o r b i t a l s are expanded (_3). Another important choice i s the way i n 
which many-electron c o r r e l a t i o n i s to be i n c l u d e d (1 - 2 ) , and t h i s 
i s surveyed i n the t ab le above. Of some importance i s whether or 
not to represent the c o r e - e l e c t r o n s by an e f f e c t i v e core p o t e n t i a l , 
thereby g r e a t l y reducing the time f o r a c a l c u l a t i o n , but a s soc i a t ed 
w i t h the p o s s i b i l i t y of damaging the q u a l i t y of the r e s u l t s (4_). 
For the h e a v i e r elements, the i n c o r p o r a t i o n of r e l a t i v i s t i c 
c o r r e c t i o n s (5_) i s impor tant . F e a s i b l e ways i n which to i nc lude 
c o r r e l a t i o n e f f e c t s i s , i n no way, an agreed upon technology . 

Al though i t i s c e r t a i n l y dangerous to g e n e r a l i z e in* t h i s 
f i e l d , we w i l l take the r i s k and o f f e r a few ru le s of thumb i n the 
hope tha t they w i l l he lp the non-expert to s i t u a t e , i n something 
l i k e the proper p e r s p e c t i v e , the var ious c a l c u l a t i o n s tha t he may 
encounter i n the l i t e r a t u r e . We INSIST tha t except ions e x i s t and 
advise prudence. 

On the ques t i on of the one -e l ec t ron ( o r b i t a l ) ba s i s se t i t 
appears tha t the t r a n s i t i o n metals r equ i r e s i g n i f i c a n t l y more 
f l e x i b i l i t y than do the l i g h t e r elements. Whereas minimal , s i n g l e -
z e t a , ba s i s se ts can of ten be used i n organic computa t ional 
chemistry to o b t a i n a reasonable f i r s t idea of the p r o p e r t i e s , such 
an approach i s inadequate f o r t r a n s i t i o n - m e t a l chemis t ry . E r r o r s 
of s e v e r a l e l e c t r o n - v o l t s i n the o r b i t a l energies r e s u l t , i n c o r r e c t 
o rder ings of s p i n s t a t e s are p r e d i c t e d , and of ten geometries are i n 
complete disagreement wi th exper i ence . Even an i n c o r r e c t charge 
d i s t r i b u t i o n between l i g a n d and metal can r e s u l t . A "reasonable" 
b a s i s se t needed to descr ibe the d func t ions i s at the t r i p l e - z e t a 
l e v e l , two " i n n e r - l o o p " func t ions and a d i f f u s e one, a l though 
doub le -ze t a ( i n c l u d i n g the d i f f u s e func t ion) can sometimes g ive 
u se fu l r e s u l t s . Cons ide rab ly l e s s i s known about the f o r b i t a l s 
a c t i v e i n the chemistry of the lanthanides and a c t i n i d e s . I t i s 
l i k e l y aga in tha t func t ions at l e a s t of t r i p l e - z e t a q u a l i t y w i l l be 
r e q u i r e d . As i n the case of the d f u n c t i o n s , these expansions must 
have the f l e x i b i l i t y t o reproduce the shape of o r b i t a l s 
r ep resen t ing the many p o s s i b l e o x i d a t i o n , s p i n and valence s ta tes 
of the metal atom. The p u r i s t would c o r r e c t l y argue tha t even 
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6 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

t r i p l e - z e t a funct ions have not the f l e x i b i l t y to represent the 
c o b a l t d o r b i t a l s w i th reported o x i d a t i o n s ta tes from -2 to +6 and 
a l l the p o s s i b l e s p i n s ta tes a s soc ia t ed wi th each of these 
o x i d a t i o n s t a t e s ! 

Rules of thumb for the many-electron wavefunction are even 
d i f f i c u l t to formulate , and the most e f f i c i e n t ways of i n c l u d i n g 
c o r r e l a t i o n are s t i l l under ex tens ive t h e o r e t i c a l r e v i e w . But one 
obse rva t ion i s a l ready c l e a r . Methods tha t are e f f e c t i v e f o r 
o rgan ic compounds are not n e c e s s a r i l y e f f e c t i v e f o r t r a n s i t i o n 
metal complexes. Much more exper ience i s r e q u i r e d . I t might, 
however, be u se fu l to have a rough idea of which types of system 
are p r o v i n g the most demanding from the p o i n t of view of e l e c t r o n i c 
c o r r e l a t i o n . 

T r a n s i t i o n - m e t a l complexes w i t h a s i n g l e metal atom, al though 
f a r from t r i v i a l , are the e a s i e s t to t r e a t . I f they are c l o s e d 
s h e l l , f a i r l y compact CI expansions, choosing determinants i n about 
the same f a sh ion as f o r o rgan ic molecules (double e x c i t a t i o n s from 
bonding to an t ibonding o r b i t a l s being perhaps the most important , 
(CID), can p rov ide meaningful r e s u l t s . Unpaired e l e c t r o n s i n the 
reference or ground s t a t e SCF d e s c r i p t i o n , g e n e r a l l y compl ica te the 
s i t u a t i o n , e s p e c i a l l y i f comparisons between s ta tes of d i f f e r e n t 
m u l t i p l i c i t i e s must be made. C o o r d i n a t i v e l y sa tu ra ted b i m e t a l l i c 
or c l u s t e r compounds w i t h two or , perhaps three metal atoms, and a 
complement of l igands can a l s o be t r ea t ed , a l though these represent 
very computa t iona l ly demanding s i t u a t i o n s . In systems c o n t a i n i n g 
s e v e r a l weakly coupled t r a n s i t i o n metals , e i t h e r w i t h or wi thou t 
c o o r d i n a t i n g l i g a n d s , there i s a compet i t ion between a d e l o c a l i z e d 
d e s c r i p t i o n , w e l l desc r ibed at z e r o ' t h order through molecular 
o r b i t a l theory, and a l o c a l o r b i t a l d e s c r i p t i o n , p o o r l y desc r ibed 
a t ze ro th order by m.o. theory, but desc r ibed i n a n a t u r a l f a sh ion 
through valence bond t h e o r i e s . In e i t h e r case a complete 
d e s c r i p t i o n i s obtained only a f t e r a grea t dea l of c o n f i g u r a t i o n 
i n t e r a c t i o n i s added to e i t h e r s t a r t i n g d e s c r i p t i o n . In such 
cases , even t r a n s i t i o n metal d i a tomics , such as dichromium, can be 
cons idered s t a t e - o f - t h e - a r t . S i m i l a r problems a r i s e , f o r example, 
i n the Creutz-Taube systems tha t show mixed valence behaviour . I n 
these systems c o r r e l a t i o n becomes so important tha t the Har t r ee -
Fock procedure i t s e l f "senses" problems, l ead ing to i n s t a b i l i t i e s 
tha t should not n e c e s s a r i l y be ass igned p h y s i c a l s i g n i f i c a n c e . 

Recent work on the mechanisms of r e ac t i ons i n v o l v i n g 
t r a n s i t i o n - m e t a l complexes represents the s t a t e - o f - t h e - a r t of 
i n s i g h t f u l ab i n i t i o c a l c u l a t i o n s i n t h i s a rea . Beyond three metal 
atoms or so i t i s f a i r to say that ab i n i t i o approaches s t a r t t o 
bog down. For such s tud ies great care has to be taken i n the 
choice of model system to be t r e a t e d . For example, models 
i n v o l v i n g c l u s t e r s represen t ing chemisorp t ion s i t e s and c o n t a i n i n g 
s e v e r a l t r a n s i t i o n - m e t a l atoms can and have been t r e a t ed w i t h 
i n t e r e s t i n g r e s u l t s , but, more o f t en than not, the metal chosen i s 
n i c k e l or copper where open s h e l l s are l e s s of a problem and the 
d e t a i l s of d - e l e c t r o n c o r r e l a t i o n appear somewhat l e s s c r u c i a l i n 
d e s c r i b i n g the metal-adsorbate i n t e r a c t i o n s . I t i s a l ready q u i t e 
apparent that even grea ter d i f f i c u l t i e s a r i s e when c o n s i d e r i n g 
metals more to the l e f t i n the p e r i o d i c t a b l e . 
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1. S A L A H U B & Z E R N E R Quantum Chemistry Throughout the Periodic Table 7 

The large number of chemica l ly u n i n t e r e s t i n g core e l ec t rons 
f o r the heav ie r elements can u s u a l l y be handled wi thout grea t 
d i f f i c u l t y and w i t h a h igh degree of accuracy by modern 
pseudopo ten t i a l or e f f e c t i v e core p o t e n t i a l or model core p o t e n t i a l 
t echniques . R e s u l t s corresponding c l o s e l y w i t h appropr ia te a l l -
e l e c t r o n treatments can be obta ined al though t h i s of ten r equ i r e s 
tha t the s o - c a l l e d semi-core e l ec t rons (with p r i n c i p a l quantum 
number one l e s s than the valence s h e l l ) e i t h e r be t r e a t e d on the 
same f o o t i n g as the valence e l e c t r o n s or tha t s p e c i a l c o r e -
p o l a r i z a t i o n c o r r e c t i o n s be implemented. With these techniques , 
the number of e l ec t rons t r ea ted e x p l i c i t l y i n the N - e l e c t r o n 
problem ranges from one to twenty or so depending on the element 
and on whether the semi-core e l e c t r o n s are i n c l u d e d . The model 
p o t e n t i a l operators i n c l u d e terms to represent the p o t e n t i a l of the 
core e l ec t rons and a l s o p r o j e c t i o n operators to ensure core-va lence 
o r t h o g o n a l i t y . They are o f t en represented i n a parametr ic f a s h i o n 
(a gauss ian form being convenient) and the parameters are adjusted 
to y i e l d agreement w i t h a l l - e l e c t r o n c a l c u l a t i o n s f o r the atoms, 
t y p i c a l l y us ing wave f u n c t i o n and o r b i t a l energies as c r i t e r i a , but 
sometimes i n c l u d i n g i n fo rma t ion on l o w - l y i n g atomic e x c i t e d s t a t e s 
which are thought to be popula ted i n the molecules . Some of the 
e f f e c t s of r e l a t i v i t y , notably the s p a c i a l c o n t r a c t i o n of the core 
e l ec t rons can be taken i n t o account by ad ju s t i ng the parameters on 
r e l a t i v i s t i c atomic c a l c u l a t i o n s . This appears to work very w e l l 
a t l e a s t down to pa l l ad ium or so . For the p la t inum row and beyond, 
the r e l a t i v i s t i c c o r r e c t i o n s (the c o r r e c t i o n to the mass due to the 
v e l o c i t y , the Darwin c o r r e c t i o n and s p i n - o r b i t c o u p l i n g , i f a two-
component, P a u l i , treatment i s adopted) are a l l of the same order 
of magnitude as the chemical bonding ene rg ie s . I t remains a 
sub jec t of cu r r en t research to f i n d whether an i n d i r e c t , 
r e l a t i v i s t i c pseudopo ten t i a l approach w i l l , i n genera l , be adequate 
or whether the r e l a t i v i s t i c operators should be i n c l u d e d d i r e c t l y 
i n the valence s h e l l Hami l ton ian . 

For the lanthanides and a c t i n i d e s the adequate treatment of 
r e l a t i v i s t i c c o r r e c t i o n s i s a b s o l u t e l y e s s e n t i a l . Indeed these 
atoms and t h e i r compounds may provide the u l t i m a t e t e s t i n g ground 
f o r new theor i e s of "many-electron" r e l a t i v i s t i c quantum 
chemis t ry . The ques t ion of how to s imul taneous ly take account of 
e l e c t r o n exchange and c o r r e l a t i o n e f f ec t s a long w i t h the e f f e c t s of 
r e l a t i v i t y remains one of the prime cha l lenges of e l e c t r o n i c 
s t r u c t u r e theory . Of s p e c i a l i n t e r e s t here , f o r example, i s the 
f a c t tha t s p i n - o r b i t s p l i t t i n g s can be as la rge or l a r g e r than 
l i g a n d f i e l d e f f e c t s , and conven t iona l e l e c t r o n i c s t r u c t u r e 
t heo r i e s tha t cons ide r these e f f ec t s as pe r tu rba t i ons ( i f a t a l l ) 
are l i k e l y to prove i n a p p r o p r i a t e . 

So then, what i s the ro l e of these, sometimes d i scourag ing , 
always ponderous, c a l c u l a t i o n s ? Does i t make sense to expend so 
much time, e f f o r t , and money i n r e tu rn f o r these hard-earned 
r e s u l t s ? Yes I Al ready the impact of these c a l c u l a t i o n s on 
i n o r g a n i c , or o rganometa l l i c chemistry has been s i z e a b l e . How 
w i l l , or shou ld , t h i s f i e l d evolve? I f one looks to the h i s t o r y of 
organic computat ional chemistry then at l e a s t some p a r t i a l answers 
to such ques t ions can be formula ted . The theory, the methodology, 
and the computer programs that implement both , w i l l evo lve , and 
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l a r g e r systems w i l l become approachable w i t h grea te r r e l i a b i l i t y 
w i t h t h i s p rog re s s . W i l l a b - i n i t i o c a l c u l a t i o n s on t r a n s i t i o n 
metal systems ever become "black box" as they are now fo r some 
organic systems? Probably , but there w i l l never be a s u b s t i t u t e 
f o r c a r e f u l thought and a n a l y s i s , and t h i s i s going to be an 
e s p e c i a l l y important p a r t of t h i s f i e l d f o r very many years t o 
come. The " i n c i p i e n t appeal" of j u s t p l a i n s c a l a r numbers (the 
t o t a l energy, f o r example) w i l l have to be r e s i s t e d i n favor of 
arguments based on sound chemica l and p h y s i c a l p r i n c i p l e s . 

In a d d i t i o n to the chemis t ry that may be addressed, a b - i n i t i o 
c a l c u l a t i o n s are needed to p rov ide important guidance on which to 
develop s e m i - e m p i r i c a l and e m p i r i c a l schemes tha t use, i n f a c t , the 
same formal i sm. There i s an important i n t e r p l a y between a l l 
methods, and the i n fo rma t ion tha t we g a i n from a b - i n i t i o 
c a l c u l a t i o n s i s not on ly used to examine the chemist ry of the model 
systems, but a l s o used t o he lp develop s e m i - e m p i r i c a l methods. The 
numbers obta ined are of ten used to guide parameter choices where 
these are not a v a i l a b l e from exper iment . Most i m p o r t a n t l y , 
d i s c o v e r i e s i n the u n d e r l y i n g theory tha t we use are made i n semi-
e m p i r i c a l , dens i t y f u n c t i o n a l and a b - i n i t i o s t u d i e s , and these 
improvements are adopted, perhaps i n modi f ied form, to a f f e c t a l l 
t heo r i e s used i n computat ional chemis t ry . 

Dens i ty F u n c t i o n a l Methods 

The methods c l a s sed under the genera l heading of Dens i ty F u n c t i o n a l 
Theory (6-10) s t r i v e to t r e a t the e l e c t r o n c o r r e l a t i o n problem i n a 
somewhat d i f f e r e n t manner from tha t used i n conven t i ona l ab i n i t i o 
approaches. I t i s perhaps worth no t ing a t the outse t tha t these 
methods are no l e s s " a b - i n i t i o " than CI and the o the rs , i n tha t 
they s t a r t from an exact fo rmula t ion of the N - e l e c t r o n problem. 
Only the approximations are d i f f e r e n t and i t turns out tha t these 
d i f f e r e n c e s confer cons ide rab le advantages i n terms of accuracy and 
ease, i n many c i rcumstances . Al though dens i t y f u n c t i o n a l 
c a l c u l a t i o n s have been performed s i n c e the days of the Thomas-Fermi 
atomic theory , the f i e l d was put on a f i r m concep tua l foundat ion i n 
1964 and 1965 when Hohenberg, Kohn and Sham presented t h e i r 
remarkable theorems ( 6 - 7 ) . Hohenberg and Kohn proved tha t a many-
e l e c t r o n ground s t a t e i s complete ly determined by the e l e c t r o n 
d e n s i t y . The energy f u n c t i o n a l depends on the dens i ty and i t can, 
i n p r i n c i p l e , be obta ined v a r i a t i o n a l l y . Kohn and Sham showed, by 
ingenious arguments (the paper i s t e r r i f i c fun to read, and 
reread!) tha t Dens i ty F u n c t i o n a l Theory can be reformulated i n a 
s e t of H a r t r e e - l i k e equations tha t can be s o l v e d s e l f -
c o n s i s t e n t l y . These equations are d e c e p t i v e l y s imple t o w r i t e : 

( -1 /2 V 2 + v C Q U l + v x c ) t i (1) = e ± + i (1) 

The f i n a l term i n t h i s equa t ion , v x ^ , the e x c h a n g e - c o r r e l a t i o n 
p o t e n t i a l , conta ins a l l the i n t r i c a c i e s of the many-electron 
problem. I t i s de f ined as 

v x c = 3Exc/3p 
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1. S A L A H U B & Z E R N E R Quantum Chemistry Throughout the Periodic Table 9 

where Exc i s the exchange and c o r r e l a t i o n component of the energy 
f u n c t i o n a l . The var ious d e n s i t y f u n c t i o n a l methods can be 
c l a s s i f i e d acco rd ing to the approximat ions adopted f o r Exc and a l s o 
acco rd ing to the techniques used to so lve the Kohn-Sham 
equa t ions . Tables I I and I I I summarize some of the more common 
c h o i c e s . 

The corners tone of the f i e l d (the "Hart ree-Fock" of Dens i ty 
F u n c t i o n a l Theory) i s the L o c a l Dens i ty Approximat ion (LDA) a l s o 
c a l l e d the L o c a l (Spin) Densi ty (LSD) method. Here the b a s i c 
i n f o r m a t i o n on e l e c t r o n c o r r e l a t i o n , how e l e c t r o n s a v o i d each 
o ther , i s taken from the uniform d e n s i t y e l e c t r o n gas . E s s e n t i a l l y 
exact c a l c u l a t i o n s e x i s t f o r t h i s system (the Quantum Monte C a r l o 
work of Ceper ley and A l d e r ) and t h i s i n fo rma t ion from the 
homogeneous model i s fo lded i n t o the inhomogeneous case through the 
energy i n t e g r a l : 

Exc (LDA) = / d r e x c ( p ( r ) ) 

To the ex ten t tha t e l e c t r o n s i n an atom or molecule do not behave 
too d i f f e r e n t l y a t the mic roscop ic l e v e l from those i n the uniform 
gas t h i s approximat ion w i l l y i e l d meaningful r e s u l t s . In p r a c t i c e 
i t works remarkably w e l l . Var ious LDA band c a l c u l a t i o n s have, f o r 
years , p rov ided the t h e o r e t i c a l and computat ional b a s i s f o r many of 
the advances i n s o l i d s t a t e p h y s i c s . S ince the e a r l y days of 
S l a t e r ' s Xa method, LDA approaches have occupied an ever i n c r e a s i n g 
p a r t of molecular and c l u s t e r phys ic s and chemis t ry . Complex 
systems, f o r example c l u s t e r s c o n t a i n i n g a dozen or more 
t r a n s i t i o n - m e t a l atoms, can be t r ea t ed w i t h a l l of the techniques 
i n Table I I I and r e l i a b l e r e s u l t s are obtained f o r geometr ies , 
v i b r a t i o n a l f requenc ies , pho toe l ec t ron and o p t i c a l spec t r a , and 
o ther p r o p e r t i e s which depend on the o r b i t a l s or on the d e n s i t y 
i t s e l f . The SW approach, a l though very r a p i d , i s l i m i t e d i n tha t 
geometry v a r i a t i o n i s not g e n e r a l l y r e l i a b l e and a l s o "non-
compact" systems of ten s u f f e r from ra the r la rge e r r o r s due to the 
m u f f i n - t i n form of the p o t e n t i a l . The three "basis se t " methods, 
LMTO, DVM, and LCGTO are a l l capable of y i e l d i n g h igh q u a l i t y 
r e s u l t s (the LSD l i m i t ) i f proper a t t e n t i o n i s p a i d to the 
computa t ional d e t a i l s (choice of the ba s i s s e t s , sampling p o i n t s , 
e t c . ) . The r e l a t i v e advantages of each of these depend on the 
system, the accuracy needed, the computer machinery a v a i l a b l e 
( s c a l a r , vec to r , p a r a l l e l ) and the e v o l u t i o n of the computer 
codes. Ex tens ive comparisons of performance have not ye t been made 
so i t i s too e a r l y to know which of these w i l l s u r v i v e (and i n what 
form). 

There has been some recent progress towards o b t a i n i n g 
i n f o r m a t i o n r e l evan t to dynamics us ing DF methods, no tably i n the 
area of surface d i f f u s i o n . For these s t u d i e s the l o c a l 
approximat ion appears to be reasonable . A c r u c i a l area where 
c o r r e c t i o n s to the LDA are needed i s tha t of d i s s o c i a t i o n energ ies , 
which are u s u a l l y s e r i o u s l y overes t ima ted . Inc reas ing a t t e n t i o n i s 
there fore being pa id to methods that go beyond the LDA, p r i m a r i l y 
through terms i n v o l v i n g the g rad ien t of the d e n s i t y . Such 
q u a n t i t a t i v e treatment of many complex systems and p r o p e r t i e s . 
Whether and i n what circumstances they w i l l be adequate f o r the 
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10 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

Table I I , Some Dens i ty Func t i ona l s 

Kohn-Sham exchange on ly 
(Xct w i t h ct=2/3) (2) 

KS 

Xct (11) 

VWN(Vosko, W i l k , Nusair)(1_2) 
PZ(Perdew, Zunger) (13) 

LM(Langreth-Mehl) (15) 

J / 3 

ct p 

i V 3 

V 3 

+ c o r r e l . 

p 1 / 3 + c o r r e l . 
+F(Vp) 

exchange only fo r 
e l e c t r o n gas 

KS exchange 
weighted by 3ot/2 

e l e c t r o n gas 
exchange and 
c o r r e l a t i o n from 
accura te Quantum 
Monte C a r l o c a l c s . 
of Ceper ley and 
A l d e r (14) 

the f i r s t "modern" 
g r ad i en t co r r ec t ed 
func t . 

Becke (16) 
De P r i s t o - K r e s s (1 7) 
Perdew-Yue (18) 

" s e m i - e m p i r i c a l " 
g r ad i en t f u n c t i o n 
a l s 

Table I I I . Some Techniques f o r S o l v i n g the 
Kohn-Sham Equations 

Scattered-Wave (SW) 
or M u l t i p l e S c a t t e r i n g 
(MS) (19) 

M u f f i n - t i n p o t e n t i a l 
P a r t i a l - w a v e expansion 

r a p i d 
good one -e l ec t ron 
p r o p s . , t o t a l 
energy u n r e l i a b l e 

L i n e a r M u f f i n - t i n 
O r b i t a l (LMTO) (20) 

ba s i s of MT e igenfuncs . 
l i n e a r expansion 

q u i t e r a p i d 
t o t a l energy ok 
b a s i s se t choice? 

D i s c r e t e V a r i a t i o n a l 
Method (DVM) (21) 

numer ica l sampling of 
S l a t e r or numer ica l 
b a s i s 

q u i t e r a p i d 
good energy 
r equ i r e s f i n e 
g r i d 

L i n e a r Combinations of 
Gauss ian Type O r b i t a l s 
(LCGTO-LSD) (22) 

Gaussian bas i s 
f i t s f o r dens i t y and 
e x c h a n g e - c o r r e l a t i o n 

most s i m i l a r t o 
"ab i n i t i o " 
a n a l y t i c a l i n t e 
g r a l s accurate 
t o t a l energy 
p o s s i b l e 
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1. S A L A H U B & Z E R N E R Quantum Chemistry Throughout the Periodic Table 11 

d e s c r i p t i o n of bond making and break ing w i l l remain an area of 
in tense i n v e s t i g a t i o n f o r the next few y e a r s . The genera l problem 
of t r e a t i n g e x c i t e d s t a t e s , and m u l t i p l e t s a l s o requ i res a t t e n t i o n 
as does the r e l a t i o n s h i p of dens i t y f u n c t i o n a l methods to more 
c o n v e n t i o n a l , wave f u n c t i o n , t echn iques . A reasonable ent ry to the 
f i e l d should be p rov ided by the references c i t e d and the chapters 
of SONTUM, NOODLEMAN and CASE (Xa-SW), MALLI ( r e l a t i v i s t i c Xa-SW), 
ZIEGLER, SNIJDERS, BAERENDS and RAVENEK (DVM-LSD + g r a d i e n t ) , BECKE 
(numer ica l , g r a d i e n t ) , NORMAN and FREEMAN (LSD bands), ANDZELM, 
WIMMER and SALAHUB (LCGTO-LSD), ROSCH e t a l . (LCGTO-LSD), KELLER 
and DE TERESA (LSD band), and STOLLHOFF and FULDE (LSD-
q u a s i p a r t i c l e s ) • 

For the fu ture , i n a d d i t i o n to research on the approximate 
Dens i ty F u n c t i o n a l Hami l ton ians , much work w i l l be requ i red on 
techniques and on computer programs i f DFT i s to l i v e up to i t s 
f u l l p o t e n t i a l i n terms of computat ional chemis t ry . By-and- la rge 
the programs (at l e a s t those wi th which the authors are f a m i l i a r ) 
are l ess h i g h l y developed than those used i n more conven t iona l 
quantum chemis t ry . More man-years of programming and t e s t i n g 
e f f o r t w i l l have to be inves t ed before "user f r i e n d l y " t o o l s are 
wide ly a v a i l a b l e . Some of the work repor ted a t the meeting i s most 
encouraging i n t h i s r egard . Some f i r s t attempts have been made t o 
e x t r a c t force f i e l d s from dens i ty f u n c t i o n a l c a l c u l a t i o n s fo r 
systems i n v o l v i n g metal-metal bonds, an area where DFT may prove to 
be p a r t i c u l a r l y f r u i t f u l , e i t h e r through parameter ized force f i e l d s 
or even by d i r e c t c a l c u l a t i o n s . 

In a n u t s h e l l , methods based on Dens i ty F u n c t i o n a l Theory are 
p r o v i n g to be extremely powerful t o o l s . V a r i a n t s i n v o l v i n g model 
core p o t e n t i a l s and r e l a t i v i s t i c c o r r e c t i o n s a l l o w the treatment of 
a wide v a r i e t y of p r o p e r t i e s of po lya tomic systems c o n t a i n i n g even 
the h e a v i e s t atoms. Work i s i n progress on w r i t i n g and e v a l u a t i n g 
the computer codes to c a l c u l a t e energy grad ien ts and va r ious 
p o t e n t i a l energy "walkers" and to make the programs more e f f i c i e n t , 
more f l e x i b l e and more f r i e n d l y . As t h i s work progresses more and 
more chemists have come to apprec ia te tha t the DFT o p t i o n provides 
a va luab le t o o l i n a wide v a r i e t y of c i rcumstances where o ther 
techniques are j u s t not c o m p e t i t i v e . 

S e m i - E m p i r i c a l Methods 

Since the e a r l i e s t days of quantum mechanics i t has been c l e a r tha t 
many, indeed the vast ma jo r i ty , of a l l i n t e r e s t i n g ques t ions of 
chemis t ry that one might wish to examine through quantum 
c a l c u l a t i o n s i n v o l v e d systems of such complexi ty that they were 
" j u s t beyond" a s t r a i g h t f o r w a r d s o l u t i o n of the Schrodinger 
equa t ion . The r e s u l t i n g f r u s t r a t i o n was, i s , and w i l l cont inue to 
be the mother of near ly a l l developments i n computa t ional 
chemis t ry , and the reason fo r the f a s c i n a t i o n w i t h s e m i - e m p i r i c a l 
methods. S u r e l y we can use "exact s o l u t i o n s " of the Schrodinger 
equat ion - c a r e f u l exper imenta t ion - to guide our approximate 
s o l u t i o n s . 

S ince the e a r l y work of Huckel on aromatic molecules , i t has 
been r e a l i z e d tha t the b a s i c and powerful s t r u c t u r e of quantum 
mechanics cou ld be combined w i t h e m p i r i c a l elements to provide 
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12 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

techniques that f u r n i s h both numer ica l p r e d i c t i o n s and a framework 
f o r exp lana t ions when a p p l i e d j u d i c i o u s l y t o a s e l e c t e d se t of 
molecules and p r o p e r t i e s . The b a s i c idea of these methods i s to 
take the equations from an e s t a b l i s h e d theory, and then to 
approximate terms tha t appear i n the fo rmula t ion us ing exper imenta l 
i n f o r m a t i o n . This s e m i - e m p i r i c a l procedure has been adopted i n a l l 
areas of sc ience to force a r e s t r i c t e d a p p l i c a t i o n of tha t theory 
to reproduce exper imenta l r e s u l t s wi th greater accuracy . In the 
case of quantum chemistry and condensed matter p h y s i c s , the 
e l e c t r o n i c s t r u c t u r e problem gives r i s e to equations of s imple 
appearance tha t are of ten near ly imposs ib le to s o l v e . The 
Hami l ton ian must therefore be s i m p l i f i e d , and models, such as the 
o r b i t a l model, are made, and yet even then the equations are 
d i f f i c u l t to so lve even on the most modern of computers. E m p i r i c a l 
parameters may then be in t roduced i n the form of bas i s se ts tha t 
are j u s t i f i e d a - p o s t e r i o r i , i . e . , t ha t they y i e l d s u c c e s s f u l 
r e s u l t s . Bas i s sets are even designed for s p e c i f i c purposes, s p i n 
p r o p e r t i e s a t the nuc leus , e x c i t e d s t a t e p r o p e r t i e s , 
p o l a r i z a b i l i t i e s , to mention but a few. The i n t r o d u c t i o n of such 
parameters as desc r ibed above, however, s t i l l renders the 
d e s c r i p t i o n of the method a b - i n i t i o i n the sense tha t a l l i n t e g r a l s 
suggested by an exact implementat ion of the theory, be i t 
v a r i a t i o n a l o r p e r t u r b a t i v e , are s t i l l i n c l u d e d . 

The i n t r o d u c t i o n of e f f e c t i v e core p o t e n t i a l s , as desc r ibed 
above to s i m p l i f y the c a l c u l a t i o n , i n v o l v e s perhaps the most 
r a t i o n a l d e v i a t i o n from an a b - i n i t i o framework. These p o t e n t i a l s 
a re , i n f a c t , o f t en i n the s p i r i t of a t rue s e m i - e m p i r i c a l 
approach. They not only can be designed to y i e l d a more accura te 
r e s u l t than an exact a p p l i c a t i o n of the theory w i t h a g iven bas i s 
s e t ( for example, they can of ten be designed to prevent s i g n i f i c a n t 
ba s i s se t borrowing and s c a l a r r e l a t i v i s t i c e f f e c t s ) , but they do, 
i n f a c t , s i g n i f i c a n t l y reduce the time requ i red f o r a c a l c u l a t i o n , 
making much la rge systems approachable. 

E f f e c t i v e core p o t e n t i a l s can be developed from an exac t 
a p p l i c a t i o n of p e r t u r b a t i o n theory . For t h i s reason i t i s 
sometimes c o n t r o v e r s i a l to c a l l such methods " s e m i - e m p i r i c a l " • In 
e l e c t r o n i c s t r u c t u r e theory the term " s e m i - e m p i r i c a l " has been 
p r e t t y much reserved f o r m o d i f i c a t i o n s in t roduced i n t o the 
e l e c t r o n i c Hami l ton i an i t s e l f . 

I t i s e a s i e s t to see t h i s r e l a t i o n s h i p by w r i t i n g the 
Hami l ton ian i n second quan t i zed form: 

H = Z ( i , j ) h ( i , j ) i + j + 1/2 Z ( i , j , k , l ) g < i , j / A / l > * 

w i t h h ( i , j ) and g < i , j / / k , l > parameters, and i + and i the u s u a l 
fermion c r e a t i o n and a n n i h i l a t i o n operators r e s p e c t i v e l y . I f 
h ( i , j ) and g < i , j / A ' l > are eva lua ted as the i n t e g r a l s 

h ( i , j ) = < i / -1 /2 V 2 - E (A) Z ( A ) / R ( A ) / j> 

g < i , j / A , l > = < i , j / A , l > = < i , J A * l > - < i , j / l , k > 

= / / d T (1 ) d T ( 2 ) ^ ( 1 ) ^ ( 2 ) [1-P(12)] ^ ( 1 ) ^ ( 2 ) 
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then the method i s gene ra l l y c l a s s i f i e d as " a b - i n i t i o " . I t i s 
important to s t r e s s here tha t a l l s u c c e s s f u l s e m i - e m p i r i c a l 
e l e c t r o n i c s t r u c t u r e Hamil tonians have t h i s same form, and ab-
i n i t i o and s e m i - e m p i r i c a l THEORIES are the same. The Table i n the 
a b - i n i t i o s e c t i o n tha t descr ibes t h e o r i e s , i s a l s o appropr ia te 
here: SCF, C I , MCSCF, CPMET, e t c . 

S e m i - e m p i r i c a l t heo r i e s g e n e r a l l y parameter ize h and g . 
U s u a l l y e n t i r e c l a s s e s of i n t e g r a l s i n g are neg lec ted , and those 
tha t remain, a long w i t h h , are parameter ized to compensate f o r t h i s 
o m i s s i o n . The pa rame te r i za t i on may be based on model a b - i n i t i o 
c a l c u l a t i o n s , or d i r e c t l y on experiment, and o f ten the proponents 
of these two d i f f e r e n t p o i n t s of view d o n ' t t a l k to one another! A 
common g o a l , though, i s t ha t of reducing the N 4 g i n t e g r a l s , where N 
i s the s i z e of the bas i s se t , t o one of N 3 or N • 

For t r a n s i t i o n metal systems, i t i s p robably f a i r to l i m i t our 
a t t e n t i o n to three methods, o r r a the r three c l a s s e s of methods 
s i nce a number of va r i an t s e x i s t f o r each. These are summarized i n 
Table I V . 

Table I V . Some S e m i - E m p i r i c a l Methods Used 
f o r d and f E l e c t r o n Systems 

Extended Huckel 
EH 
REX(Re1. EH) 

h ( i , i ) r e l a t e d to i o n i z a t i o n 
p o t e n t i a l s , h ( i , j ) e m p i r i c a l 

p i and sigma 
e l e c . l a rge 
systems not 
s e l f - c o n s i s t , 
r e l a t i v i s t i c 

param. se t p r o p o r t i o n a l to 
over lap (S) . S i n c l u d e d i n 
s e c u l a r Eq . ( H - E ( i ) S ) c ( i ) = 0 

ve r s . 

I t e r a t i v e EH 
IEH, SCCEH 
ITEREX 

As above, i t e r a t i o n to charge 
cons i s tency u s u a l l y based on 
ex t r ap . between I . P . ' s of 
atomic i o n s . 

As above• 

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

F e n s k e - H a l l As above: h ( i , j ) w i t h terms 
p r o p o r t i o n a l to S as w e l l as 
k i n e t i c energy terms. 

H i g h l y e f f e c t i v e 
f o r complexes; 
i t e r a t i v e . 

Neg lec t of 
D i f f e r e n t i a l 
O v e r l a p . 

CNDO, INDO 
NDDO 

one cen te r p a r t of h ( i , i ) 
from I P ' s . Nuc lea r a t t r a c t , 
i n c l u d e d . CNDO con ta ins 
a l l < i , j / i , j > ; INDO i n add. 
a l l one-center < i , j / k , l > ; 
NDDO i n add. a l l remaining 
two-center Coulomb type . 
h ( i , j ) u s u a l l y p r o p o r t i o n a l 
t o S. Two-e lec . i n t s o f ten 
paramete r ized . 

Large complexes 
C I , MBBT, MCSCF 
v e r s i o n s . U s e f u l 
f o r geometry 
es t imate and 
f o r e l e c t r o n i c 
spec t roscopy . 

The Extended Huckel method, as i t i s known today, was f i r s t 
implemented by Lohr and Lipscomb i n s tud ies of boron hydr ides (23) 
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and l a t e r extended to o rgan ic systems by Hoffmann (24) . I t has 
been enormously f r u i t f u l , p r o v i d i n g a framework f o r the a n a l y s i s of 
o r b i t a l i n t e r a c t i o n s which pervades modern organ ic chemis t ry . The 
a p p l i c a t i o n of the p r i n c i p l e s behind the Extended Huckel method, 
however, a c t u a l l y stem from a p p l i c a t i o n on t r a n s i t i o n metal 
complexes, i n i t i a l l y by Wolfsberg and Helmholz, and then by 
Ba l lhausen , and Ba l lhausen and Gray (25) . I t e r a t i v e schemes fo r 
t r a n s i t i o n - m e t a l s compounds were dev ised by Ba l lhausen and Gray and 
by Zerner and Gouterman (26) . More r e c e n t l y , p r i m a r i l y through the 
work of the s c h o o l of Hoffmann, i t has been adapted t o s o l i d s and 
surfaces and again i s p r o v i d i n g i n s i g h t that of ten cannot be 
ob ta ined nea r ly so r e a d i l y w i t h other more e labora te techniques 
(27 ) . Indeed, i t could reasonably be argued that i f one had to 
choose one technique to "do" chemis t ry ( l u c k i l y one doesn ' t have to 
make t h i s cho ice ! ) then EH, or i t s i t e r a t i v e v e r s i o n s , w i th i t s 
easy to i n t e r p r e t r e s u l t s , would probably be the best choice f o r a 
genera l overview of a wide v a r i e t y of systems. I t can prov ide 
i n v a l u a b l e guidance f o r ques t ions that depend on o r b i t a l symmetry, 
o r b i t a l energies and o r b i t a l o v e r l a p . A good d e a l of unders tanding 
can be based only on these simple concepts! The F e n s k e - H a l l 
method, which i s i n the s p i r i t of the Extended Huckel Methods (28) 
but i nc ludes k i n e t i c energy terms as w e l l as much of the 
e l e c t r o s t a t i c s , purports to grea te r accuracy, but q u a l i t a t i v e l y 
y i e l d s r e s u l t s s i m i l a r to s imple IEH. 

For more q u a n t i t a t i v e , and more d e t a i l e d treatments of , f o r 
example, m u l t i p l e t s and other aspects of spect roscopy, one must 
i n c l u d e most of the proper e l e c t r o s t a t i c s . The methods desc r ibed 
g e n e r i c a l l y as Z e r o - D i f f e r e n t i a l Ovelap (ZDO) types do t h i s i n a 
h i e r a r c h y of techniques; CNDO, Complete Neglec t of D i f f e r e n t i a l 
Over lap (29), INDO, Intermediate Neglec t of D i f f e r e n t i a l Overlap 
(30) , and NDDO, Neglec t of D i f f e r e n t i a l Dia tomic Over lap (_31_), a l l 
of which are g e n e r a l i z a t i o n s of the e a r l i e r P a r i s e r - P a r r - P o p l e 
(PPP) method dev i sed fo r p i e l e c t rons on ly (32) . A t present there 
i s on ly one g e n e r a l l y a v a i l a b l e program of t h i s nature tha t 
i n c l u d e s t r a n s i t i o n meta ls , dubbed f o r un-acknowledged reasons 
ZINDO (33) , a l though other i n t e r e s t i n g v a r i a t i o n s are be ing 
developed (34J . An a p p l i c a t i o n of the INDO method i s found i n the 
chapter by LOEW, i n which s p i n s ta tes of la rge porphina to F e ( I I I ) 
complexes are examined, a task very d i f f i c u l t by a b - i n i t i o 
t h e o r i e s , as d i scussed i n the chapter by DAVIDSON, and one s t i l l 
awa i t i ng a theory of m u l t i p l e t s t r u c t u r e i n DF methods. 

Var ious CNDO and INDO schemes have a l s o been proposed f o r 
t r a n s i t i o n - m e t a l c l u s t e r s and for chemisorp t ion on them. Although 
there have been some successes , i t remains t rue tha t both the l e v e l 
of theory being used and the pa rame te r i za t i on are both very much 
e x p e r i m e n t a l . 

The s e m i - e m p i r i c a l methods cont inue to y i e l d guidance to 
e x p e r i m e n t a l i s t s and t h e o r i s t a l i k e , i n a wide v a r i e t y of f i e l d s . 
But i n a sense the a p p l i c a t i o n s of these methods have a moving 
t a r g e t . As a b - i n i t i o and dens i ty f u n c t i o n a l methods improve, 
becoming more r a p i d and a p p l i c a b l e to a wider range of ques t ions , 
those appropr ia te f o r s e m i - e m p i r i c a l s tud ies become more and more 
complex. But there i s a l s o a fundamental ques t i on here . Any 
c a l c u l a t i o n tha t i s performed on any system can be, and w i l l be, 
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1. salahub & zerner Quantum Chemistry Throughout the Periodic Table 15 

performed at greater accuracy. At what level of theory and 
computation may the problem at hand be considered to be solved? 
Extended Huckel, the simplest of these theories, is apparently 
enough to describe a great deal of the actual chemistry of a 
complex; however, we sti l l do not have ANY theory capable of 
reliably reproducing, for example, the ESR spectroscopy of these 
systems. Clearly the computational method of choice will depend on 
the problem at hand, and this will continue to be so. 

Concluding Remarks 

It has been impossible, in these few pages,to capture even a small 
fraction of the advances and of the excitement surrounding the 
treatment of d- and f- electron systems in contemporary quantum 
chemistry. The term quantum chemistry has been used advisedly, as 
opposed to either theoretical chemistry, with its connotations of 
dynamics and "things other than electronic structure calculations", 
or computational chemistry with its connotations of black-box 
programs and user-friendly graphics software. Very little has been 
done in either of these directions for the transition metals and 
even less for the lanthanides and actinides. Indeed, the 
excitement in the field is largely due to the fact that there is so 
much left to discover, and to the fact that the tools to allow 
pioneering discoveries are now just becoming available. 

At the Toronto meeting we saw the first signs of progress 
towards both theoretical and computational chemistry for the d- and 
f- electron systems. Dynamics are definitely on the agenda for the 
next few years as are the development of convenient computer 
interfaces and the extraction of force fields and the like that 
will allow more and more experimentalists in inorganic chemistry to 
spend some of their time fruitfully at the computer keyboard. 

Our friend Rip had better not go to sleep for another twenty 
years! 
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Chapter 2 

Opt imizat ions of the Geometry of T e t r a h e d r a l 
T i ( I V ) Complexes 

A Basis Set and Correlation Study of Tetrachlorotitanium and 
Trichloromethyltitanium 

Rodney L. Williamson and Michael B. Hall 
Department of Chemistry, Texas A&M University, College Station, 

TX 77843 

Optimization of the geometry of TiCl 4 and TiCl 3 CH 3 at the SCF level 
results in Ti-Cl bond lengths longer than the experimental values, even 
when d- and f-type polarization functions are added to the basis set. The 
bond lengths remain too long even as the Hartree-Fock limit is approached 
because the SCF level of theory over-estimates the noble-gas-like Cl···Cl 
repulsions, which hinder close Ti-Cl approach. The Ti-C-H angle of 
T i C l 3 C H 3 is calculated to be close to tetrahedral geometry with little 
flattening of the hydrogen atoms, which apparently was observed in the 
electron diffraction. These same calculations do predict the anomalously 
low methyl-rocking frequency for the titanium complex in agreement with 
the experimental IR. This low methyl rocking frequency is due to 
stabilization of the Ti-C bond during the rocking motion by low lying 
empty d-orbitals on Ti. The large positive geminal hydrogen coupling 
constant observed in the NMR experiment is due primarily to the σ-donor 
and π-acceptor character of the TiCl 3 moiety and not to any flattening of 
the methyl group. 

In the past few years, geometry optimizations of transition metal complexes have seen 
increased attention and improvement. Two minimal basis set studies (1-2) optimized 
metal-ligand bond lengths with errors of 0.05-0.25 A. The errors decreased for most 
ligands in studies with moderate basis sets (3-8) with the exception of metal-
cyclopentadienyl (Cp) bond lengths which showed errors ranging from 0.16-0.24 A. 
Further work (9-12) has shown that the error in calculating the metal-Cp bond lengths 
with very large basis sets is primarily correlation error. 

Two recent studies with 3-21G type basis sets have predicted the equilibrium 
geometries of some transition metal complexes with reasonable accuracy. In one of 
these studies (13), metal-carbonyl and metal-Cp distances were predicted to be 0.03 A 
and 0.15 A longer, respectively, than experimental values. It was shown that these 
long metal-Cp distances could be significantly reduced by including electron 
correlation. In the other study Q4), the optimized metal-carbonyl distances averaged 

0097-6156/89/0394-0017$06.00/0 
c 1989 American Chemical Society 
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18 THE CHALLENGE OF d AND f ELECTRONS 

0.11 A longer than the experimental values. The optimized geometries for a large 
number of tetrahedral metal-halide complexes gave M-F bond lengths shorter than 
experimental values and M-Cl bond lengths longer than experimental values. 

In order to show how different basis sets and electron correlation affect bond 
lengths and angles we report here the results of self-consistent-field (SCF) and 
generalized-valence-bond (GVB) geometry optimizations of two tetrahedral 
titanium(IV) chloride complexes, T i C l 4 and TiCl3CH 3 . For TiCl3CH 3 we also did 
complete-active-space-self-consistent-field (CASSCF) geometry optimizations. We 
chose TiCLt because of its high symmetry, which greatly simplifies the calculation 
and interpretation, and we chose TiCl3CH3 as a second Ti(IV) complex because of its 
"unique" geometry. This geometry, which was reported by Berry et al. (15) from 
electron diffraction (ED), appeared to have a flattened methyl group due to three 
agostic hydrogens. 

An agostic hydrogen is defined as a hydrogen atom covalently bonded 
simultaneously to both a carbon atom and to a transition metal atom (16). Agostic 
hydrogens have been reported for several titanium alkyl complexes (16-19) such as 
[TiCl3(Me2PCH2CH2PMe2)R] (R=Et,Me). In these complexes, the geometry of the 
alkyl ligand containing the agostic hydrogen is distorted from the geometry it would 
have if it were bonded only to an organic substrate. In the methyl case this distortion 
is observed as a rocking of the methyl group such that one hydrogen atom moves 
toward the metal atom while the other two move away from the metal. The X-ray 
crystal structure of the above methyl complex (17) shows T i -C-H angles of 
70(2)°,105(4)°, and 117(3)°. A later neutron diffraction study (12) on the same 
complex showed Ti-C-H angles of 93.5(2)°, 118.4(2)° and 112.9(2)°. If the complex 
did not have an agostic hydrogen, one would expect the Ti-C-H angles to be close to 
109.5°. An ab initio molecular orbital study (2Q) of the agostic hydrogen interaction 
in Ti(CH3)(PH3)Cl3 reported direct interaction between the C-H a-bond and an 
unoccupied Ti d-orbital. This type of interaction involving a single hydrogen bent 
towards the metal center is typical of most complexes with an agostic hydrogen. 

However, Berry et al. (15) reported all three methyl hydrogens "flattened" 
toward the titanium atom, the first such complex with three agostic hydrogens. In 
addition to the ED results, they reported a large difference between the methyl rocking 
vibrational frequencies of TiCl3CH3 and GeCl3CH3 and explained this difference as 
resulting from the flattening of the methyl hydrogens. They also did 1 3 C and lH 
N M R studies and found the H,H coupling constant to have a large positive value, 
which they suggested was further evidence of hydrogen flattening. 

We optimized the geometry of TiCl3CH3 to determine if the calculations would 
predict the symmetrical flattening of the methyl hydrogens. The model complexes 
TiH3CH3 and GeH3CH3 were used to calculate vibrational frequencies to determine if 
the calculation would predict the large difference between the rocking frequencies of 
the Ge and Ti complexes. Some of these results have been reported in a preliminary 
communication (21). And finally, we estimated the H,H coupling constant for the Is 
orbitals of two methyl hydrogens on TiCbCH3, CH4, and CH3CI using the method 
of Pople and Santry (22). Although this method is known to have serious problems 
in predicting the sign and absolute magnitude of the H,H coupling constant (22), it 
does correctly predict the direction and size of the change of the coupling constant 
resulting from changes in the nature of the methyl substituent or changes in geometry 
of the compound. 
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2. WILLIAMSON & HALL Geometric Optimizations ofTetrahedral Complexes 19 

Computational Details 

We optimized the geometries of the Ti complexes using three different titanium basis 
sets. The first titanium basis set (I) is a (432-421-31) used in previous calculations 
(12), the second titanium basis set (H) is a Huzinaga (24) (5333-53-5) modified to a 
(533211-5211-3111) by splitting off the most diffuse s, p, and d functions and 
adding s, p, and d functions with exponents 1/3 the values of the split-off functions, 
and the third titanium basis set (III) is the titanium basis set II with an additional f-
type polarization function (£=0.55) (25). For the main group atoms, basis set I is 
Cl(3321-321), C(321-21), H(21), basis set II is Cl(5321-521), C(421-31), H(31), 
basis set HI is Cl(531111-4211), C(721-41), H(31), basis set IV is Cl(5321-521-1), 
C(421-31-l), H(31-l), basis V is Cl(533-53), basis VI is Cl(53111-5111), basis VII 
is Cl(533-53-l), basis VIII is Cl(533-53-ll), and basis IX is Cl(5321-521-ll). 
Basis sets I, II, and VI-IX are Huzinaga (24) basis sets which were all modified 
(expect for basis set V) by singly or doubly splitting the most diffuse s and p 
functions. Basis sets IV, and VII-IX were further modified by adding polarization 
functions. Basis set IH is an unmodified Dunning-Hay-Huzinaga (26) basis set. The 
basis sets used for the geometry optimizations and force constant calculations of 
TiH3CH3 and GeH3CH3 are 3-21G type basis sets used in previous geometry 
optimization (13). The H,H coupling constant calculations were done using fully 
contracted titanium and chlorine basis sets I and carbon and hydrogen basis sets EL 

The geometry of TiCl3CH3 and TiCU were optimized in staggered C3V and Td 
symmetry, respectively. The G V B calculations (27) involve perfect-pairing for all 
seven sigma bonds for TiC^CTb and for the four Ti-Cl sigma bonds for TiCU. The 
first of two CAS SCF calculations on TiCbCH3 contains eight electrons in the eight 
orbitals (8/8) made up of four a-bonding and four a-antibonding Ti-C and C-H 
orbitals. The second contains eight electrons in eleven orbitals (8/11) made up of the 
eight orbitals in the 8/8 calculation plus two Ti-C rc-bonding orbitals and one 
additional Ti-C a-bonding orbital. 

A l l of the calculations were done with GAMESS (Generalized Atomic and 
Molecular Electronic Structure Systems) except for the TiCU calculations with f-type 
polarization functions which were done with QUEST (QUantum Electronic 
STructure). These programs were run on a C R A Y X - M P at C R A Y Research in 
Mendota Heights, an FPS-264 at the Cornell National Supercomputer Facility, an 
I B M 3090/200 at Texas A & M University, and the Department of Chemistry's V A X 
11/780 andFPS-164. 

Results and Discussion 

TiCl^ Geometry Optimization. The optimized Ti-Cl bond lengths (see Table I) for 
TiCU with a variety of basis sets are all longer than the experimental value and differ 
from that by 0.016 to 0.051 A. Splitting the Cl(533-53) basis set, which allows the 
orbitals freedom to expand or contract, only decreased the Ti -Cl bond length an 
average 0.005 A. However, when we add d-type polarization functions to the 
chlorine basis set the Ti-Cl bond distance decreases an average 0.026 A. 

The effect of adding polarization functions is also seen in deformation density 
maps of TiCU- The deformation density of TiCU without d-functions on CI (Figure 
la) shows a buildup of density in the Ti-Cl bonding region and the CI lone-pair 
regions. When a polarization function is added to CI (Figure lb) density in the 
bonding region increases and density in the chlorine lone-pair region decreases. The 
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T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

Figure 1. Electron deformation density plots of TiCU in Cl-Ti-Cl plane: 
a) deformation density without d-functions b) deformation density with 
d-functions. Contours are geometric beginning at ±0.001 e~au-3 and 
incremented by doubling the previous contour value. 
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2. WILLIAMSON & HALL Geometric Optimizations of Tetrahedral Complexes 21 

Table I. Ti-Cl Bond Distances for TiCU 

Tjtagiurn Pasis Sets 
Method Chlorine Basis I II in 

1. SCF Cl(3321-321) (I) 2.197 2.209 
2. SCF Cl(533-53) (V) 2.203 2.221 
3. SCF Cl(5321-521) (II) 2.201 2.213 2.196 
4. SCF C1(531U-5111)(VI) 2.200 2.214 
5. SCF 0(531111-4211) (HI) 2.202 2.219 
6. SCF Cl(533-53-l) (VH) 2.186 
7. SCF Cl(5321-521-1) (IV) 2.187 2.181 
8. SCF Cl(533-53-ll)(Vni) 2.189 
9. SCF C1(5321-521-11)(IX) 2.191 

10. G V B Cl(5321-521) (II) 2.234 
Experimental 2.170(2)* 

Reference 28, the error is reported at a confidence level of 2.5 a. 

origin of the shift in deformation density from the lone-pair region on CI to the Ti-Cl 
bonding region is also seen in orbital plots (Figures 2a-d) of both the Ti-Cl a-bonding 
and rc-bonding molecular orbitals (MO). The value in the Ti-Cl bonding region of the 
ai M O with d-functions (Figure 2b) is greater than the value in the bonding region of 
the ai M O without d-functions (Figure 2a). The CI t 2 ic-orbitals also show a similar 
increase in the Ti -Cl bonding region (Figures 2e,f). Molecular orbital plots of the 
other orbitals (Figures 2c-d,g-j) do not show any difference between the plots with d-
functions and the plots without d-functions. 

As we improve the TiCU wavefunction by adding f-type polarization functions to 
the titanium basis set the Ti-Cl bond distance shortens further. When a chlorine basis 
set without d-functions is used, the addition of an f-function on titanium shortens the 
Ti -Cl bond 0.017 A. However, when a chlorine basis set with d-functions is used, 
the Ti-Cl bond only shortens 0.006 A to 2.181 A. Although this Ti-Cl distance is the 
shortest of all the optimized geometry calculations, it is still 0.011 A longer than the 
experiment 

As the wavefunction approaches the Hartree-Fock limit one would expect the Ti-
C l bond distance to be shorter than the experiment because of the lack of bond-pair 
correlation. The bond-pair correlation added by the G V B wavefunction lengthened 
the Ti-Cl bond 0.021 A, because the G V B wavefunction adds only limited left-right 
correlation and none of the dynamical correlation. For most A - B bonds, the 
calculated bond lengths at the SCF level are too short, and the correlation added by a 
G V B calculation accounts for a major portion of the non-dynamical correlation error 
in the SCF wavefunction. But for Ti-Cl bonds, both the SCF and G V B calculations 
predict too long a bond distance because they do not include necessary dynamical 
atomic correlation of the CI atoms. 

In TiCU, each CI satisfies the octet rule by sharing a pair of electrons with Ti . 
Thus, to each other, the CI atoms appear as noble gas atoms. As is well known (29i 
30). the Hartree-Fock wavefunction does not adequately describe the attraction of two 
noble-gas-type atoms. SCF level calculations (29) of the He 2 , Ne 2 , and A r 2 

potentials show the atoms in these dimers to be too strongly repulsive at close 
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22 THE CHALLENGE OF d AND f ELECTRONS 

Figure 2. Wavefunction plots of T i C l 4 molecular orbitals in the C l - T i plane: a, ^ without 
d functions; b, ^ with d functions. Contours are geometric beginning at ±0.001 e~au~3 and 
incremented by doubling the previous contour value. Continued on next page. 
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2. WILLIAMSON & HALL Geometric Optimizations of Tetrahedral Complexes 23 

Figure 2. Continued. Wavefunction plots of T i C l 4 molecular orbitals in the C l - T i plane: c, 
t 2 a without d functions; d, ^ a with d functions. Contours are geometric beginning at 
±0.001 e"au~3 and incremented by doubling the previous contour value. Continued on next 
page. 
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24 THE CHALLENGE OF d AND f ELECTRONS 

Figure 2. Continued Wavefunction plots of T i C l 4 molecular orbitals in the C l - T i plane: e, 
t 2 7T without d functions; f, t 2 * with d functions. Contours are geometric beginning at 
±0.001 e~au~3 and incremented by doubling the previous contour value. Continued on next 
page. 
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Figure 2. Continued Wavefunction plots of T i C l 4 molecular orbitals in the C l - T i plane: g, 
e without d functions; h, e with d functions. Contours are geometric beginning at ±0.001 
e"au~3 and incremented by doubling the previous contour value. Continued on next page. 
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Figure 2. Continued. Wavefunction plots of T i C l 4 molecular orbitals in the C l - T i plane: i , 
tj without d functions; j , ix with d functions. Contours are geometric beginning at ±0.001 
e"au~3 and incremented by doubling the previous contour value. 
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2. WILLIAMSON & HALL Geometric Optimizations of Tetrahedral Complexes 27 

distances and lacking a van der Waals minimum at long distances. Because the CI 
atoms are noble-gas-like, the C l - C l interactions in T iCU sterically hinder the CI 
atoms from bonding close to the Ti atom. The accurate determination of the Ti -Cl 
bond distance will require a large configuration-interaction calculation. 

T i C h C H * Geometry Optimizations. The results of complete SCF geometry 
optimizations on T i C l 3 C H 3 using basis sets I-IV are shown in Table II. As the basis 
sets are improved, the Ti-C and C-H bond distances show the smallest changes of 

Table II. SCF Geometries for C l 3 T i C H 3 

Basis Set Bond Distances (A) Angles O 
M Ligand Ti-Cl Ti-C C-H Ti-C-H Cl-Ti-C 

1. I I 2.229 2.011 1.087 107.9 102.4 
2. n II 2.251 2.013 1.092 108.3 103.4 
3. n HI 2.258 2.012 1.095 108.2 103.2 
4. n IV 2.219 2.020 1.091 108.2 103.7 

ED Experiment* 2.185 2.042 1.158 101.0 105.2 
a Reference 15 

0.009 A and 0.008 A , respectively, and the Ti -Cl bond distance shows the largest 
change of 0.039 A. The Ti -C-H and Cl-Ti-C angles vary only 0.4° and 1.3°, 
respectively. The geometry optimizations with Ti and ligand basis sets II give Ti-C 
and C-H bond distances 0.029 A and 0.066 A shorter and a Ti-Cl bond length 0.066 
A longer than the ED results. When polarization functions are added to the CI, C and 
H functions (basis set IV), the differences between the ED and the calculated Ti-Cl 
and Ti-C bond lengths decrease to 0.034 A and 0.022 A, respectively, and the 
analogous difference for the C-H bond distance increases to 0.067 A. For basis set 
II, the Cl-Ti-C and Ti-C-H angles are 1.8° smaller and 7.2° larger, respectively, than 
the ED angle. When polarization functions are added to all atoms but Ti , the 
differences decrease to 1.5° and 7.1°, respectively. Although most of these optimized 
geometric parameters are in good agreement (±0.03 A, ±1.5°) with the ED results, the 
optimized Ti-C-H angle and C-H distance do not agree with the ED result. 

In the G V B geometry (see Table III), the already long Ti-Cl distance increases 
0.035 A, the Ti-C bond lengthens 0.168 A, and the Ti-C-H and Cl-Ti-C angles both 
decrease 4.4° and 3.9°, respectively. Previous work by Ditchfield and Seidman (21) 

Table HI. G V B Geometries for C l 3 T i C H 3 

Basis Set Bond Distances (A) Angle? (°) 
M Ligand Ti-Cl Ti-C C-H Ti-C-H Cl-Ti-C 

1. IH in 2.296 2.180 1.108 103.8 99.3 
2. in in ED ED 1.111 106.5 ED 
3. in in 2.295 ED 1.109 105.5 100.5 

ED Experiment* 2.185 2.042 1.158 101.0 105.2 
a Reference 15 
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has shown that the addition of electron correlation to the SCF wavefunction in A H n 

(A=C,N,0,F) molecules usually has a small effect on bond lengths and angles. 
Although an increase in the bond length is not surprising for a G V B calculation, the 
magnitude of the increase in the Ti-C bond length is surprising. Because the G V B 
wavefunction overemphasizes dissociation, the C ^ T i and CH3 moieties have too 
much radical-like C^Ti- and CH3 character. As the fragments become more radical
like they flatten toward their equilibrium planar geometry. Even with the long Ti-C 
bond distance, the Ti-C-H angle is still 2.8° larger than the ED angle. 

If there were only steric repulsions between the hydrogens and titanium, the 
bond angles would increase as the fragments are forced back together. On the other 
hand, if there were attractive agostic hydrogen interactions, the hydrogens would 
bend towards the titanium atom as the fragments are brought closer, which would 
decrease the angle closer to the ED value. When we shorten the Ti-C bond distance to 
the ED bond length and optimize the remaining geometric parameters at the G V B 
level, the Ti-C-H and Cl-Ti-C angles increase 1.7° and 1.3°, respectively. When, in 
addition, we shorten the Ti-Cl bond length and the increase the Cl-Ti-C angle to the 
ED values, the Ti-C-H bond angle increases an additional 1.0°, to a value 5.5° larger 
than the reported ED angle. Thus, the bending of the hydrogen atoms away from the 
titanium atom as the Ti-C distance is shortened shows that the titanium-hydrogen 
interactions are repulsive and not attractive. 

We improved the calculation further by using a CASSCF wavefunction with an 
active space of 8 electrons in 8 orbitals (8/8). The results of the geometry 
optimization (see Table IV) give a Ti-C bond length of 2.119 A and a Ti-C-H angle of 
105.4° (the Ti-Cl bond distance and Cl-Ti-C angle were frozen at the ED values). In 

Table IV. CASSCF Geometries for C l 3 T i C H 3 

Basis Set Bond Distances (A) Angles (°) 
M Ligand Method Ti-Cl Ti-C C-H Ti-C-H Cl-Ti-C 
II II SCF 2.251 2.013 1.092 108.3 103.4 
II II 8/8 CAS ED 2.119 1.112 105.4 ED 
II II 8/11 CAS ED 2.106 1.112 106.2 ED 

ED Experiment* 2.185 2.042 1.158 101.0 105.2 
a Reference 15 

contrast to the SCF geometries, but like the G V B geometry, the CASSCF Ti-C bond 
distance is longer than the ED value and the Ti-C-H angle shows a slightly larger 
decrease from the tetrahedral angle. However, when we increase the size of the active 
space to 11 orbitals (8/11), with additional Ti-C c and n bonding orbitals, the Ti-C 
bond shortens 0.013 A and the Ti-C-H angle increases 0.8°. This CASSCF includes 
those virtual Ti drc-orbitals which are involved in the qualitative description of the 
agostic hydrogen interaction. The increase one observes in the Ti-C-H angle as the 
Ti-C bond distance shortens, which one also observed in the G V B geometry 
optimizations, shows that the Ti-C-H angle is very sensitive to changes in the Ti-C 
bond distance. If the wavefunction were improved by including even more 
correlation, one would expect the Ti-C bond distance to shorten further toward the ED 
value and as the Ti-C bond shortens, one would also expect the Ti-C-H angle to 
increase towards a tetrahedral angle. 
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Vibrational Frequencies Calculations. Berry et al. ( ID reported that the methyl 
rocking frequency of TiCbCH3 is much lower than the analogous frequency of 
GeCbCHs. They presumed this anomalously low frequency of TiCbCHs to result 
from the "flattening" of the methyl hydrogens. We calculated the vibration 
frequencies of the hypothetical model complexes TiH3CH3 and GeH3CH3 after first 
optimizing their geometries. The results of the geometry optimizations (see Table V) 

Table V . SCF Geometries for MH3CH3 (M = Ti , Ge) 

Bond Distances (A) Angles (°) 
Metal Basis M - H M-C C-H M-C-H H-M-C 

1. Ti I 1.710 2.035 1.092 109.9 108.3 
2. Ge I 1.533 1.959 1.086 110.7 110.3 

show the expected differences in geometry between the Ti and Ge complexes. The 
vibration frequencies were calculated by taking finite differences of energy gradients 
beginning at these optimized geometries. 

The calculated frequencies, when compared with the experimental frequencies 
(see Table VI), show errors expected of calculations at the SCF level. However, 

Table VI. MX3CH3 Vibrational Frequencies in cirr 

Mode 
Calcul. (X-- Exper. (X=C\) 

Mode Ge Ti Diff. Ge a T i a Diff 
e C H 3 rock 978 577 401 825 580 245 
a i CH3 deform. 1468 1360 108 1246 1052 194 
e CH3 deform. 1611 1564 47 1403 1375 28 
a CH3 stretch 3190 3122 68 2940 2894 46 
e C H 3 stretch 3270 3208 62 3019 2980 39 

Reference 15 

when one compares the SCF differences between the Ti and Ge model complexes 
with the experimental differences between the Ti and Ge chloride complexes, the 
differences are in good agreement. The large difference in the methyl rocking 
frequency observed in the experiment is predicted by the SCF calculation, the same 
SCF calculation that predicts no flattening of the methyl hydrogen atoms. If the large 
difference between the Ti and Ge methyl rocking frequency is not the result of 
hydrogen flattening, what then is the cause of the observed difference in the methyl 
rocking frequencies? 

To answer the above question we did point by point SCF calculations of the 
model complexes as the methyl group rocks. A plot of the resulting energies for each 
point calculated is shown in Figure 3 and, as expected, the titanium complex potential 
curve is flatter than the germanium complex potential curve. When we rock the 
methyl group on the model complexes +45°, the titanium complex is destabilized by 
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• Ge 
• Ti 

Rock Angle (degrees) 

Figure 3. Relative energy of T U H 3 C H 3 and GeH3CH3 for the methyl rock 
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12.9 kcal mol - 1 and the germanium complex is destabilized by 34.9 kcal m o l 1 . 
Eisenstein and Jean (22) using extended Huckel calculations on the titanium model 
complex also found the rocking motion to be weakly destabilizing. 

At the equilibrium geometry the deformation density plot (Figure 4a) shows a 
large buildup of density aligned symmetrically along the Ti-C bond axis. As the 
methyl group rocks (Figures 4b and 4c) the density buildup is no longer symmetric 
about the Ti-C bond axis, but rather shifted to one side of the axis. Although the 
methyl group in Figures 4b and 4c has been tilted 45° from equilibrium the maximum 
density between the Ti and C atoms has only tilted an average 22°. As was seen in the 
titanium complex, the germanium complex at equilibrium geometry (Figure 5a) shows 
a similar symmetric buildup of density along the Ge-C bond axis. However, as the 
methyl group rocks 45° (Figures 5b and 5c) the density shifts to one side of die axis 
with an average tilt of 35°, 13° larger than the tilt in the Ti complex. It is also 
interesting to note that the density in the C-H bond region decreases slightly for both 
the Ge and Ti complexes as the hydrogen is tilted toward the metal. The density 
between the metal and the other hydrogen in the plot remains unchanged for the 
germanium complex but increases slightly for the titanium complex as the methyl 
group is rocked away from equilibrium. 

Goddard, Hoffmann, and Jemmis (33) in a study of alkyl tantalum complexes 
have suggested that rehybridization of the metal-carbon bond with empty d-orbitals on 
the metal stabilizes the rocked methyl group. Titanium, like tantalum, has low-lying 
empty d-orbitals that allow facile rehybridization of the metal-carbon bond. 
Germanium, on the other hand, has used its s- and p-orbitals and the empty d-orbitals 
are at very high energy, therefore no empty orbitals are available for rehybridization. 
The difference in the ease of rehybridization explains the much lower methyl rocking 
frequency for the titanium complex than for the germanium complex. The 
deformation density plots do not contradict this explanation. Furthermore, this 
explanation is supported by the total metal-carbon overlap populations which actually 
increase for the Ti-methyl rock but decrease for the Ge-methyl rock. An increase in 
the titanium d^-carbon and px-carbon more than compensates for the decrease in the 
dz2-carbon overlap populations as the methyl group is rocked. The germanium 
complex however, shows no change in any germanium d-carbon overlap population 
and the very slight increase in the px-carbon overlap population does not compensate 
for the loss in the pz-carbon overlap population as the methyl group is rocked. 

Geminal H.H Coupling Constant. Using the method of Pople and Santry (22) we 
calculated the difference between the H,H coupling constant of CICH3 and HCH3 to 
be 1.6 Hz, which is in good agreement with the experimentally determined value 
(34). The calculated H,H coupling constant for TiCbCH3 at the optimized geometry 
is 8.0 Hz larger than the coupling constant for HCH3. Although this change is 
smaller than the 23.7 Hz change observed experimentally (15.34). this simple model 
does predict a change which is both large and positive. When the optimized geometry 
of TiCl3CH3 is flattened to the ED geometry the H,H coupling constant increases 
only 3.6 Hz. 

By comparing the increase in the coupling constant of X C H 3 as X changes from 
H to TiCl3 with the increase in the coupling constant as the hydrogens in TiCl3CH3 

are flattened, we see that the flattening of the methyl hydrogens has a relatively small 
effect on the coupling constant when compared with the large effect of the T i C ^ 
substituent. However, Green and Payne (35) using extended Huckel calculations 
observed the effect of the substituent on the coupling constant to be only half of the 
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THE CHALLENGE OF d AND f ELECTRONS 

Figure 4. Deformation density of TiH3CH 3 in the H-C-Ti-H plane: 
a) equilibrium geometry b) methyl rocked 45° counterclockwise c) methyl 
rocked45° clockwise. Contours are geometric beginning at±0.001 e _au 3 and 
incremented by doubling the previous contour value. 
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a b 

c 
Figure 5. Deformation density of GeHsCHsin the H-C-Ge-H plane: 
a) equilibrium geometry b) methyl rocked 45° counterclockwise c) methyl 
rocked 45° clockwise. Contours are geometric beginning at ±0.001 e~au-3 and 
incremented by doubling the previous contour value. 
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effect of the geometry change on the coupling constant, which is opposite to what we 
predict using ab initio calculations. We believe that ab initio calculations describe the 
true nature of this titanium complex more accurately than the semi-empirical extended 
Hiickel calculations. It is the strong a-donor and weak ic-acceptor character of the 
TiCl3 substituent which results in the observed positive shift in the coupling constant. 
Thus, one can explain the coupling constant without postulating any geometric 
distortions. 

Conclusions 

Optimization of the geometry of TiCL* at the SCF level results in a Ti-Cl bond length 
which is longer than the experiment, even when d- and f-type polarization functions 
are added to the basis set. For covalently bonded systems one expects a 
wavefunction at the Hartree-Fock limit to give bond lengths shorter than the 
experiment i f they are not sterically crowded. Because the Hartree-Fock 
wavefunction overestimates the CI—CI repulsions, the Ti-Cl bond distances remain 
long, even in large basis sets. 

Geometry optimizations of TiCl3CH3 also show long Ti-Cl bond distances. The 
Ti -C-H angle is close to tetrahedral geometry with little, if any, flattening of the 
hydrogen atoms. Because of the known problem that electron diffraction has with 
determining the positions of hydrogen atoms, the large difference between the 
optimized value and the electron diffraction value for the Ti -C-H angle is not 
surprising. Our calculations correctly predict the anomalously low methyl-rocking 
frequency for the titanium complex without hydrogen flattening. This low methyl-
rocking frequency is due to stabilization of the rocking motion by low-lying empty d-
orbitals on Ti . The large positive geminal hydrogen coupling constant is primarily 
due to the a-donor and xc-acceptor character of the TiCb moiety and not the flattening 
of the methyl hydrogens. 

We do not believe agostic interactions are strong enough to symmetrically flatten 
a methyl group. The key to an agostic interaction is the low-energy rocking 
distortion. Thus, we would expect all agostic methyls to be rocked with the H-C-H 
angles close to those in similar organic compounds. 
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Chapter 3 

LCGTO—Xα Study on the Agostic Interaction 
in Cl3TiCH3 

N . Rösch and P. Knappe 
Lehrstuhl für Theoretische Chemie, Technische Universität München, 8046 

Garching, Federal Republic of Germany 

The geometry and selected vibrational frequencies of Cl3TiCH3 

have been calculated using the LCGTO-Xα method. The methyl 
group is found essentially undistorted, thus providing no indication 
for an agostic interaction. 

We would like to comment on the findings of Williamson and Hall on 
tetrahedral T i f lV) complexes (1,2) by reporting some results from our 
L C G T O - X a calculations on the geometry of C l 3 T i C H 3 and of related titanium 
complexes (Knappe, P.; Rosch, N . J . Organometal. Chem.. in press). Our 
study was prompted by the experimental finding (3) in C l 3 T i C H 3 of an unusual 
agostic interaction at an a carbon atom and by results of an Extended Hiickel 
analysis (4) of the agostic interaction in tetrahedral and octahedral titanium 
complexes. 

For T i C U (in T<i symmetry) perfect agreement was obtained between calcu
lated and experimental values for the titanium chlorine bond length (2.17 A (5Y). 
The geometry of C l 3 T i C H 3 was optimized in staggered configuration while 
retaining the threefold axis. As in previous L C G T O - X a studies (6) we find 
satisfactory agreement between calculated and experimental values for the va
rious bond lengths with the well-known underestimation of the transition metal 
to carbon bond characteristic for the local density approach (7). Essentially no 
distortion of the methyl group could be detected, the carbon to hydrogen bond 
length exhibiting a value tailing in the usual range (Table I ) . 

Table I. Comparison of experimental and calculated geometries for C l 3 T i C H 3 

Method Bond distances (A) Angles (degrees) Method 
T i - C l Ti-C C-H C - T i - C l Ti-C-H 

Expa 2.19 2.04 1.16 105.2 101.0 
Xab 2.17 2.00 1.11 102.0 106.9 
GVBc 2.30 2.04d 1.11 100.5 105.5 
CASc 2.19<i 2.11 1.11 105.2^ 106.2 

a) Ref. (3); b) L C G T O - X a , this work; c) R e f . (1,2); d) Fixed value. 

N O T E : LCGTO is an abbreviation for linear combination of Gaussian-type orbitals. 

0097-6156/89/0394-0037$06.00/0 
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38 THE CHALLENGE OF d AND f ELECTRONS 

Table II. Selected vibrational frequencies (in cm"1) of the methyl group 
in C l 3 T i C H 3 

Character is t ic Experimental*1 Calculated 
Xqh Ab i n i t i o c 

v(C-&)8 (stretching) 2894 2855 3122 
StCSL bending) 1052 990 1360 
p(C-fl) (rocking) 580 625 577 

a) Ref. (2); b ) L C G T O - X a , this work; c) Ref. ( l) , results for H 3 T i C H 3 . 

To corroborate the conclusions on the electronic structure of C l 3 T i C H 3 we 
have calculated selected vibrational frequencies whereby no coupling between the 
various motions was taken into account. The results for the symmetric C - H 
stretching mode, the symmetric bending mode and the rocking mode of the 
methyl group are presented in Table II together with values from experiment 
and from the ab initio calculation (1,2). Again, the agreement between experi
ment and available theoretical results is very satisfactory. 

Summarizing we conclude - as has been done previously (fi,7) - that 
L C G T O - X a results on a transition metal compound are of a quality that is at 
least comparable to that of a Hartree-Fock calculation. For the title compound 
the agreement between the two rather different theoretical procedures (ab initio 
and local density method) is quite astonishing. It is therefore all the more dis
concerting that both methods were unable to confirm the unusual geometry of 
the methyl ligand in C l 3 T i C H 3 as deduced from an electron diffraction experi
ment and attributed to agostic interaction (3). 
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Chapter 4 

C h a s i n g the E lus ive d E l e c t r o n with X - r a y s 

Philip Coppens 
Department of Chemistry, State University of New York at Buffalo, 

Buffalo, NY 14214 

Models which allow interpretation of X-ray diffraction 
data in terms of orbital populations, radial 
dependence of the orbitals and LCAO coefficients are 
discussed. They are applied to experimental data on 
iron(II) phthalocyanine, iron(II) meso
tetraphenylporphyrin and i ts bis-pyridyl and bis
tetrahydrofurane derivatives. The diffraction studies 
indicate that the f i rs t two complexes are intermediate 
spin complexes with differing ground states while the 
last two are respectively low- and high-spin iron(II) 
compounds. A difference between the two intermediate 
spin complexes is thought to be related to the effect 
of the crystalline environment. This interpretation 
implies that the leading contributor to the ground 
state of the isolated complex is the 3A2g state. The 
more extensive formalism is applied to a set of 
theoretical charge and spin data on the iron(III) 
hexaaquo complex. 

As d-electron complexes pose a special challenge for theoretical 
methods, alternative techniques capable of providing collaborating 
evidence are valuable. One such approach is the analysis of the 
elastic X-ray diffraction intensities of solids in terms of the one-
electron density distribution. The method has been extensively 
tested on first-row atom molecular crystals, where i t has shown to 
give reproducible results, in general agreement with densities 
obtained with the more advanced calculations. Much interesting 
chemistry concerns heavier elements, however, so that an extension 
to regions further down the periodic table is highly desirable. 
First-row transition metal complexes with organic ligands are 
especially suitable, as the relatively light core does not dominate 
the scattering, and effects such as X-ray absorption by the crystals 
are manageable. 

The approach requires crystals of good quality and sufficient 
size (though that requirement is becoming less severe as more 

0097»6156/89/0394-0039$06.00Α) 
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40 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

i n t e n s e sources are becoming a v a i l a b l e ) , and the absence o f phase 
t r a n s i t i o n s on c o o l i n g t o temperatures s u i t a b l e f o r a c c u r a t e d a t a 
c o l l e c t i o n . L i k e any experimental t e c h n i q u e , i t i s s u b j e c t t o 
exper imental e r r o r and l i m i t s i n r e s o l u t i o n , i n p a r t i c u l a r i n the 
r e g i o n s i n the immediate environment o f the n u c l e i . However, as the 
i n t e r e s t i s o f t e n i n the angular d i s t r i b u t i o n o f the v a l e n c e 
e l e c t r o n s , which c o n t a i n s i n f o r m a t i o n on the r e l a t i v e p o p u l a t i o n o f 
the o r b i t a l s , d e t a i l e d knowledge o f the r e g i o n c l o s e t o the n u c l e u s 
i s not always e s s e n t i a l . T h e o r e t i c a l e n e r g y - m i n i m i z a t i o n 
t e c h n i q u e s , on the other hand, a r e very dependent on d e t a i l s i n t h i s 
r e g i o n . In t h i s sense a complementarity e x i s t s between t h e o r e t i c a l 
c a l c u l a t i o n s and the exper imental d i f f r a c t i o n method. 

In t h i s paper we w i l l comment on the background o f the method, 
and i l l u s t r a t e i t s a p p l i c a t i o n w i t h a s e r i e s o f s t u d i e s on i r o n 
p h t h a l o c y a n i n e and i r o n t e t r a p h e n y l p o r p h y r i n s . 

Comparison o f Theory and Experiment 

The exper imental sequence can be i l l u s t r a t e d by the f o l l o w i n g 
diagram: 

e l e c t r o s t a t i c 
p r o p e r t i e s 
* 

p ( r ) - <p(r)> - F(h) - 1(h) (1) 

Ap(r) * <Ap(r)> 
where the p o i n t e d b r a c k e t s i n d i c a t e the t h e r m a l l y averaged f u n c t i o n , 
and p, F and I are the e l e c t r o n d e n s i t y , the s t r u c t u r e f a c t o r and 
x - r a y i n t e n s i t y r e s p e c t i v e l y . 

The t h e o r e t i c a l wavefunction can be used to e x t r a c t the 
t h e o r e t i c a l e q u i v a l e n t s o f the e x p e r i m e n t a l f u n c t i o n s , p r o v i d e d t h a t 
a reasonable v i b r a t i o n a l model i s a v a i l a b l e f o r the a v e r a g i n g over 
the modes o f the c r y s t a l : 

e l e c t r o s t a t i c 
p r o p e r t i e s 
t 

Ψ ( 1 , 2 , . . . η ) - Γ ' ( 1 , 1 ) - p ( r ) - <p(r)> - F(h) * 1(h) (2) 
+~ 
Ap(r) * <Ap(r)> 

Though we can compare e l e c t r o n d e n s i t i e s d i r e c t l y , t h e r e i s 
o f t e n a need f o r more condensed i n f o r m a t i o n . The m i s s i n g l i n k i n 
the e x p e r i m e n t a l sequence are the s t e p s from the e l e c t r o n d e n s i t y t o 
the o n e - p a r t i c l e d e n s i t y m a t r i x Γ ( 1 , 1 ' ) t o the w a v e f u n c t i o n . 
E s s e n t i a l l y the d i f f i c u l t y i s t h a t the wavefunction i s a f u n c t i o n o f 
the 3n space c o o r d i n a t e s o f the e l e c t r o n s (and the η s p i n 
c o o r d i n a t e s ) , w h i l e the e l e c t r o n d e n s i t y i s only a t h r e e - d i m e n s i o n a l 
f u n c t i o n . D r a s t i c assumptions must be i n t r o d u c e d , such as the 
d e s c r i p t i o n o f the m o l e c u l a r o r b i t a l s by a l i m i t e d b a s i s s e t , and 
the r e p r e s e n t a t i o n o f the d e n s i t y by a s i n g l e S l a t e r - d e t e r m i n a n t , i n 
which case the idempotency c o n s t r a i n t reduces the number o f unknowns 
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4. COPPENS Chasing the Elusive d Electron with X-rays 41 

O ) . Even then no p r a c t i c a l r e s u l t s have been o b t a i n e d so f a r . But 
i n c e r t a i n cases s i m p l i f i c a t i o n s are p o s s i b l e , i n p a r t i c u l a r i f an 
atom o r fragment o f a molecule can be i d e n t i f i e d which can be 
t r e a t e d s e p a r a t e l y from the remainder o f the system. For 3d-
t r a n s i t i o n metal atoms i n c o o r d i n a t i o n complexes a major f e a t u r e o f 
i n t e r e s t i s the d i s t r i b u t i o n o f the e l e c t r o n s over the d - o r b i t a l 
l e v e l s . On the o t h e r hand, the o v e r l a p between the metal and l i g a n d 
o r b i t a l s i s r e l a t i v e l y s m a l l , and r e p r e s e n t s a s m a l l f r a c t i o n o f the 
t o t a l valence e l e c t r o n d e n s i t y . T h e r e f o r e , i n a f i r s t a p p r o x i m a t i o n 
we can d e s c r i b e the d - e l e c t r o n d e n s i t y i n terms o f the p o p u l a t i o n 
P . . o f products o f d - o r b i t a l s ( d . ) : 

5 5 
= Ε Σ Ρ d d 

i=1 J>i 1 J 1 J 

(3) 

The most s u c c e s s f u l X-ray s c a t t e r i n g model beyond the s i m p l e , 
but widely used s p h e r i c a l - a t o m d e s c r i p t i o n c o n s i s t s o f an expansion 
o f atom-centered s p h e r i c a l harmonic f u n c t i o n s (2). The r a d i a l 
dependence i n t h i s ' m u l t i p o l e model' i s g iven f l e x i b i l i t y by the 
i n t r o d u c t i o n o f a r a d i a l parameter κ , which s c a l e s the r a d i a l 
c o o r d i n a t e : 

p a t o n > ( ^ = p c o r e ( E ) + P v K ' 3 p v a l e n c e ( K ' r ) + 

£ ( m a x ) ~ £ 
l K « 3 R (K-'Cr)E Σ Ρ ^ ρ ί Θ . Φ ) <*> 
£=0 m=0 ρ H F 

where ρ i s p l u s or minus f o r m > 1, P y i s the v a l e n c e s h e l l 

p o p u l a t i o n which m u l t i p l i e s the s p h e r i c a l valence d e n s i t y p ( r ) , and 
the r a d i a l f u n c t i o n R can have e i t h e r a S l a t e r type or a 
H a r t r e e - F o c k r a d i a l dependence. The 'deformation terms' r e p r e s e n t e d 
by the summation i n c l u d e a s p h e r i c a l monopole term which f o r l i g h t 
atoms i s o f t e n omitted when the κ parameter i s r e f i n e d . 

For c o v a l e n t l y bonded atoms the o v e r l a p d e n s i t y i s e f f e c t i v e l y 
p r o j e c t e d i n t o the terms o f the one-center e x p a n s i o n . Any attempt 
t o r e f i n e on an o v e r l a p p o p u l a t i o n l e a d s t o l a r g e c o r r e l a t i o n s 
between parameters, except when the o v e r l a p p o p u l a t i o n i s r e l a t e d t o 
the o n e - c e n t e r terms through an LCAO expansion as d i s c u s s e d i n the 
l a s t s e c t i o n o f t h i s a r t i c l e . When the o v e r l a p p o p u l a t i o n i s very 
s m a l l , the atomic m u l t i p o l e d e s c r i p t i o n reduces to the d - o r b i t a l 
product f o r m a l i s m . The r e l a t i o n becomes e v i d e n t when the p r o d u c t s 
o f the s p h e r i c a l harmonic d - o r b i t a l f u n c t i o n s a r e w r i t t e n as l i n e a r 
combinations o f s p h e r i c a l harmonics ( £ ) . 

In t h i s case the second term i n (4) d e s c r i b e s the non-d ( i . e 
mainly 4s) p a r t o f the s p h e r i c a l valence d e n s i t y and the r a d i a l 
depence o f the terms i n (5) i s t h a t a p p r o p r i a t e f o r the d - o r b i t a l s 
o f the atom being c o n s i d e r e d . 
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42 THE CHALLENGE OF d AND f ELECTRONS 

In other words the m u l t i p o l e p o p u l a t i o n s P ^ and the o r b i t a l 

p o p u l a t i o n s a r e r e l a t e d through the m a t r i x e q u a t i o n : 

Simp - « i j ( 6 ) 

where P^ i s a v e c t o r c o n t a i n i n g the c o e f f i c i e n t s o f the 15 

s p h e r i c a l harmonic f u n c t i o n s w i t h £ = 0, 2 , or 4 which a r e generated 
by the products o f d - o r b i t a l s . The m a t r i x M i s a f u n c t i o n o f the 

Clebsch-Gordon c o e f f i c i e n t s , and the r a t i o o f o r b i t a l and d e n s i t y 
f u n c t i o n n o r m a l i z a t i o n c o e f f i c i e n t s 00. 

The d - o r b i t a l occupancies can be d e r i v e d from the e x p e r i m e n t a l 
m u l t i p o l e p o p u l a t i o n s by the i n v e r s e e x p r e s s i o n : 

EiJ · *~1Eîmp ( 7 ) 

The c o e f f i c i e n t s so obtained i n c l u d e the o f f - d i a g o n a l symmetry-
a l l o w e d terms, which would not occur i n the i s o l a t e d atom. To some 
e x t e n t the d-o o v e r l a p p o p u l a t i o n w i l l be p r o j e c t e d i n t o the o n e -
c e n t e r f u n c t i o n s , but s i n c e the d - o r b i t a l s are r e l a t i v e l y compact 
and the o v e r l a p i s s m a l l t h i s e f f e c t can be n e g l e c t e d i n a f i r s t 
a p p r o x i m a t i o n . 

In the f o l l o w i n g s e c t i o n we d i s c u s s a p p l i c a t i o n o f the 
m u l t i p o l e formalism to a s e r i e s o f F e ( I I ) p o r p h y r i n s . A next s t e p 
towards d e r i v a t i o n o f the e l e c t r o n i c wavefunction o f a t r a n s i t i o n 
metal complex may be based on the LCAO formal ism f o r the m o l e c u l a r 
o r b i t a l s . Test c a l c u l a t i o n s w i t h such a f o r m a l i s m , u s i n g a 
t h e o r e t i c a l data s e t , are d e s c r i b e d i n the f i n a l p a r t o f t h i s 
a r t i c l e . 

A p p l i c a t i o n t o I r o n ( I I ) - P o r p h y r i n s 

In many r e s p e c t s the i r o n - p o r p h y r i n complexes o f f e r f a v o r a b l e 
c o n d i t i o n s f o r e x p e r i m e n t a l s t u d y . The l a r g e o r g a n i c component 
reduces the e f f e c t o f a b s o r p t i o n o f X - r a y s by the c r y s t a l s , which i s 
sometimes d i f f i c u l t t o c o r r e c t f o r a c c u r a t e l y , as w e l l as the 
dominance of s c a t t e r i n g by the core e l e c t r o n s , which may i n t e r f e r e 
i n the charge d e n s i t y a n a l y s i s o f i n o r g a n i c s o l i d s composed e n t i r e l y 
o f h e a v i e r atoms. The p o r p h y r i n s e x h i b i t a range o f t r a n s i t i o n 
metal c o o r d i n a t i o n s , s p i n s t a t e s and ground s t a t e c o n f i g u r a t i o n s . 
Because o f the e x i s t e n c e o f c l o s e l y - s p a c e d e l e c t r o n i c 
c o n f i g u r a t i o n 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 i s e s s e n t i a l i n the 
t h e o r e t i c a l t reatment, i n p a r t i c u l a r f o r the f o u r - c o o r d i n a t e F e ( I I ) 
i n t e r m e d i a t e s p i n compounds, f o r which the t h e o r e t i c a l r e s u l t s have 
been ambiguous. Of the four F e ( I I ) complexes we w i l l d i s c u s s , the 
l o w - s p i n F e ( I I ) ( b i s - p y r i d y l ) t e t r a p h e n y l p o r p h y r i n has a w e l l 
e s t a b l i s h e d ground s t a t e and serves as a s u i t a b l e c a l i b r a t i o n o f the 
method. S i x - c o o r d i n a t e b i s - t e t r a h y d r o f u r a n e - F e T P P i s the only s i x -
c o o r d i n a t e h i g h - s p i n F e ( I I ) compound known and shows an as y e t 
u n e x p l a i n e d temperature-dependence o f the magnetic moment. The 
ground s t a t e s o f the two i n t e r m e d i a t e s p i n compounds 
F e ( I I ) p h t h a l o c y a n i n e and F e ( I I ) t e t r a p h e n y l p o r p h y r i n i s not f i r m l y 
e s t a b l i s h e d , a s i t u a t i o n i n which the independent i n f o r m a t i o n 
provided by the X-ray method i s o f c o n s i d e r a b l e v a l u e . 
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4. COPPENS Chasing the Elusive d Electron with X-rays 43 

B i s ( p y r i d i n e ) ( m e s o - t e t r a p h e n y l p o r p h i n a t o ) i r o n ( I I ) (BPyFeTPP). The 
deformation d e n s i t y i n the plane o f the p o r p h y r i n r i n g , shown i n 
F i g u r e 1, shows d e n s i t y accumulation around the i r o n atom i n the 
d i r e c t i o n s b i s e c t i n g the i r o n - p y r o l e n i t r o g e n bonds, i n d i c a t i n g 
p r e f e r e n t i a l occupancy o f the d o r b i t a l s ( 5 , 6 ) . The d - o r b i t a l 

xy 
p o p u l a t i o n a n a l y s i s was performed w i t h both the harmonic and a more 
complete anharmonic thermal motion t reatment. R e s u l t s f o r the 
harmonic model a r e l i s t e d i n Table I. In the anharmonic treatment 
the t o t a l d - e l e c t r o n p o p u l a t i o n on the i r o n atom i s somewhat reduced 
compared w i t h the harmonic r e s u l t s , but the r e l a t i v e d i s t r i b u t i o n o f 
the e l e c t r o n over the d - l e v e l s as expressed by the percentage 
occupancies i s r a t h e r i n v a r i a n t . The p r e f e r e n t i a l l y o c c u p i e d 
o r b i t a l s a r e the t 2 g " t y P e o r b i t a l s o f the p s e u d o - o c t a h e d r a l p o i n t 
group, which a r e almost e q u a l l y o c c u p i e d , w i t h a s l i g h t l y l a r g e r 
p o p u l a t i o n o f d . Down t o t h i s d e t a i l the p o p u l a t i o n s a r e i n 

xy 
agreement w i t h the 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 o f the r e s u l t s an 
Extended Huckel (EH) c a l c u l a t i o n ( S c h e l d t , unpubl ished r e s u l t s ) , 
l i s t e d i n the t h i r d column o f Table I. Reasonable agreement w i t h EH 
i s a l s o obtained f o r d 2 , but not f o r the d e s t a b i l i z e d d 2 2 ζ χ —y 
o r b i t a l , f o r which the EH method g i v e s a l a r g e r e l e c t r o n p o p u l a t i o n . 
The occupancy o f t h i s o r b i t a l i s due t o the c o v a l e n t i n t e r a c t i o n o f 
the d 2 2 o r b i t a l w i t h the l i g a n d s and p - o r b i t a l s , which i s χ -y 
c l e a r l y overest imated by the o n e - e l e c t r o n EH method. N e v e r t h e l e s s 
the agreement f o r the other o r b i t a l s i s r a t h e r i m p r e s s i v e g i v e n the 
approximate nature o f the o n e - e l e c t r o n H a m i l t o n i a n i n the EH method 
and the inadequacies o f the 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 . The 
d e v i a t i o n s from the s p h e r i c a l symmetry assumed i n the standard 
c r y s t a l l o g r a p h i c treatment ( l a s t column o f Table I ) a r e l a r g e . 

Table I. d - E l e c t r o n O r b i t a l P o p u l a t i o n s i n B i s ( p y r i d i n e ) ( m e s o -
p h e n y l p o r p h i n a t o ) i r o n ( I I ) 

O r b i t a l Experimental E x t . Huckel S p h e r i c a l 

0 . 3 5 ( 4 . 8 » ) 

1.05(14.4%) 

1.93(26.5%) 

1.93(26.5%) 

2.02(27.7%) 

0.81(11.0%) 

0.724(9.8%) 

1.93(26.1%) 

1.93(26.1%) 

1.99(27.0%) 

1.2(20%) 

1.2(20%) 

1.2(20%) 

1.2(20%) 

1.2(20%) 

TOTAL 7.29 7.40 6.00 

B i s ( t e t r a h y d r o f u r a n e ) ( m e s o t e t r a p h e n y l p o r p h i n a t o ) i r o n ( I I ) 
(BTHFFeTPP). Though BTHFFeTPP i s the only known s i x - c o o r d i n a t e h i g h 
s p i n F e ( I I ) c o m p l e x , i t s THF l i g a n d s are r a t h e r l o o s e l y bound. 
C r y s t a l s s l o w l y l o o s e THF when exposed t o the atmosphere, w h i l e the 
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COPPENS Chasing the Elusive d Electron with X-rays 

CONTOUR INTERVAL = .10 E/A3 

0 |l 2A 

F i g u r e 1b. Deformation e l e c t r o n d e n s i t y i n the p o r p h y r i n p l a n e 
i n b i s ( p y r i d i n e ) ( m e s o - t e t r a p h e n y l p o r p h i n a t o ) i r o n ( I I ) . Contours 

ο 
a t 0.10eA . Negative contours broken. F i r s t p o s i t i v e contour 

a t 0.05eA . (Reproduced w i t h p e r m i s s i o n from r e f (J5), 
C o p y r i g h t 1988, I n t e r n a t i o n a l Union o f C r y s t a l l o g r a p h y . ) 
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46 THE CHALLENGE OF d AND f ELECTRONS 

i r o n i s f i v e - c o o r d i n a t e i n a s o l u t i o n i n benzene (7). But i t i s 
s u r p r i s i n g a t f i r s t s i g h t t h a t the complex i s h i g h s p i n , w h i l e the 
f o u r - c o o r d i n a t e FeTPP obtained on detachment o f the a x i a l l i g a n d s i s 
i n an i n t e r m e d i a t e s p i n s t a t e . 

A f u r t h e r c o m p l i c a t i o n , not f u l l y understood, i s the 
temperature dependence o f the magnetic s u s c e p t i b i l i t y (8), the 
s h r i n k a g e o f the a x i a l F e - 0 bonds on c o o l i n g from 1.35Â a t room 
temperature t o about 1.29A a t n i t r o g e n temperature, combined w i t h 
the absence o f s i g n i f i c a n t v a r i a t i o n s i n the Mossbauer s p l i t t i n g . 

The charge d e n s i t y a n a l y s i s , performed a t 100K, shows a p a t t e r n 
t y p i c a l f o r a h i g h - s p i n complex i n the t e t r a p h e n y l p o r p h y r i n p l a n e , 
see F i g u r e 2. The d - o r b i t a l peaks near the i r o n atom now occur i n 
the d i r e c t i o n o f the p y r o l e - n i t r o g e n l i g a n d atoms a l o n g the bonds, 
i n d i c a t i n g the e f f e c t o f covalency ( o - d o n a t i o n ) superimposed on the 

c y l i n d r i c a l d i s t r i b u t i o n o f the d^ i o n . A very s i m i l a r i n - p l a n e 
deformation d e n s i t y p a t t e r n occurs i n the t h e o r e t i c a l map o f the 
( h e x a a q u o ) i r o n ( I I I ) atom ( 1 $ ) . 

To our knowledge no t h e o r e t i c a l c a l c u l a t i o n o f the BTHFFeTPP 
has been performed. Comparison o f the o r b i t a l p o p u l a t i o n s w i t h the 
i d e a l i z e d i o n i c s t a t e s , see Table I I , shows the b e s t agreement w i t h 

5 
the Ε s t a t e . However the experiments i n d i c a t e a d e p o p u l a t i o n o f 

© 
d and an excess p o p u l a t i o n i n d 2 2; both these e f f e c t s a r e i n x z , y z χ -y 
the d i r e c t i o n expected when c o v a l e n t i n t e r a c t i o n s a r e taken i n t o 
a c c o u n t . A c a l c u l a t i o n o f the q u i n t e t s t a t e o f h i g h - s p i n s i x -
c o o r d i n a t e bis-NH^FeP ( £ ) , p r e d i c t s a l a r g e d e p o p u l a t i o n o f the 1-

o r b i t a l s , as found h e r e , thus s u p p o r t i n g the v a l i d i t y o f both 
approaches. 

Table I I . I ron Atom d - O r b i t a l P o p u l a t i o n s i n 
B i s ( t e t r a h y d r o f u r a n e ) ( m e s o t e t r a p h e n y l p o r p h i n a t o ) i r o n ( 1 1 ) 
(The ζ a x i s i s p e r p e n d i c u l a r to the m o l e c u l a r p l a n e ) 

Term 5 B 5 A 5 B 5 E exp 
Symbol d g 1 g l g g 

dx2_y2 1 (16.7%) 1 (16.7%) 2 (33.3%) 1 (16.7%) 1.42 (24%) 

d z2 1 (16.7%) 2 (33.3%) 1 (16.7%) 1 (16.7%) 1.04 (17.5%) 
d x z , y z 2 ( 3 3-3f) 2 (33.3%) 2 (33.3%) 3 (50%) 2.52 (42.6%) 

d x v ' 2 (33.3%) 1 (16.7%) 1 (16.7%) 1 (16.7%) 0.93 (15.7%) 

TOTAL 5 5 I I 5792 

I r o n ( I I ) P h t h a l o c y a n i n e ( F e P c ) . The p h t h a l o c y a n i n e s and p o r p h y r i n s 
a r e c l o s e l y r e l a t e d , and share the f i r s t - and s e c o n d - n e a r e s t 
n e i g h b o r s o f the c e n t r a l l y - l o c a t e d metal atom. While the S=1 n a t u r e 
o f t h e i r ground s t a t e i s unambiguous, the exact term symbol has been 
the s u b j e c t o f a l a r g e s e r i e s o f s t u d i e s w i t h o f t e n c o n f l i c t i n g 
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4. COPPENS Chasing the Elusive d Electron with X-rays 47 

in 

c i o 

Figure 2. Deformation density in the plane through the iron atom and the pyrrole ring in 
bis(tetrahydrofurane)(mesotetraphenylporphinato)iron(II) after averaging over the 
molecular mmm symmetry. Contours at 0.5 eÂ" 3 . (Reproduced from ref. 8. Copyright 
1986 American Chemical Society.) 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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3 3 
r e s u l t s , ranging from from ~Έρ based on magnetic d a t a (_10) t o Ε 

6 © 
3 

and A~ from t h e o r e t i c a l c a l c u l a t i o n s on FeP, and from o t h e r 
2g 

techniques such as NMR and c i r c u l a r d i c h r o i s m measurements. Some o f 
the t h e o r e t i c a l r e s u l t s are summarized i n Table I I I . While the 
r e s u l t s are c o n t r a d i c t o r y , i t i s c l e a r from the c a l c u l a t i o n s t h a t 

3 3 
the s p a c i n g o f the *2g and E g l e v e l s i s extremely s m a l l , o f the 
o r d e r o f magnitude o f a few tenths o f an eV. While t h i s i s above 
thermal e n e r g i e s i t i n d i c a t e s t h a t i n t e r a c t i o n o f c o n f i g u r a t i o n s 
through s p i n - o r b i t c o u p l i n g or other mechanisms w i l l be i m p o r t a n t , 
thus c o m p l i c a t i n g c a l c u l a t i o n s . 

The e x p e r i m e n t a l r e s u l t s from r e f (_16), o b t a i n e d a t 110K, a r e 
g i v e n i n Table IV together w i t h values f o r the v a r i o u s i o n i c 

3 

c o n f i g u r a t i o n s . The main d i f f e r e n c e between the competing E^A and 
3 

A 0 s t a t e s i s a s h i f t o f one e l e c t r o n from the d o r b i t a l s i n 2g x z , y z 
the former t o the d z 2 o r b i t a l i n the l a t t e r s t a t e . The e x p e r i m e n t a l 
p o p u l a t i o n s are c l o s e to the almost 3:1 r a t i o of the d x z y z / d

z
2 

3 
p o p u l a t i o n s p r e d i c t e d f o r J E g and not compatible wth the o t h e r i o n i c 

3 
s t a t e s . Compared w i t h t h e r e i s a d e p o p u l a t i o n o f the d 

g x z , y z 
and an excess p o p u l a t i o n o f d 2 2 , a now r e c u r r i n g p a t t e r n 

χ -y 
(compare BTHFFeTPP), t h a t m e r i t s f u r t h e r q u a n t i t a t i v e a n a l y s i s . 

The d i s t i n c t i o n between the two s t a t e s i s very c l e a r i n the 
d e n s i t y maps when a s e c t i o n c o n t a i n i n g the p e r p e n d i c u l a r t o the 
p o r p h y r i n plane through the i r o n atom i s p l o t t e d . T h i s i s 
demonstrated by t h e o r e t i c a l maps o f the two s t a t e s ( J 5 ) as shown i n 
F i g u r e 3 , i n which t h e r e i s a d e f i c i e n c y i n the a x i a l d i r e c t i o n f o r 
3 3 

Ε^Α, and an excess f o r Agg, r e s u l t i n g from the t r a n s f e r o f an 
e l e c t r o n i n t o the d z 2 o r b i t a l . The exper imental map f o r FePc shows 

the d e f i c i e n c y as expected from examination o f the e x p e r i m e n t a l d -
o r b i t a l p o p u l a t i o n s ( F i g u r e 4 a ) . 

( M e s o - t e t r a p h e n y l p o r p h i n a t o ) i r o n ( I I ) (FeTPP). A f i r s t e x p e r i m e n t a l 
study o f FeTPP d i d not prov ide c o n c l u s i v e r e s u l t s ( 1 7 ) . Though a 
l a r g e peak was observed i n the a x i a l d i r e c t i o n i n the d e f o r m a t i o n 
d e n s i t y , the p o p u l a t i o n s d i d not c l e a r l y d i s t i n g u i s h between the 
v a r i o u s i o n i c s t a t e s , nor d i d they agree w i t h the SCF c a l c u l a t i o n . 
S i n c e the experimental study was f lawed by the use o f two d i f f e r e n t 
c r y s t a l s i n the data s e t c o l l e c t i o n , and by a l a r g e r than o p t i m a l 
c r y s t a l s i z e , a new a n a l y s i s was undertaken ( L i , Landrum and 
Coppens, t o be p u b l i s h e d ) . The new a n a l y s i s c o n f i r m s the peak i n 
the symmetry-related p o s i t i o n s above and below the i r o n atom ( F i g u r e 
4b) and g i v e s d - o r b i t a l p o p u l a t i o n s i n reasonable agreement w i t h the 
3 

*2g' i n P a r t i c u l a r w i t n regard to the c r u c i a l d z 2 occupancy (Table 

V ) . 
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4. COPPENS Chasing the Elusive d Electron with X-rays 49 

Table I I I . T h e o r e t i c a l R e s u l t s f o r the Ground S t a t e o f Iron 
P o r p h y r i n 

Reference Number 

_n 

! £ 
11 

11 

U 

15 

9 
9 

Type A E ( 3 E g -

EH n e g a t i v e 

SCF 0.32 eV 
SCF a f t e r c o n f i g u r a t i o n mix ing 0.08 

SCF-Xa 0 . 2 

SCF-CI 0.27 

INDO 0.27 
INDO-CI 0.03 

SCF 0.29 
SCF-CI - 0 . 4 7 

T a b l e . IV. d - E l e c t r o n O r b i t a l P o p u l a t i o n i n I r o n ( I I ) P h t h a l o c y a n i n e 

Term Symbol 3 E A 3 A 0
 3 B 0

 3 E Β X - r a y g 2g 2g g 

d x 2 - y 2 0 . 7 0 ( 7 ) (12.9%) 

d z 2 1(17%) 2(33%) 1(17%) 2(33%) 0 . 9 3 ( 6 ) (17.1%) 

d x z , y z 3 ( 1 , 9 ί ) 2 ( 3 3 , ) 4 ( 6 7 , ) 3 { 4 9 , ) 2 · 1 2 ( 7 ) < 3 9.1*) 
t ' 2(33%) 2(33%) 1(17%) 1(17%) 1.68(10)(30.9%) 
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THE CHALLENGE OF d AND f ELECTRONS 

Figure 3 . Computed s t a t i c deformation density map of FeP. 
3 o_3 3 

a, A- i n plane; contours at 0.10 eA . b, Ε i n plane; 
3 ^ contours as i n a. c, A ? b i s e c t i n g plane; contours as i n a. 

3 Δ 

d, b i s e c t i n g plane. (Reproduced with permission from 

r e f . 14. Copyright 1985 E l s e v i e r Science Publishers.) 
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COPPENS Chasing the Elusive d Electron with X-rays 

F i g u r e 4 a . Deformation d e n s i t y s e c t i o n s p e r p e n d i c u l a r t o the 
m o l e c u l a r plane through the Fe and Ν atoms. I r o n ( I I ) 

p h t h a l o c y a n i n e Contours a t 0.05 eA , n e g a t i v e contours broken 
(Reproduced w i t h p e r m i s s i o n from r e f . ( 1 6 ) t C o p y r i g h t 1984, 
American I n s t i t u t e o f P h y s i c s ) . 
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THE CHALLENGE OF d AND f ELECTRONS 

CONTOUR INTERVAL = .20 E/A3 

0 |l 2A 

F i g u r e 4b. Deformation d e n s i t y s e c t i o n s p e r p e n d i c u l a r to the 
m o l e c u l a r plane through the Fe and Ν atoms. I ron ( I I ) ( m e s o -

o 
t e t r a p h e n y l p o r p h y r i n ) . Contours a t 0.1 eA ( L i , Coppens, and 
Landrum,to be p u b l i s h e d ) . 
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Table V. d - E l e c t r o n O r b i t a l P o p u l a t i o n s i n 
( M e s o - t e t r a p h e n y l p o r p h i n a t o ) i r o n ( I I ) 

Experimental T h e o r e t i c a l ( 1 7 ) 
3 A 0 -SCF 3 E A-SCF 2g g 

EH 

d x 2 - y 2 
0.24(15) ( 3 . 9 » 0 . 1 8 ( 2 . 9 » 0.18 ( 2 . 9 » 0 . 9 0 ( 1 2 . 8 » 

d z 2 2 . 1 0 ( 1 4 X 3 3 . 7 » 1 . 9 4 ( 3 1 . 7 » 0 . 9 9 ( 1 6 . 1 » 1 . 0 7 ( 1 5 . 3 » 

d 
x z , y z 

2 . 2 8 ( 1 8 X 3 6 . 5 » 1 . 9 8 ( 3 2 . 3 » 2 . 9 6 ( 4 8 . 1 » 3 . 0 5 ( 4 3 . 5 » 

d x y 
1 . 5 2 ( 1 5 X 2 5 . 9 » 2 . 0 2 ( 3 3 . 0 » 2 . 0 2 ( 3 2 . 8 » 1 . 9 9 ( 2 8 . 4 » 

TOTAL 6.21(31) 6.12 6.15 7.02 

The p o p u l a t i o n o f the d 2 2 o r b i t a l i s s m a l l , i n agreement w i t h the 
χ -y 

SCF-CI r e s u l t s , i n d i c a t i n g r e l a t i v e l y weak covalency i n t h i s 
complex, i n p a r t i c u l a r when the comparison i s made w i t h FePc. T h i s 
i s not s u r p r i s i n g as the F e - N ( p y r o l e ) bond l e n g t h i s 1.927A i n F e P c , 
compared w i t h 1.967Â i n FeTPP. The d p o p u l a t i o n i s s i g n i f i c a n t l y 

xy 
lower than p r e d i c t e d by the c a l c u l a t i o n , an e f f e c t t h a t r e q u i r e s 
f u r t h e r a n a l y s i s . 

The c o n c l u s i o n t h a t i n the c r y s t a l a t l e a s t the two f o u r -
c o o r d i n a t e complexes have d i f f e r e n t groundstates i s i n e s c a p a b l e . 
The e x p l a n a t i o n may be sought i n d i f f e r i n g F e - N ( p y r r o l e ) bond 
l e n g t h s and the d i f f e r i n g i o n i c i t i e s , or i n the e f f e c t o f the 
i n t e r m o l e c u l a r i n t e r a c t i o n s , as the m o l e c u l a r p a c k i n g i s q u i t e 
d i f f e r e n t i n the two c r y s t a l s . In m o n o c l i n i c FePc n i t r o g e n atoms i n 
the b r i d g i n g (meso-) p o s i t i o n o f a n e i g h b o r i n g m o l e c u l e r e l a t e d by a 
b - a x i s t r a n s l a t i o n i n the P2^/a space group, a r e l o c a t e d a t 3 . 4 2 Â 
above and below the i r o n atoms, thus p r o v i d i n g an a x i a l "pseudo"-
l i g a n d . In t e t r a g o n a l FeTPP the molecules are a l i g n e d p e r p e n d i c u l a r 
to the Ά a x i s o f the space group I ? 2 d , and no such approach e x i s t s . 
The s e n s i t i v i t y o f the ground s t a t e o f the p r o p h y r i n s t o a x i a l 
l i g a t i o n i s w e l l known. A s i m i l a r e f f e c t f o r non-bonded 
i n t e r a c t i o n s has been d i s c u s s e d by M i s p e l t e r , Momenteau and Lhoste 
( 1 8 ) , who show t h a t s m a l l a x i a l p e r t u r b a t i o n s can induce a r e v e r s a l 
o f the ground s t a t e i n capped f e r r o u s p o r p h y r i n d e r i v a t i v e s . A 
s i m i l a r e f f e c t can occur because o f c r y s t a l l i n e p a c k i n g and, i n a l l 
l i k e l i h o o d , due to the presence or absence o f s o l v a t a t i o n i n 
s o l u t i o n s o f the p o r p h y r i n s . 

Thus, w h i l e the X-ray method o f charge d e n s i t y a n a l y s i s does 
not s u f f e r from some o f the a m b i g u i t i e s o f the t h e o r e t i c a l 
c a l c u l a t i o n s , the measurements g i v e i n f o r m a t i o n on a molecule i n a 
p a r t i c u l a r environment and not on the i s o l a t e d s t a t e commonly 
t r e a t e d i n t h e o r e t i c a l work. N e v e r t h e l e s s the absence o f s t r o n g 
i n t e r a c t i o n s i n the FeTPP c r y s t a l l e a d s to the c o n c l u s i o n t h a t the 
ground s t a t e o f t h i s molecule i n i t s i s o l a t e d s t a t e i s c l o s e t o the 
3A~ s t a t e . 
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Towards a M o l e c u l a r O r b i t a l Model: A n a l y s i s o f T h e o r e t i c a l S t r u c t u r e 
F a c t o r s (19) 

The X - r a y s c a t t e r i n g may be expressed d i r e c t l y i n terms o f a 
formal ism r e l a t e d t o the m o l e c u l a r o r b i t a l s o f a t r a n s i t i o n m e t a l 
complex, r a t h e r than t o the charge d i s t r i b u t i o n on the i n d i v i d u a l 
atoms, as i s done i n the m u l t i p o l e model. In such a f o r m a l i s m the 
o v e r l a p d e n s i t y i s d i r e c t l y r e l a t e d t o the o r b i t a l p o p u l a t i o n s , and 
does not have t o be p r o j e c t e d i n t o the o n e - c e n t e r f u n c t i o n s . 

For a metal o r b i t a l φ and a l i g a n d o r b i t a l χ the m e t a l - l i g a n d 
bonding and a n t i - b o n d i n g o r b i t a l s can be w r i t t e n as (20) : 

φ = [1 + Y 2 + 2 Y S ] " 1 / 2 ( x • Υφ) 

φ*= [1 - 2XS + λ 2 ] " 1 / 2 { φ - λ χ } (8) 

λ = ( γ • s ) / d • YS) 

1 2 
In the d o case o f a s i n g l y - o c c u p i e d metal d - o r b i t a l 

i n t e r a c t i n g w i t h a doubly occupied l i g a n d o r b i t a l (which i n g e n e r a l 
w i l l be a symmetry-adapted l i n e a r combination o f atomic o r b i t a l s , 
see Table VI) the charge deformation can be w r i t t e n as ( 2 1 ) : 

6 p c = ( S 2 + Υ 2 ) φ 2 • ( S 2 - Y 2 - 2 Y S ) X
2 + 2(Y - S H x - 2S3*x -

2 Υ 3 φ χ - 4 Υ ^ χ (9) 

Thus the magnitude o f the o v e r l a p term depends on the r e l a t i v e 
v a l u e s o f the mix ing c o e f f i c i e n t Y and the o v e r l a p i n t e g r a l S . For 
the s p i n deformation d e n s i t y we o b t a i n w i t h the same f o r m a l i s m , 
e x c l u d i n g s p i n p o l a r i z a t i o n : 

6 s ° = ( S 2 - Υ 2 ) φ 2 • ( S 2 • Y 2 • 2 Y S ) x 2 - 2(Y + S H x - 2 Υ 3 φ χ 

• 4 Υ 2 5 φ χ - 2 5 3 φ χ (10) 

In the s p i n deformation d e n s i t y the f i r s t - o r d e r o v e r l a p e f f e c t 
i s dependent on Y + S, r a t h e r than on Y - S. I t i s t h e r e f o r e more 
pronounced than i n the case o f the charge d e n s i t y . I t f o l l o w s t h a t 
a m o l e c u l a r o r b i t a l formalism i s most l i k e l y t o be p r o d u c t i v e i f 
a p p l i e d to a combination o f X - r a y data on the charge d e n s i t y and 
p o l a r i z e d neutron data on the m a g n e t i z a t i o n d e n s i t y . 

In order t o t e s t such an a p p l i c a t i o n we have c a l c u l a t e d the 
s p i n and charge s t r u c t u r e f a c t o r s from a t h e o r e t i c a l wave f u n c t i o n 
o f the i r o n ( I I I ) h e x a a q u o i o n by Newton and coworkers ( 2 2 ) . T h i s 
wave f u n c t i o n i s o f double z e t a q u a l i t y and assumes a f r o z e n c o r e . 
S i n c e the d i s t r i b u t i o n o f the α and the β e l e c t r o n s over the 
components o f the s p l i t b a s i s s e t i s d i f f e r e n t , the c a l c u l a t i o n goes 
beyond the RHF a p p r o x i m a t i o n . A c r y s t a l was s i m u l a t e d by p l a c i n g 
the complex i o n i n a 10x10x10Â c u b i c u n i t c e l l . Atomic s c a t t e r i n g 
f a c t o r s a p p r o p r i a t e f o r the r a d i a l dependence o f the Gaussian b a s i s 
s e t were c a l c u l a t e d and used i n the a n a l y s i s . 

For m o d e l l i n g purposes the m o l e c u l a r d e n s i t y i s s u b d i v i d e d i n a 
paramagnetic a p a r t d e s c r i b e d by the m o l e c u l a r o r b i t a l f o r m a l i s m , 

and a diamagnetic b p a r t f o r which the m u l t i p o l e f o r m a l i s m i s 
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r e t a i n e d ( 2 0 ) . The r a t i o n a l f o r t h i s s e p a r a t i o n i s t h a t the s t r o n g 
covalency and the atomic valence s h e l l s c a t t e r i n g i n the water 
molecule (and i n other molecules as w e l l ) are not w e l l d e s c r i b e d by 
the minimal b a s i s s e t based MO formal ism a p p l i e d t o the paramagnetic 
m o l e c u l a r fragment. 

In the f i n a l model t e s t e d the α and β d e n s i t i e s a r e g i v e n by: 

ρ s ρ b • Σ {|ψ I 2 • |φ *|2} • Σ {|φ I 2 + |φ *|2} 
ο ι 

Ρβ = Ρ β 1 > + ί : { Ι < , ο Β | 2 + ί : | φ « β | 2 } 

0 11 

w i t h p a
b = p 8

b . 

These f u n c t i o n s account f o r 15 e l e c t r o n s (10 i n the bonding and 
5 i n the a n t i b o n d i n g o r b i t a l s ) , w h i l e the remaining 38 v a l e n c e 
e l e c t r o n s occupy the m u l t i p o l e f u n c t i o n s o f the b p a r t . The f i v e β 
e l e c t r o n s a r e r e s p o n s i b l e f o r the bond p o l a r i z a t i o n , as the 10 α 
e l e c t r o n s i n the M.O f s e q u a l l y occupy bonding and a n t i b o n d i n g 
o r b i t a l s and g i v e n e i t h e r s p i n nor charge t r a n s f e r . The m o l e c u l a r 
o r b i t a l s φ Λ m a r e d e f i n e d i n Table V I . ο , π 

Table V I . Symmetry O r b i t a l s 

MO NORMALIZATION METAL d LIGAND s a LIGAND p ( x , y , z ) b 

°1 ( 2 4 ) ~ 1 / 2 \2 2s^2s^82'S^s^s^ 2z^-2z Ί + Χ 2 ~ χ 5 

°2 < 8 Γ 1 / 2 

*1 1/2 
d x y 

y 2 - y 5 + x 3 - x 6 

f 2 1/2 
d x z z 2 " z 5 + x i " x 4 

f 3 
1/2 

a . s^ r e p r e s e n t s s - o r b i t a l t h 
on the k oxygen atom. 

b. x k , y k , z k represent 2 ρ χ , 2p^, 2 p z o r b i t a l s r e s p e c t i v e l y , on the 

t h 
k oxygen atom. 

The a d j u s t a b l e parameters t o be ' r e t r i e v e d ' from the s t r u c t u r e 
f a c t o r s are the mixing c o e f f i c i e n t s λ and Y i n ( 8 ) , the 3d and 4s 
e l e c t r o n κ - p a r a m e t e r s o f both the α and β d e n s i t i e s , and the 
parameters o f the m u l t i p o l e model f o r the diamagnetic fragment. 
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Detailed results of the test refinements are given in ref. 
(19)> They show that the charge density can be fitted, and that the 
orbital populations, net atomic charges and the bond-polarization of 
the theoretical calculation can be retrieved with this 'minimal-
number -of -parameters 1 model. 

This work is to be followed by an analysis of an experimental 
set of intensity data obtained with both the X-ray and polarized 
neutron techniques. This will allow application of the formalisms 
described above, and a direct comparison of experimental charge 
density parameters with theoretical results. 

Concluding Remarks 

The X-ray method is able to provide information on the detailed 
electronic ground state of transition metal complexes. As the 
agreement with EH results for the d-orbital populations of the 
bipyridyl complex indicates, a quick calculation may often provide 
answers which can only be obtained with much effort from the 
experiment. However, as illustrated for the four-coordinated Fe 
porphyrins and phthalocyanins, situations occur in which the 
independent X-ray evidence is invaluable. The combination with 
polarized neutron data is powerful, but requires the availability of 
large, good quality crystals. With further improvements in neutron 
source intensities this limitation should become less important. 
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Chapter 5 

Modeling the Structure and Reactivity 
of Transition Metal Hydride Complexes 

Self-Consistent Field and Complete Active Space 
Self-Consistent Field Studies 

A. Dedieu and V. Branchadell 
Laboratoire de Chimie Quantique, ER 139 du Centre National 

de la Recherche Scientifique, Université Louis Pasteur, F-67000 
Strasbourg, France 

SCF and CAS SCF calculations on mono and bimetallic transition 
metal hydride complexes are reported. The importance of including 
the non dynamical correlation effects for the study of the cis-trans
isomerism in dihydrido complexes and for the study of the CO inser
tion reaction into the metal hydride bond is stressed. The metal to 
metal hydrogen transfer in a class of bimetallic d 6 - d 8 hydride com
plexes is analyzed and the feasibility of the transfer discussed as a 
function of the coordination pattern around the two metal centers. 

Transition metal hydride complexes are involved in many stoichiometric or catalytic 
transformation reactions of organic substrates mediated by transition metal com
plexes. In many instances a hydrogen transfer step, cither intramolecular or 
intermolccular, is involved. They arc of course various forms that this transfer may 
take: the ligand insertion reactions into the metal hydride bond may be, at least 
formally, regarded as hydride transfer from the metal to the ligand. Other reduction 
processes involve radical intermediates resulting from hydrogen atom transfer with 
or without previous electron transfer. Late transition metal hydrides can behave as 
acids in proton transfer reactions. Metal to metal hydrogen migrations which have 
been observed in several di- or polynuclcar complexes form also another class of 
hydrogen transfer reactions that help to bridge the gap between homogeneous and 
heterogeneous catalysis. 

Hence a detailed knowledge of the mechanisms of these transfers is of critical 
importance. One may expect that theoretical studies by focusing on the electronic 
structure of transition metal hydride complexes and on the electronic factors which 
control their hydrogen transfer ability will deepen our understanding of these 
processes. One may worry however about the criteria that the corresponding cal
culations should meet to achieve this goal. This is especially true for reactions in 
which a metal to hydrogen bond, which is essentially covalent, is broken. We report 
here the results of our own studies in this field, analyzing from this dual point of view 
some hydride transition metal carbonyl complexes and hydrogen transfer reactions. 
We shall first examine the influence of the non dynamical correlation on the struc
ture and reactivity of hydrido transition metal complexes, focusing on the cis-trans 
isomerism in H 2Fe(CO) 4 and on the CO insertion reaction into the metal hydride 
bond. The feasibility of this latter reaction will be briefly discussed in the context 

0097-6156/89/0394-0058$06.00/0 
c 1989 American Chemical Society 
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5. DEDIEU & BRANCHADELL Transition Metal Hydride Complexes 59 

of other insertion reactions, such as the C 2 H 4 or C 0 2 insertion reaction. Our final 
concern will be with the hydrogen transfer between two metallic centers in d 6 — d 8 

binuclear complexes. 

Ilydrido Transition Metal Carbonyls: SCF and CAS SCF Calculations. 

The cis-trans isomerism problem of H 2 Fc(CO) 4 arose in the course of a study of the 
relative thermodynamics of the CO insertion into the metal hydride and methyl 
bonds of the H(CH 3)Fe(CO) 4 system (1). To our surprise the trans isomer turned 
out to be, at the SCF level, more stable than the cis one. Further calculations 
showed that for related systems involving two σ donor ligands such as 
Fe(CO)4(CH3)(COOH) or H 2 Fc(CO) 4 , SCF calculations invariably yielded the trans 
isomer as the most stable one, at odds with most experimental evidence: the electron 
diffraction structure of H 2 Fc(CO) 4 (2) points to a cis disposition of the two hydrides, 
see 1. Infrared and Raman spectra (3-5) also indicate a ground state cis confor
mation, although 1 3 C N M R and lll -coupled 1 3 C N M R variable temperature 
spectra (6) suggest that an intramolecular carbonyl averaging process might involve 
the trans conformation 2. The SCF calculations carried out for both isomers 1 and 
2 also failed to give Fe-C bond lengths in reasonable agreement with the 
experimental values obtained from the electron diffraction structure. This result is 
not peculiar to the H 2Fe(CO) 4 system, being also characteristic of other transition 
metal carbonyl complexes (7-10). More particularly Luthi et al. have shown that the 
inclusion of electron correlation (especially non-dynamical correlation) greatly 
improves the description of the metal to carbonyl bonds (10). To what extent such 
an improvement influences the relative stability of both isomers has therefore to be 
assessed. It is interesting to note in this context that previous theoretical studies 
pertaining to H 2 P t L 2 square planar platinum dihydrido complexes, having 
phosphine rather than carbonyl ancillary ligands, also ended up with the same 
conclusion, i.e. a thcrmodynamical preference for the trans isomer at the SCF level 
(11-12). The 23 kcal/mol computed energy difference for the H 2 Pt(PMe 3 ) 2 system 
(11) is not in line with the observation of a cis-trans equilibrium involving 20% of 
the cis isomer in a toluene solution (]_3).The energy difference amounts to only a few 
kcal/mol in the H 2 Pt(PH 3 ) 2 system (11-12) and the ordering of the two isomers is 
reversed when electron correlation is included through CI calculations (12). We 
therefore tried out in a comparative study (|4) of 1 and 2 to understand why SCF 
calculations in these dihydrido complexes seemed to be systematically biased against 
the cis isomer and to find out the requirements to achieve a balanced description of 
both isomers. 

As far as the basis set is concerned, increasing its quality from split valence to 
double zeta does not lead to any improvement of the situation: a slight increase in 
the energy difference was found on going from a (14,9,6/9,5/6) set of primitives 
contracted to < 6,4,3/3,2/3 > for the iron atom, the first row atoms and the 
hydrogen atom respectively, to the (14,11,6/10,6/6) < 8,6,3/4,2/3 > basis set (14). 
The addition of a ρ polarisation function on the hydrogen atom decreased this value 
somewhat, down to 1.8 kcal/mol, but in every case the trans isomer remained the 
most stable one (J4). 

CAS SCF calculations were therefore performed with the split valence basis set 
incremented by a ρ polarisation function on the hydrogen atoms. Two different sets 
of active orbitals were considered. The first one was designed to account for the 
d7r -• π* back donation and was therefore restricted to the π type valence orbitals. 
The three 3d7r orbitals, which are strongly occupied, were each correlated by two 
weakly occupied orbitals, owing to the mixed 4d7r and nçQ character of these weakly 
occupied orbitals. This 3-f6 set of active orbitals referred to as CAS SCF-6 is 
populated by 6 electrons. The second set, hereafter referred as CAS SCF-12, took 
into account both σ and π correlation effects. Twelve electrons were correlated and 
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5. DEDIEU & BRANCHADELL Transition Metal Hydride Complexes 61 

twelve orbitals were made active. These orbitals correspond primarily to the 
bonding and antibonding orbitals of the Fe 3d and 4p z orbitals with the appropriate 
symmetry combinations of the carbonyl and hydride ligands (]4). In order to reduce 
the number of configurations the number of electrons in each symmetry was fixed. 
We checked (14) that this restriction is justified. 

The improvement brought up by the inclusion of the near degeneracy 
correlation: effects is quite substantial. As seen from Table I, the ordering is already 

Table I. Total (in a.u.) and relative (in kcal/mol) SCF and CAS SCF 
Energies for both Isomers 

Cis Trans AE(Cis-Trans) 

SCF -1711.3795 -1711.3823 1.8 
CASSCF-6 -1711.4973 -1711.4959 -0.9 
CASSCF-12 -1711.6477 -1711.6378 -6.2 
CAS SCF-12/opt/c -1711.6500 -1711.6393 -6.7 

c with Fe-C bond length optimized at the CAS SCF-12 level 

inverted at the CAS SCF-6 level , but the improvement is quite small. The major 
effect arises from the inclusion in the active space of orbitals allowing for the 
correlation of σ bond electrons, the trans isomer now lying 6.2 kcal/mol below the 
cis isomer (or 6.7 kcal/mol when the Fe-C bond lengths are optimized). In fact, it 
is the correlation of the electrons involving the d^ and ά"σ orbitals which is 
necessary in order to obtain the correct ordering of the two isomers: CAS SCF cal
culations carried out with a set of 10 active orbitals (involving the bonding and 
antibonding orbitals between the d orbitals and the appropriate symmetry combi
nations of the ligand orbitals) yield the cis isomer more stable than the trans by 10.8 
kcal/mol instead of 0.9 in the CAS SCF-6 calculations, where only the άπ correlation 
is taken into account. This energy difference of 10.8 kcal/mol is too large however. 
This is due to the fact that both the a g and au combinations of the two hydrogen s 
orbitals are correlated in the cis isomer (by ά'σ and ά"σ respectively) , whereas only 
<7g is correlated in the trans isomer (the CAS SCF-10 active space, being set up after 
the bonding and antibonding combinations made by the d orbitals, includes <7g and 
d^ but not ou and its correlating counterpart 4p z ). The CAS SCF-12 calculations 
correct for this inbalance. Our results therefore indicate that a proper description of 
the Fe-H σ bonds, which are essentially covalent in nature (15-16), is needed to 
account for the conformational isomerism problem. This is best achieved by 
including in the active space the orbitals accounting for the Fe-H σ* bonds, i.e. the 
orbitals predominantly of d^ and ά"σ character in the cis isomer and those 
predominantly of ά'σ and 4p z character in the trans isomer. The strongest correlating 
effect is provided by the orbitals involving the metal d AO's, as exemplified by the 
values of 0.074 and 0.038 found Q4) for the respective occupations of the ά"σ - ou 

orbital (in the cis isomer) and 4p z — au orbital (in the trans isomer). 
An alternative but equivalent way of rationalizing is to consider that the two 

isomers 1 and 2 result from the interaction of two hydrogen atoms with the 
Fe(CO)4 fragment in either a C 2 v geometry (for 1 ) or a D 4 h geometry (for 2 ), and 
not from the interaction of two hydrides with a d 6 Fc(CO)J+ fragment. One has 
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62 THE CHALLENGE OF d AND f ELECTRONS 

therefore to spin pair the two Is hydrogen electrons with the two unpaired electrons 
of the corresponding 3 B 2 (for the C 2 v fragment) and 3 A 2 u (for the D 4 h fragment) 
triplet states. The lower energy computed for the 3 B 2 triplet state , -1710.4322 a.u. 
vs. -1710.4071 a.u. for the 3 A 2 u triplet state, accounts well for the preference of cis 
isomer (these values are obtained from CAS SCF calculations carried out with a set 
of 8 active orbitals populated by the 6 π electrons and the two unpaired electrons). 

The inclusion of both σ and π correlation effects is also necessary to obtain a 
reasonable iron to carbonyl bond length, sec Table II. The shortening observed on 

Table II. SCF, CAS SCF-6 and CAS SCF-12 Optimized Fe-C Bond Length (in A ) 
for the Cis and Trans Isomers of H 2 Fc(CO) 4 

Calculation Cis Trans 

SCF 1.97-2.043 

the axial and equatorial bond lengths were optimized independently at the SCF level 

going from the SCF to the CAS SCF-6 level is traced, as in Fe(CO)5 (10), to a better 
description of the π back donation at the CAS level. The further shortening obtained 
at the CAS SCF-12 level (which includes antibonding metal to ligand σ* type 
orbitals) is traced to the involvement in the CAS SCF-12 wavefunction of configu
rations corresponding to cross excitations between σ and π type orbitals which 
result in a marked increase in σ donation, again as in Fe(CO)5 (10). 

The above discussion therefore points to the covalcnt character of the metal 
hydride bond in H 2Fc(CO) 4 . This has also been stressed by Goddard et al. for the 
square planar palladium and platinum dihydrides (15-16) and ΜΗ"1" systems (M = Ca 
through Zn) (17). Yet it is known that transition metal hydrides are not restricted 
to react through a radical mechanism but that they most often work as hydride 
donors or proton donors. Although this reactivity pattern is largely determined by 
the counter ion present, the solvent used and the stability of the conjugate base or 
acid left by the departure of a proton or of a hydride (18-20), it may be of interest 
to compare the electronic structures, especially the nature of the M-H bond, in a 
series of transition metal hydrides. We therefore extended our study of the 
H 2Fe(CO) 4 system to the HMn(CO) 5 , MCr(CO)5 and trans HCr(CO)4(NO) systems 
which are all isolcctronic and display the same octahedral geometry. Additional cal
culations were also performed on the HFe(CO) 4 system. The choice of the nitrosyl 
complex was dictated by the recent synthesis of trans-NO hydride complexes of 
tungsten (2J_) which, from spectroscopy and reactivity characteristics, were found to 
have a weak metal to hydride bond with a strong hydrido character for the hydrogen 

For the SCF and CAS SCF calculations the same basis set as for the 
II 2Fe(CO) 4 system was used. The CAS SCF calculations were of the CAS SCF-10 
and CAS SCF-12 type described above and the number of configurations was again 
reduced by fixing the number of electrons in each symmetry. Since the CAS SCF-12 
results do not differ significantly from the CAS SCF-10 results, as far as the metal 
to hydrogen bond is concerned, we report here only the results for the smallest of 

CAS SCF-6 
CAS SCF-12 

1.90 
1.87 

1.94 
1.855 

(22-23). 
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5. DEDIEU & BRANCHADELL Transition Metal Hydride Complexes 63 

these two sets. We first note that on going from SCF to CAS SCF the s population 
of the hydrogen atom decreases.This is correlated by an increase in the 3d 2 popu
lation (Table III). This merely results from a transfer in the CAS SCF wavefunction, 

Table III. Selected SCF and CAS SCF Populations 
for Hydrido Carbonyl Systems 

SCF CAS SCF-10 

3d z 2 Hi 3d z 2 

HCr(CO) 4(NO) 0.827 0.780 0.832 0.854 
HCr(CO)5 1.002 0.701 0.945 0.826 
HFe(CO) 4 1.115 0.785 0.960 1.029 
HMn(CO) 5 0.802 0.814 0.739 1.022 
H 2Fe(CO) 4 0.931 1.131 0.819 1.345 

of electrons from an orbital more localized on the hydrogen atom (sH + c3dz2) to an 
orbital more localized on the metal atom (3d z 2 —esjj). More interesting is the fact 
that the s H and 3dz2 populations do not show a regular trend along the series. This 
was not unexpected and has been noted by others (19-20). In particular the 
HCr(CO)4(NO) system does not appear, when using this criterion, to be much 
different from the HMn(CO) 5 system, especially at the SCF level, and does not 
display a strong hydridic character, at least something which would be comparable 
to HCr(CO)5 as experimentally suggested (21-23). A better index of hydridic 
character is provided by the relative contribution (normalized to unity) of the SJJ and 
3dz2 populations to the two active orbitals involved in the metal-hydrogen bond, the 
character of which is essentially [su + c3dz2) and (3d ? 2 - £ S H ) . One now finds (Table 

Table IV. Hydrogen and Metal Atomic Orbital Contribution to the two Active 
Orbitals Involved in the Metal Hydrogen Bond 

CAS SCF-10 

3d z 2 4s 4p z 

28.9 41.3 2.4 5.7 
26.8 39.7 2.0 4.3 
27.6 50.6 0.7 4.6 
21.9 49.5 2.6 10.7 
13.1 64.0 3.8 0.0 

HCr(CO) 4(NO) 
HCr(CO)5 
HFe(CO) 4 

HMn(CO) 5 

H 2Fe(CO) 4 
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64 THE CHALLENGE OF d AND f ELECTRONS 

IV) a close similarity between HCr(CO)j and HCr(CO)4(NO) (which is also reflected 
in the occupation number of the two natural orbitals involving s H (Table V)). The 
relative high ratio between s H and 3dz2 in these two systems as compared to 
HMn(CO) 5 and H 2Fe(CO) 4 accounts for the tendency of the two Cr systems to 
behave as hydride donors. On the other hand the smaller value of the s H / 3d 2 ratio 
in the HFe(CO)4, HMn(CO) 5 and H 2Fe(CO) 4 systems is in line with their known 
acidity. Interestingly the value of this ratio roughly follows the acidity scale of these 
three systems (24). 

Another salient feature of these hydrido metal carbonyl systems is the 
underestimation, at the SCF level, of the d7r n*co back donation which we have 
already mentioned. This is not peculiar to the hydrido carbonyl complexes and has 
already been noted in many other carbonyl complexes (7-10,25,26). It is best 
evidenced by the orbital occupation number of the dn orbitals (Table V) which range 
between 1.91 and 1.94e, with the noticeable exception of the HCr(CO)4(NO) system 

Table V. Orbital Character and Occupation for the Hydrido Carbonyl 
Complexes obtained from the CAS SCF-10 Calculations 

HCr(CO)4(NO) HCr(CO)5 HFe(CO)4 HMn(CO) 5 H 2Fe(CO) 4 

3 d * a x 

s H +4 3d'„ * 
aL + 3 d " , 

3d", - ov «.b 
4 d*ax/*ÇO 
4<* π

βς/ πϋΟ 

a 3 d ' ( T and 3 d " , are the axial (3d z 2) and equatorial d, orbitals respectively 
b <7L stands for the symmetry combination of the CO ligands interacting with 3 d " , 

1.839 1.911 1.922 1.921 1.943 
1.918 1.915 1.910 1.921 1.933 
1.961 1.960 1.934 1.942 1.927 
1.975 1.974 1.911 1.968 1.960 

0.039 0.040 0.069 0.057 0.072 
0.025 0.026 0.089 0.033 0.040 
0.161 0.089 0.077 0.079 0.057 
0.082 0.085 0.089 0.079 0.067 

where the strong π* acceptor character of the NO ligand leads to an important 
decrease of the d7r population. That the HCr(CO)5 system is not much different from 
the HMn(CO) 5 system, as far as the π back donation is concerned, may be surprizing 
since one would expect an anion to be much more efficient for the π back donation. 
But this agrees well with the experimentally known strong π back donation ability 
of manganese in Mn(I) complexes (27). 

In all the compounds studied here the H F ground state wavefunction is the 
dominant configuration. Its weight in the CI expansion ranges from 80% in 
HCr(CO)4(NO) to 87% in H 2Fe(CO) 4 , thus implying that the gross features of the 
reactivity of these complexes can be explained through thj consideration of the H F 
wavefunction but that the energetics may be influenced by the inclusion of the non 
dynamical correlation. This is best exemplified by our results on the CO insertion 
reaction into the metal hydride bond. 
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5. DEDIEU & BRANCHADELL Transition Metal Hydride Complexes 65 

The Ligand Insertion Reaction into the Metal Hydride Bond 

The CO insertion reaction into the metal hydride bond is in fact a member of the 
class of ligand insertion reactions to which much theoretical work has been devoted 
(28,29-35). Some years ago we analyzed the ethylene insertion into the rhodium 
hydride bond of a Rh(III) hexacoordinated complex (36). We later focused our at
tention on the CO insertion reaction into the Mn-H bond of HMn(CO) 5 (37-39) and 
very recently we have undertaken the study of the C 0 2 insertion reaction into the 
Cr-H bond of HCr(CO)5 (C. Bo and A. Dedieu, Inorg. Chem., in press). We will 
concentrate here on the CO insertion reaction and compare it to the two other in
sertion reactions. The study of the reaction (1) was carried out at both the SCF and 

HMn(CO) 5 - Mn(CO)4(CHO) Mn(CO)5(CHO) (1) 

SD-CI levels within a limited set of active orbitals (37). From this study we were able 
to show that this reaction docs indeed correspond to a hydride migration rather than 
to an actual CO insertion and this was rationalized (38) by considering orbital 
interactions in the vicinity of the transition state between the putative formyl ligand 
and a d 6 C 2 v square pyramidal Mn(CO)J fragment. More specifically the HOMO, 
sketched in 3a , was shown to correspond to a two electron stabilizing interaction 
between the doubly occupied s H + UQQ — 5°co orb>ital of CHO~ (in fact its HOMO) 
and the empty d 2 2 orbital of Mn(CO)^. On the other hand a CO migration led 
(see 3b ) to a four electron destabilizing interaction between s H + π^ ο — ^Gco a n d 

the occupied dyZ orbital. Replacing Η by another σ donor ligand such as C H 3 would 
not modify appreciably this picture and this is why the CO insertion into the metal 
methyl bond also involves a methyl migration. The isolobal analogy (40) between 
d 6 C 2 v M L 4 and d 8 C 2 v M L 2 fragments also explains easily why the same 
feature was found by Koga and Morokuma in their study of the CO insertion into 
the metal methyl bond of Pd(PH3)(CH3)(H)(CO) (31) 

An interesting feature of the theoretical study of reaction (1) is the importance 
of the electron correlation, especially of the non dynamical type, on the energy pro
file. For the insertion step (2), truncated CI calculations led to an increase of the 

HMn(CO) 5 Mn(CO)4(CHO) (2) 

reaction energy from 10.5 kcal/mol at the SCF level to 38.4 kcal/mol at the CI level 
(37). This latter value was found to be in fair agreement with an estimated value of 
39 kcal/mol obtained from gas phase data (38). It also agrees with the HFS- Χα va
lue obtained later by Ziegler et al (30). SD-CI calculations carried out for the bare 
HMnCO and MnCHO systems, reaction (3), using the same geometries as in the 

H M n C O M n C H O (3) 

molecular system and allowing for all single and double excitations from all occupied 
valence orbitals to all virtual orbitals led to a similar increase from 2.3 to 23.3 
kcal/mol. A CAS SCF study of the reaction (3) suggested later that these results 
could be traced to the neglect of near degeneracy correlation effects (39). The CAS 
SCF energy curve was also highly endothermic and roughly parallel to the SD-CI 
curve. An analysis of the corresponding CAS SCF wavefunctions indicated (39) that 
the greater energy lowering obtained for HMnCO (as compared to MnCHO) arose 
essentially from an improved description of the d^ -> n*co back donation which is 
quite substantial for the hydrido carbonyl HMnCO, but much less effective for the 
formyl product MnCHO. 

A similar analysis of the (HPdCO)+ -* (PdCHO)+ reaction (39) showed that in 
these systems, and in agreement with known experimental data (41), the άπ -* π £ ο 
back donation effects are rather weak and that they should not interfere significantly 
in the theoretical description of insertion reactions involving Pd(II) transition metal 
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66 THE CHALLENGE OF d AND f ELECTRONS 

complexes. The calculations of Koga and Morakuma (31) did indeed exhibit a 
decrease of the endothermicity when going from the SCF to the MP2 level. 

One should mention however that our conclusions have been very recently 
questionned by Axe and Marynick (42) who carried out calculations on the reaction 
(3) with various basis sets ranging from split valence to double zeta quality, with and 
without polarization functions on C, Ο and Η atoms. They found a marked increase 
in the endothermicity value on going from the unpolarized basis sets ( values ranging 
between 8.7 and 15.2 kcal/mol ) to the polarized basis sets (with values between 19.5 
and 25.2 kcal/mol, i.e. close to our SD-CI values). We have now carried out calcu
lations adding to our original split valence basis set polarization functions on C, Ο 
and H. One polarized set includes the two sets of polarization functions ( a d = 0.920 
and 0.256 for the carbon atom, a d = 1.324 and 0.445 for the oxygen atom and a p = 
1.40 and 0.26 on the hydrogen atom (43)) used by Axe and Marynick. The second 
one includes a single set of polarization functions (with a d =0.63, 1.33 and a p =0.8 
for C,0 and Η respectively (44)). SD-CI calculations including again all single and 
double excitations from all occupied valence orbitals to all virtual orbitals were 
performed with this second polarized basis set. The results are summarized in Table 
VI. As found by Axe and Marynick there is indeed a basis set polarization effect, 

Table VI. Total (in a.u.) and relative (in kcal/mol) SCF and SD-CI 
Energies for the HMnCO and MnCHO Systems 

HMnCO MnCHO ΔΕ 

SV a /SCF -1260.5374 -1260.5338 2.3 
SVP b /SCF -1260.6073 -1260.5890 11.5 
SVDP C /SCF -1260.6210 -1260.5988 13.9 
SV/SD-CI -1260.8540 -1260.8169 23.3 
SVP/SD-CI -1261.0070 -1260.9633 27.4 

a SV = split valence basis set; b SVP = SV basis set + one set of ρ and d polarization 
functions on H, C and O; c SVDP = SV basis set + two sets of ρ and d polarization functions 
on H, C and Ο 

the SCF endothermicity increasing from 2.3 kcal/mol (with the unpolarized basis set) 
to 13.9 and 11.5 kcal/mol (with two and one polarization function respectively). One 
may wonder however, whether some artefact has not been introduced by an 
inbalance resulting from the lack of f polarization functions on the metal atom. 
Moreover the SD-CI calculations lead to an additional increase in the 
endothermicity (of about 16 kcal/mol) pointing again to the importance of the near 
degeneracy correlation effects. A recent study by Carter and Goddard (45) for the 
C H 2 insertion into the Ru-H bond of ClRu(H)(CH2) also stresses the importance 
of removing the H F deficiency in describing transition metaMigand π bonds. 
Interestingly the calculations of Rappé on the Cl2ScII + CO -* Cl 2Sc(CHO) reaction 
(33) indicate that polarization functions on the ligand lower the energy of the 
reactants more than the energy of the product by 7 to 11 kcal/mol. and that the 
inclusion of electron correlation does not affect the results markedly. But this is 
understandable from the fact that in this formally d° metal complex there cannot be 
any substantial π back bonding. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
5

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



5. DEDIEU & BRANCIIADELL Transition Metal Hydride Complexes 67 

That the wavefunction in these systems is nevertheless dominated by the H F 
wavefunction allows us to rationalize their chemical reactivity through the 
consideration of the molecular orbitals of the rcactants, products and transition 
state. We have already seen that the shape of the HOMO at the transition state of 
reaction (1) was consistent with a hydride migration and not with a true CO inser
tion. An even better example of the use of the molecular cioital approach is provided 
by the comparison of the three insertion reactions which we have studied, the CO 
insertion into the Mn-II bond of HMn(CO) 5 , the C 2 H 4 insertion into the Rh-H 
bond of H2Rh(PH3)3(C2H4) and the C 0 2 insertion into the Cr-H bond of 
HCr(CO)5. These three reactions involve a d 6 hcxacoordinated transition metal 
atom. But the CO insertion into the metal hydride bond is not experimentally 
observed (46), contrary to the two other insertion reactions which are facile (47,48). 
The corresponding HOMO's at the transition state or in the vicinity of the transition 
state are sketched in 3a , 4 and 5 respectively. All three correspond to a two electron 
stabilizing interaction between the empty d 2_ z 2 orbital of the M L 4 C 2 v metal 
complex fragment and the doubly occupied orbital of the ligand (either formyl, ethyl 
or formiate ). This interaction is stronger however in 4 and 5 as the result of a better 
overlap with the upper lobe of the d 2 _ 2 orbital. It therefore accounts for the 
experimental findings. y Z 

The Hydrogen Transfer between two Metallic Centers 

Despite the frequent observation of metal to metal hydrogen transfer in polymetallic 
hydrides, little is known about the actual mechanism of this process. Whether or not 
a rearrangement of the ligand framework occurs, is very often difficult to assess 
experimentally. It was not until very recently that both a bridged hydrido and a 
terminal hydrido coordination mode involved in a bridge-terminal equilibrium have 
been characterized by an X-ray crystal structure in a series of iron-platinum 
bimetallic hydride complexes (49). A similar process is also believed to occur in 
bimetallic d 6 - d 8 rhodium hydride complexes in which the two metal centers are 
linked by two bridging ligands (either H (50) or SR bridging ligands (51_)). In this 
latter case however, the process goes until completion, a terminal hydrogen being 
transferred from one metal center to another one. Metal to metal hydrogen transfer 
is also a likely step of hydrogénation (50,52,53) or hydroformylation, reactions 
(54,55) homogeneously catalyzed by these bimetallic complexes. In an attempt to 
assess the mechanistic details of the transfer, we chose the H 4 Rh 2 (PH 3 ) 4 system ( see 
6 of Figure 1, L = P H 3 ) as a prototype and tried to answer the following questions: 
(i) does the transfer proceed directly without major geometry relaxation, except the 
puckering of the inner core (path (A) of the Figure 1), which is quite easy since it is 
- from our calculations - slightly exothermic by 0.6 kcal/mol; or (ii) does it involve 
a rearrangement around the d 8 metal center - as suggested experimentally - from a 
square planar to a trigonal pyramid geometry (path (B) of Figure 1)? and (iii) how 
does the coordination of an extra ligand to the d 8 moiety affect the basic features 
of this transfer (path (C) of the Figure 2)? This is a rather important issue since the 
coordination of an alkene (or an alkyne) is supposed to occur in the catalytic 
reactions mentioned above. 

SCF and CAS SCF calculations were therefore carried out on the 
H 4 Rh 2 (PH 3 ) 4 and H 4 Rh 2 (PH 3 ) 5 model systems for representative structures of the 
three pathways A-C ( see 6-15 of the Figure 1, L= P H 3 ) (56). The use of a 
multiconfigurational approach was required in order to describe properly the metal 
hydrogen bond dissociation/bond formation processes, which not only occur 
simultaneously on both rhodium atoms but are in some instances associated with a 
diradical character of the resulting species (vide infra). Idealized geometries (the 
details of which may be found in the original publication (56)) rather than optimized 
ones were used and the geometry of the II[Rh^ — H)(PH 3 ) 2 ] 2 framework was frozen 
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Figure 1. Three possible pathways for the hydrogen migration process 
Η2Κ\\2(μ — H) 2 L 4 , (L = PH3). (Reproduced with permission from Ref. 
Copyright 1988 Gauthier-Villars.) 
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Figure 2. Schematic orbital correlation diagram for the hydrogen transfer 
between 7 and 9. Only the in-plane valence orbitals have been represented. 
(Reproduced with permission from Ref. 56. Copyright 1988 Gauthier-Villars.) 
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5. DEDIEU & BRANCHADELL Transition Metal Hydride Complexes 71 

in the puckered geometry. This is of course a limitation of our study, but 
optimization was precluded by the size of the systems and the necessity to carry out 
multiconfigurational type calculations. On the other hand, the CAS SCF calcu
lations yield reasonable estimates of the energy profiles of the three pathways Λ, Β 
and C of Figure 1. Our results should therefore be considered as semi quantitative. 

The following basis set was used throughout the calculations: For the Rh 
atom a (15,10,8) set of primitives derived from a (15,9,8) set (57) by adding a diffuse 
ρ function of exponent 0.15 was contracted to < 6,4,4 >. For the PH3 ligands the 
(11,7) and (4) sets of primitives (58,59) for the phosphorus and hydrogen atoms were 
contracted to <4,3> and <2>. A somewhat more flexible basis set, namely (6) 
contracted to < 3 > (59) was chosen for the hydrogen atoms bound to Rh. 

The Pathway A. A clear picture of this pathway is provided by the corresponding 
orbital correlation diagram for the most important valence levels, see Figure 2. This 
diagram is characterized, in addition to an avoided crossing between the two highest 
occupied levels, by a near degeneracy of the product HOMO and the product 
LU Μ Ο which are both primarily of dz2 character, but on a different metal center. 
One has here the molecular orbital representation of a diradical character (60) for 9 
and one needs therefore an MC-SCF wavefunction based on the six orbitals sketched 
on Figure 2 to account properly for the reaction path between 7 and 9. The residual 
interaction between the s orbital of the transferred hydrogen and the d z2 orbital of 
the first rhodium atom (see the arrows on the correlation diagram) prevents a 
complete degeneracy of these two levels and hence a pure diradical character is not 
obtained. The partial diradical character of 9 is best illustrated by the value of 0.37 
found for the CI expansion coefficient of the configuration corresponding to a dou
ble excitation from the HOMO to the LU MO (with a ground state coefficient 
amounting to 0.91). The residual interaction also explains why the second low energy 
covalent state, the 3 A ' triplet state lies 13.2 kcal/mol above the singlet *A' state. One 
therefore needs to consider only the singlet state potential energy surface for this 
pathway. 

The CAS SCF energy values obtained for the isomers 7 , 8 and 9 point to a 
continuous increase in energy, 8 and 9 being destabilized by 19.3 and 39.4 kcal/mol 
respectively (the corresponding total energies of 7 , 8 and 9 arc -10722.2504, 
-10722.2197 and -10722.1877 a.u.). This strong endothermicity results from the 
existence of a doubly occupied d z2 orbital on the attacked d 8 rhodium center (see the 
left part of the Figure 2) which repels the occupied s orbital of the migrating 
hydrogen. One may therefore conclude that pathway A is not likely to occur. 

The Pathway B. That the d?2 orbital on the d 8 rhodium center is doubly occupied 
results merely from the surrounding square planar coordination. From the 
preceeding analysis it is easy to forsee that an empty d z2 orbital on the attacked 
rhodium atom should readily accomodate the s orbital of the migrating hydrogen. 
This is precisely what is obtained through an intramolecular rearrangement of the 
local coordination pattern, from a square plane (as in 7 ) to a trigonal pyramid (as 
in 10 ). This process is symmetry allowed but has to face avoided crossings. The 
energy demand is not too high, however: The computed endothermicity is 18.7 
kcal/mol (at the CAS SCF level with an active space including the σ and σ* combi
nations of the metal to hydrogen bonds) and there is almost no additional barrier 
(56). The important point is that, during the rearrangemcment, the d x y and d z2 levels 
exchange; d z2 becomes the highest in energy and therefore the empty level in a d 8 

electron count. As a result the subsequent migration between 10 and 12 becomes 
exothermic by 5.6 kcal/mol, the halfway structure being destabilized by only 0.2 
kcal/mol (the corresponding CAS SCF total energies are -10722.2363, -10722.2360, 
-10722.2453 a.u., computed from a set of 8 active orbitals, 4 strongly occupied 
orbitals and their correlating counterparts. These strongly occupied orbitals corres-
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72 THE CHALLENGE OF d AND f ELECTRONS 

pond to the two metal to hydrogen bonds and to two additional orbitals located on 
the trigonal pyramid moiety, namely the σρ + εά^ orbital and the άχ2 _ 2 orbital 
which is the HOMO in the symmetric representation. The inclusion of these latter 
orbitals was found necessary for the stability of the CAS calculation along the 
reaction path. 

The Pathway C. The addition of an extra ligand on the d 8 metal center has also 
quite interesting consequences on the feasibility of the hydrogen transfer and on the 
electronic structure of the system along the reaction pathway. This is because the 
transfer now occurs between two more or less symmetric entities. Let us first assume 
that one has a complete symmetrical situation. This will be the case for instance in 
the H[Rh(M — H)(PH 3) 3]f system where the non migrating H ligand has been 
replaced by P H 3 . The corresponding correlation diagram for the hydrogen transfer, 
shown on the Figure 3, is characterized by an avoided crossing between the HOMO 
and the LU MO of A ' symmetry, which are both primarily d z2 on each center and 
which exchange their role in the transfer process. The reaction is athermic but one 
expects a high energy barrier, just as in a suprafacial [1,3] sigmatropic shift. Notice 
on the other hand that a system with two electron less would experience a 
stabilization of the halfway structure. There is indeed a variety of known 
d 6 - d 6 H 3 M 2 L 6 complexes with three bridging hydrides. 

If one now replaces the phosphine ligand trans to the migrating ligand by a 
stronger a donor ligand, as in 13 , the levels made of the dz2 — s H combination, i.e. 
the LU Μ Ο in 13 and the HOMO in 15 , will be destabilized. The consequence of this 
destabilization is an endothcrmic process characterized by an avoided crossing 
occurring later and by some diradical character for the product. The CAS SCF cal
culations carried out with the orbitals sketched on Figure 3 as active orbitals (i.e. a 
set of 6 active orbitals populated by 6 electrons) yield an overall endothermicity of 
33.8 kcal/mol with a halfway structure destabilized by 19.5 kcal/mol (the 
corresponding total energies are -11064.1907, -11064.1596 and -11064.1369 a.u.). It 
is also easy to understand that the greater the ο strength of the ligand trans to the 
migratory hydrogen, the greater the endothermicity will be. Conversely a reversal in 
the relative σ donor strength of these two apical ligands should lead to an earlier 
barrier (if any) and an exothermic process. One has therefore a way of tuning the 
hydrogen transfer through the relative σ donicity of the two apical ligands. 

A second feature of this pathway is worth mentio'.ining. For the complete 
symmetric situation, the halfway structure is of D 3 h symmetry (or close to it) and the 
HOMO 16 becomes degenerate (or nearly degenerate) with the out of phase combi
nation 17 of the d x y rhodium orbitals. One therefore expects the corresponding 
triplet state to become more stable. The two compounds of this type which have 
been experimentally characterized are indeed paramagnetic (61-62). Although 14 is 
not strictly of D 3 h symmetry, one may worry about the position of its triplet state ( 
3 A " in the actual C s symmetry point group). CAS SCF calculations carried out by 
adding 17 in the active space indicate that this triplet state is indeed lower than the 
singlet state lA' by 19.6 kcal/mol ( total energies of-11064.1938 and -11064.1625 
a.u.). One therefore expects a crossing of the singlet and triplet potential energy 
surfaces during the transfer, the minimum on the triplet state potential energy sur
face being reached through intersystem crossing. 

Experimental Implications. It is therefore clear from the above study that the metal 
to metal hydrogen transfer is indeed a facile process provided that a square plane to 
trigonal pyramid rearrangement at the attacked d 8 metal center occurs. A weak σ 
donor at the apex of the trigonal pyramid moiety, by keeping the empty accepting 
orbital at a low energy, should greatly help the transfer. Furthermore a strong a 
donor trans to the migrating hydrogen in the octahedron will weaken the metal to 
hydrogen bond (63). In fact the location of the hydride ligand between the two metal 
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5. DEDIEU & BRANCHADELL Transition Metal Hydride Complexes 73 

Figure 3. Schematic orbital correlation diagram for the hydrogen transfer in the 
symmetric H[Rh(^ — H)L3]£ system. Only the in-plane valence orbitals have 
been represented. (Reproduced with permission from Ref. 56. Copyright 1988 
Gauthier-Villars.) 
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atoms depends on the balance between the respective bonding capabilities of the 
d z2 orbitals on both centers, which in turn depend on the relative σ strengths of the 
ancillary ligands. This is why one also finds intermediate situations, such as 
[(diphos)Rh^ - H)3Ir(PEt3)3]+ which has a structure similar to 11 , with three 
bridging hydrogens (64). 

Another way to induce the hydrogen migration in this type of dinuclear 
d 6 — d 8 complexes is to coordinate to the square planar d 8 metal center a ligand 
which has a greater σ donor strength than the ligand trans to the migrating 
hydrogen. The ease of the process will depend on the relative σ donor strength of 
the two apical ligands. The basal coordination of the olefin in the catalytic 
hydrogénation or hydroformylation reactions should for instance give rise to an 
easier transfer than the apical coordination. 

Finally the reversal in the most favorable relative σ donor strength of the two 
apical ligands on going from the pathway Β to the pathway C may be related to a 
different nature of the transferred hydrogen: The pathway Β may be viewed as 
involving a transfer of a hydride, II", to a coordinatively unsaturated trigonal 
pyramid moiety acting as a Lewis acid. The pathway C, on the other hand may be 
viewed formally as an oxidative addition of H+ on the coordinatively saturated 
square pyramidal d 8 center. 
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Chapter 6 

Potent ia l E n e r g y Surface o f Ole f in 
Hydrogenat ion by W i l k i n s o n Cata lys t 

Comparison Between trans and cis Intermediates 

Nobuaki Koga and Keiji Morokuma 
Institute for Molecular Science, Myodaiji, Okazaki 444, Japan 

The results of recent theoretical investigation with 
the ab initio MO method on the full catalytic cycle is 
presented. The catalytic cycle studied is for olefin 
hydrogenation by the Wilkinson catalyst. We have 
determined with the ab initio energy gradient method 
the structures of the transition states as well as the 
intermediates of the Halpern mechanism in which all 
the intermediates have trans phosphines. The potential 
energy profile thus obtained supports the Halpern 
mechanism and gives evidence on the effectiveness of 
the Wilkinson system as a catalyst. A new mechanism, 
more recently proposed, considers that intermediates 
with cis phosphines, in contrast to trans in the 
Halpern mechanism, play an essential role. Our 
calculation indicates that energies of cis inter
mediates are high, and does not support the cis 
mechanism for sterically unhindered olefins. However, 
when steric effects inhibit reactions of trans 
intermediates, the cis mechanism may become possible 
and would exhibit the kinetics which is quite dif
ferent from that of the Halpern mechanism. 

Recent progress of methodology of quantum chemistry and technology 
of electronic computer is making it possible for quantum chemists to 
challenge the chemistry of d and/or f electrons. Now, such efforts 
have covered a full catalytic cycle as well as structures of 
complexes and intermediates and elementary organometallic reactions 
(I). 

It has been our goal to design a catalytic system theoreti
cally. To the end of this goal, we have so far analyzed the 
organometallic reactions by using the ab initio MO calculations. 
Recently, we have completed the theoretical study of the catalytic 
cycle of hydrogénation by the Wilkinson catalyst (2), of which 
mechanism has been proposed by Halpem (3). This catalytic cycle 
shown in Scheme 1 consists of oxidative addition of H~, coordination 
of olefin, olefin insertion, isomerization, and reductive élimina-

0097-6156/89/0394-0077$06.00/0 
o 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
6

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



78 THE CHALLENGE OF d AND f ELECTRONS 

C H 
U . L H 2 U „ I ,%*H 

c | > S L W C I A l ^ c 1 A l C = C 

c - c 

Rh' ^Rrt = 

L 

""Rh 
C l ^ > L 

/ c - c x 
Η Η 

-Ho 

Η 

Rh 
C l ^ I > L 

S 

c=c 

fast 

H 

rate 
1 determing 

step 

[ R h C I ( H ) L 3 ( Ç - Ç H ) ] 

H n 

'Rh ι 
c r I H s 

dominant catalytic cycle 

Scheme 1 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
6

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



6. KOGA & MOROKUMA Potential Energy Surface of Olefin Hydrogénation 79 

t i o n of alkane. The rate-determining step has been b e l i e v e d to be 
the o l e f i n i n s e r t i o n step. We used PH^ instead of PR~ and C^H^ as a 
model of o l e f i n . The model c a t a l y t i c c y c l e we studied i s shown i n 
Scheme 2. A l l the e q u i l i b r i u m and t r a n s i t i o n state s t r u c t u r e s were 
optimized by the RHF energy gradient method. 

While two phosphines are always trans to each other i n a l l the 
intermediates i n the Halpem mechanism, Brown et a l . have very 
r e c e n t l y proposed a d i f f e r e n t mechanism, i n which the c i s biphos-
phine intermediates play an e s s e n t i a l r o l e (4). T h e i r molecular 
modeling c a l c u l a t i o n s where the van der Waals energy i s c a l c u l a t e d 
between s u b s t i t u t e d o l e f i n s and the Rh fragment with bulky trans 
phosphines have suggested that when the substituents on the o l e f i n 
are bulky, the s t e r i c r e p u l s i o n i s too large f o r the o l e f i n to 
coordinate. Their NMR experiments have shown the existence of the 
f o l l o w i n g e q u i l i b r i u m (Equation 1) i n which an intermediate with a 
p a i r of c i s phosphines can be formed. In f a c t , ^RhClCPR^)^ has 
been detected i n the c a t a l y t i c system. 

H 

Phi 

Rh-

Cl 

•pPh, 
b PPh3 

H 

I .ΛΝ Ρ Ρ Π ' a 

- Rh ' . + aPPh 3 

j ^ b p p h 3 

CI 

(1) 

Based on these r e s u l t s , they have suggested that the intermediates 
of the c a t a l y t i c system have two c i s phosphines. In Scheme 3 i s 
shown the new mechanism. In t h i s Scheme, the key step i s isomeriza-
t i o n (Equation 2), trans-H 2RhCl(PR 3) 2 to cis-H 2RhCl(PR 3> 2 presum
ably through pseudorotation. 

PPh 3 H 

I . , Λ Η I , Λ Ρ ™ 3 
CI Rri . Η — Rh. (2) 

j j ^ P P h 3 

PPh 3 CI 

Then, the o l e f i n i n s e r t i o n and the reductive e l i m i n a t i o n take place 
from the r e s u l t a n t c i s biphosphine complex. 

In t h i s a r t i c l e , we w i l l compare the energetics of the 'conven
t i o n a l ' Halpem mechanism with that of the Brown mechanism. The 
b a s i s functions used are the 3-21G f o r ethylene and hydrides, the 
ST0-2G f o r 'spectator' ligands, PH^ and CI, and valence double zeta 
b a s i s functions f o r Rh with e f f e c t i v e core p o t e n t i a l r e p l a c i n g the 
core e l e c t r o n s (up to 4p) (5a.b.6). In a d d i t i o n , we c a r r i e d out the 
MP2 c a l c u l a t i o n s at selected, RHF-optimized s t r u c t u r e s with a l a r g e r 
b a s i s set, which c o n s i s t s of uncontracted (3s,3p,4d) functions from 
the above valence DZ set f o r Rh, 4-31G f o r the e t h y l group, 
(10s,7p)/[3s2p] f o r Ρ and CI, and (4s)/[3s] f o r the hydrides (5c-
e). The b a s i s set used i s l i m i t e d and the e l e c t r o n c o r r e l a t i o n 
taken i n t o account f o r a few c r i t i c a l steps i s minimal. Therefore, 
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6. KOGA & MOROKUMA Potential Energy Surjhce of Olefin Hydrogénation 81 

the r e s u l t s presented here should be considered to be semi
q u a n t i t a t i v e . 

Halpem mechanism 

Since our c a l c u l a t i o n s on the Halpem mechanism have been published 
(2)» we w i l l give a b r i e f summary f o r comparison i n a succeeding 
s e c t i o n . The p o t e n t i a l energy p r o f i l e shown i n Figure 1 i s con
s t r u c t e d from the energetics of the elementary r e a c t i o n s involved i n 
the Halpem mechanism. The optimized s t r u c t u r e s are shown i n Figure 
2. 

The f i r s t step of the H^ o x i d a t i v e a d d i t i o n i s exothermic and 
leads to the dihydride complex 3 . During t h i s step, there may be an 
H^ complex 2 from which ox i d a t i v e a d d i t i o n takes place with almost 
no a c t i v a t i o n b a r r i e r . The ethylene c o o r d i n a t i o n that follows 
requires no a c t i v a t i o n energy. The r e s u l t a n t ethylene dihydride 
complex 4 i s i n the v a l l e y of the p o t e n t i a l energy surface of the 
c a t a l y t i c c y c l e . Ethylene i n s e r t i o n requires a much higher a c t i v a 
t i o n energy of 18 kcal/mol and i s endothermic by 16 kcal/mol at the 
RHF l e v e l . The trans e t h y l hydride complex, the d i r e c t product of 
ethylene i n s e r t i o n , i s unstable due to the c i s e f f e c t of CI to be 
mentioned below and the trans e f f e c t of H and c o H 5 ' Therefore 
i s o m e r i z a t i o n takes place to give more stable e t h y l hydride com
plexes, which have e t h y l and hydride c i s to each other and are the 
s t a r t i n g p o i n t of the f i n a l reductive e l i m i n a t i o n step. This 
i s o m e r i z a t i o n proceeds through hydride and c h l o r i d e migration. The 
f i n a l reductive e l i m i n a t i o n step requires a s u b s t a n t i a l energy 
b a r r i e r of 15 kcal/mol. 

The p o t e n t i a l energy p r o f i l e i s smooth without excessive 
b a r r i e r s and too s t a b l e intermediates which would break the sequence 
of steps. The rate-determining step i s found to be o l e f i n i n s e r t i o n 
followed by isomerization, supporting the Halpem mechanism. 
Isomerization of the e t h y l hydride complex i s an important p a r t of 
the rate-determining step. These two r e a c t i o n s , exothermic o v e r a l l , 
has an o v e r a l l b a r r i e r height of about 20 kcal/mol. The trans e t h y l 
hydride complex, the product of ethylene i n s e r t i o n , may not be a 
l o c a l minimum (per MP2 c a l c u l a t i o n ) and these two steps may w e l l be 
a combined s i n g l e step. 

The a c t i v a t i o n b a r r i e r of reductive e l i m i n a t i o n , though 
s u b s t a n t i a l , i s smaller than that of the reverse of the rate-
determining step ( i s o m e r i z a t i o n and 0-hydrogen e l i m i n a t i o n ) . This 
i s a very important requirement of a good o l e f i n hydrogénation 
c a t a l y s t . I f t h i s reverse r e a c t i o n i s easy, i t would l e a d to 
undesirable o l e f i n isomerization. For instance, i n the same hydrogé
na t i o n c y c l e c a t a l y z e d by a Pt system, we found that the r a t e -
determining step i s reductive e l i m i n a t i o n rather than o l e f i n 
i n s e r t i o n . This p o t e n t i a l energy p r o f i l e i s expected to give o l e f i n 
i s o m e r i z a t i o n through successive o l e f i n insertion/^-hydrogen 
e l i m i n a t i o n . Thus the Pt complex i s not a good c a t a l y s t f o r o l e f i n 
hydrogénation. On the other hand, the p o t e n t i a l p r o f i l e of the 
Wilkinson c a t a l y s t i n d i c a t e s an e f f i c i e n t hydrogénation without 
is o m e r i z a t i o n . 

I t i s important, as mentioned above, that the o l e f i n i n s e r t i o n 
i s rate-determining. Therefore, we have compared the r e a c t i o n 
energetics between H 2RhCl(PH 3) 2(C 2H 4) and H 2RhH(PH 3) 2(C 2H 4), and 
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Figure 2. Optimized struc t u r e s ( i n À and deg) of some important 
species. TS(2->3), f o r instance, denotes the t r a n s i t i o n s t a t e 
connecting 2 and 3. Though p r a c t i c a l l y a l l the geometrical 
parameters were optimized, only e s s e n t i a l values are shown. Two 
PH3's, one above and one below the plane of paper, are omitted 
f o r c l a r i t y . 
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84 THE CHALLENGE OF d AND f ELECTRONS 

found that, i n the former complex, the weak trans i n f l u e n c e of CI 
makes the Rh-H bond to be broken stronger. In a d d i t i o n the strong CI 
c i s e f f e c t makes the Rh-C bond to be formed weaker, r e s u l t i n g i n 
endothermic ethylene i n s e r t i o n . These two e f f e c t s of CI combined 
appears to be e s s e n t i a l to make ethylene i n s e r t i o n the r a t e -
determining step. 

firown, mechanism 

The f i r s t p o i n t of d i f f e r e n c e of the Brown mechanism from the 
Halpern mechanism i s i s o m e r i z a t i o n of H 2RhCl(PH~) 2. Therefore, we 
have i n v e s t i g a t e d the s t a b i l i t y of isomers of R 2 R h C l ( P H 3 ) 2 , 3. The 
optimized s t r u c t u r e s of H 2RhCl(PH~) 2 are shown i n Figure 3. The most 
st a b l e isomer i s found to be 3, the trans intermediate of the 
Halpern mechanism. A l l the optimized s t r u c t u r e s but 3 are n e a r l y 
square pyramidal (though o p t i m i z a t i o n was done without symmetry 
r e s t r i c t i o n ) . The most stable square pyramidal isomer i s 3a with 
a p i c a l H and b a s a l c i s phosphines. 3b with a p i c a l phosphine and 
b a s a l c i s hydrides i s next. The remaining three isomers, 3c, 3d, and 
3e are much more unstable; the energies r e l a t i v e to 3 are 33, 37 and 
39 kcal/mol, r e s p e c t i v e l y . Two hydrides with strong trans i n f l u e n c e 
are l o c a t e d trans to each other i n 3c. This makes 3c 12 kcal/mol 
l e s s s t a b l e than 3b i n which two hydrides are c i s . The l e a s t s t a b l e 
isomers, 3d and 3e, have a p i c a l CI. 

Comparison of the s t a b i l i t y among the isomers of 3 leads to 
the order of a p i c a l preference: H>PH^>C1. H with the strongest 
trans i n f l u e n c e p r e f e r s the a p i c a l p o s i t i o n that i s trans to the 
vacant s i t e , and the most weakly t r a n s - i n f l u e n c i n g CI at the a p i c a l 
p o s i t i o n gives the most unstable isomers of 3d and 3e. 3b and 3c 
are inbetween, i n accord with the strength of PH~ trans i n f l u e n c e . 

Since 3a and 3b are low i n energy, we have i n v e s t i g a t e d 
i s o m e r i z a t i o n from 3 to 3a and 3b. Brown et a l . have proposed that 
the c i s intermediate of the c a t a l y t i c c y c l e i s 3b i n which one of 
the bulky phosphines i s trans to o l e f i n and thus the vacant coor
d i n a t i o n s i t e i s l e s s crowded. There are two p o s s i b l e pathways f o r 
i s o m e r i z a t i o n of 3 as shown i n Scheme 4. 

The intermediates of the second pathway are unstable 3d and 3c, 
and i t i s u n l i k e l y that i s o m e r i z a t i o n takes place through them. The 
e a s i e r i s o m e r i z a t i o n pathway i s through 3b to 3a. The t r a n s i t i o n 
s t a t e f o r PH^ migration connecting 3 and 3b have been located, as 
shown i n Figure 3, with the a c t i v a t i o n b a r r i e r f o r i s o m e r i z a t i o n 
from 3 to 3b of 27 kcal/mol (See Scheme 4). Therefore, one can 
conclude i s o m e r i z a t i o n from 3 to 3b or 3a i s rather d i f f i c u l t ( c f . 
18 kcal/mol, the a c t i v a t i o n energy of the rate-determining step i n 
the Halpern mechanism at the same l e v e l of c a l c u l a t i o n ) . 

S e t t i n g aside t h i s high a c t i v a t i o n b a r r i e r f o r a moment, the 
remaining steps of the c a t a l y t i c c y c l e i n the Brown mechanism w i l l 
be discussed. As shown i n the energy p r o f i l e of the Halpern mech
anism, the elementary reactions involved here are expected to be 
very easy, and thus we have j u s t determined the s t r u c t u r e s and 
energies of intermediates but not of t r a n s i t i o n s tates (Figure 5). 
The r e l a t i v e energies of the intermediates, shown i n Figure 4, would 
be a good i n d i c a t o r of the b a r r i e r of each elementary r e a c t i o n 
connecting them; an endothermic r e a c t i o n requires a large a c t i v a t i o n 
energy and the a c t i v a t i o n b a r r i e r of an exothermic step i s low. 
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THE CHALLENGE OF d AND f ELECTRONS 

F igu re 3. Opt imized s t r u c t u r e s ( i n Â and deg) o f isomers o f 
H^RhCl iPH^)^ and the 3-*3b t r a n s i t i o n s t a t e , and t h e i r energ ies 
( i n k c a l / m o l ) r e l a t i v e to 3. 
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THE CHALLENGE OF d AND f ELECTRONS 

F igu re 5. Opt imized s t r u c t u r e s ( i n Â and deg) o f some important 
spec ies i n the Brown mechanism. 
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6. KOGA & MOROKUMA Potential Energy Surface of Olefin Hydrogénation 89 

Ethylene coordination to 3b, the Brown's intermediate, gives 
4a which i s higher i n energy than 4 by 6 kcal/mol. O l e f i n i n s e r t i o n 
of 4a can lead to 5c or 5d. Since 5c i s much more st a b l e than 5d, 
o l e f i n i n s e r t i o n g i v i n g 5c would take place e x c l u s i v e l y . The 
i n s t a b i l i t y of 5d with an a p i c a l CI i s s i m i l a r to that of 3d and 3e 
discussed above. 

The e t h y l group and the hydride i n 5c are c i s to each other 
and thus reductive e l i m i n a t i o n might take place d i r e c t l y without 
isomerization. However, reductive e l i m i n a t i o n from a d f i v e -
coordinate complex would favor a t r a n s i t i o n state where three 
ligands but C9H,. and H are i n the same plane, as shown below. 

\ L 

The reason f o r t h i s preference i s that the donation and back 
donation between a deformed alkane and a metal fragment shown below 
i s expected to f a c i l i t a t e easy bond exchange. 

C ( ^ D Ë O c l 

® ® 
donation back-donation 

Therefore, p r i o r to reductive e l i m i n a t i o n , i s o m e r i z a t i o n should 
take place from 5c to e t h y l hydride complexes which have H or C^H, 
as an a p i c a l group, as shown below. 

Et Rh-

y 
H Rh-

Et 

E t h y l migration from 5c leads to 5c i t s e l f , and hydride 
migration gives 5d, an unstable intermediate; n e i t h e r of these 
gives a p i c a l H or C^H^. The two remaining migrations give a more 
st a b l e e t h y l hydride complexes and they have e i t h e r an a p i c a l H or 
C^H^; CI migration leads to stable 5e and PH~ migration r e s u l t s i n 
5a with trans phosphines, the intermediate or the Halpern mechanism. 
The t r a n s i t i o n state f o r reductive e l i m i n a t i o n of 5e to give l a has 
been determined, as shown i n Figure 5, and i t has an a c t i v a t i o n 
energy of 14.8 kcal/mol. 5a i s more st a b l e than 5e by 5 kcal/mol and 
the a c t i v a t i o n energy f o r reductive e l i m i n a t i o n from 5a to regener
ate 1 i s c a l c u l a t e d to be about 15 kcal/mol, comparable with the 
5e-+la b a r r i e r . Therefore, the system i s expected to r e t u r n to the 
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90 THE CHALLENGE OF d AND f ELECTRONS 

Halpern mechanism, i f i t i s not prevented f o r some reason (eg. 
s t e r i c ) . 

Comparison between two mechanisms 

In the Brown mechanism, s e t t i n g aside the high energy r e q u i r e d f o r 
i s o m e r i z a t i o n from 3 to 3b, the f i n a l step of the reductive elimina
t i o n would require the highest a c t i v a t i o n energy. O l e f i n i n s e r t i o n , 
the rate-determining step i n the Halpern mechanism, i s an easy 
process i n t h i s mechanism. The k i n e t i c s of the Brown mechanism i s 
thus expected to be completely d i f f e r e n t from that of the Halpern 
mechanism. Therefore, i n the cases i n which o l e f i n i n s e r t i o n has 
been found to be rate-determining, the Halpern mechanism i s c l e a r l y 
more c o n s i s t e n t and acceptable. 

The above feature of the Brown mechanism that reductive 
e l i m i n a t i o n i s more d i f f i c u l t than o l e f i n i n s e r t i o n may be r e l a t e d 
to the nature of c a t a l y s t having a c h e l a t i n g bidentate l i g a n d such 
as DIPHOS. Halpern have also i n v e s t i g a t e d the hydrogénation 
(Equation 3) (2), where isom e r i z a t i o n from the trans- to c i s -
biphosphine complex i s not necessary. 

<PK ( s ) ï + 

H COOCHa ( Rh' COOCH, 
+ H> * S ( S ) > PnCH,CH (3) 

ρζ NHCOCH3 NHCOCHj 

They have found that at the low temperature, reductive e l i m i n a t i o n 
i s r a t e - l i m i t i n g (ΔΗ -17.0 kcal/mol -40°C). 

The present c a l c u l a t i o n s using PH^ as the phosphine and 
ethylene as the o l e f i n , however, does not exclude the p o s s i b i l i t y 
of the c i s mechanism completely, since the s t e r i c f a c t o r has not 
been taken i n t o account. The c i s mechanism might be a c c e s s i b l e i n 
the case where o l e f i n i s too bulky to coordinate to the trans 
phosphine complex. Using the above c a l c u l a t i o n s as a guide, here we 
consider q u a l i t a t i v e l y what i s expected to take place when a very 
bulky o l e f i n i s hydrogenated. Let us assume that i n such a case the 
e q u i l i b r i u m (Equation 1) generates the c i s intermediate. Then, the 
r e a c t i o n route w i l l pass through 3b-+4a-»5c, each of which i s s t e r i -
c a l l y not too crowded. Isomerization of 5c i s not allowed to lead 
to 5a, which has the bulky a l k y l group c i s to two phosphines and i s 
overcrowded. Thus isom e r i z a t i o n of 5c has to lead to 5e, which i s 
i n t r i n s i c a l l y (without s t e r i c e f f e c t ) only s l i g h t l y l e s s s t a b l e but 
s t e r i c a l l y l e s s crowded than 5a. Reductive e l i m i n a t i o n of 5e w i l l 
r equire an a c t i v a t i o n energy comparable to that of 5a->l and generate 
c i s - R h C l ( P H 3 ) 2 , l a . 

There are two p o s s i b i l i t i e s i n the reactions of l a . The f i r s t 
i s that l a isomerizes to 1 due to the s t e r i c r e p u l s i o n and that the 
same r e a c t i o n path l-*2-*3->3b i s followed. The second p o s s i b i l i t y i s 
that H^ o x i d a t i v e a d d i t i o n to l a takes place to give d i r e c t l y 3a and 
thus i n the subsequent c a t a l y t i c c y c l e s intermediates always have 
c i s phosphines. O l e f i n c o o r d i n a t i o n to 3a i s p r o h i b i t e d because of 
the s t e r i c r e p u l s i o n between the bulky o l e f i n and two bulky phos
phines c i s to the o l e f i n . Thus 3a-»3b i s o m e r i z a t i o n has to take 
place before the c a t a l y t i c c y c l e proceeds. 
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One can consider that the Halpern mechanism and the cis mech
anism are two extremes. The Halpern mechanism is most widely 
accepted and our ab initio MO calculations support this from the 
point of view of intrinsic electronic energy. However, there may be 
cases where the steric effect overshadows the electronic effect. 
There may also be cases where both effects are important. It may be, 
as Collman et al. said, that "this multistep reaction is very 
complicated. Like a chameleon, the dominant reaction mechanism 
changes when the nature of the catalyst, the ligands, or the 
substrate is altered" (8). 

Conclusions 
In this work, we have compared the potential energy profiles of the 
model catalytic cycle of olefin hydrogénation by the Wilkinson 
catalyst between the Halpern and the Brown mechanisms. The former is 
a well-accepted mechanism in which all the intermediates have trans 
phosphines, while in the latter, proposed very recently, phosphines 
are located cis to each other to reduce the steric repulsion between 
bulky olefin and phosphines. Our ab initio calculations on a 
sterically unhindered model catalytic cycle have shown that the 
profile for the Halpern mechanism is smooth without too stable 
intermediates and too high activation barrier. On the other hand, 
the key cis dihydride intermediate in the cis mechanism is electron
ically unstable and normally the sequence of elementary reactions 
would be broken. Possible sequences of reactions can be proposed 
from our calculation, if one assumes that steric effects of bulky 
olefin substituents prohibits some intermediates or reactions to be 
realized. 
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Chapter 7 

Ab Initio Studies of Transition Metal 
Dihydrogen Chemistry 

Edward M. Kober and P. Jeffrey Hay 

Los Alamos National Laboratory, Los Alamos, NM 87545 

Examples of transition metal complexes containing dihydrogen 
ligands are investigated using ab initio electronic structure 
calculations employing effective core potentials. Calculated 
geometrical structures and relative energies of various forms of 
WL5(H2) complexes (L = CO, PR3) are reported, and the 
influence of the ligand on the relative stabilities of the dihydrogen 
and dihydride forms is studied. The possible intramolecular 
mechanisms for H - D scrambling involving Cr(CO)4(H2)2 are 
investigated by examining the structures and energies of various 
polyhydride species. 

The recent discoveries of a new class of metal complexes involving molecular 
hydrogen has spawned numerous experimental(l,2) and theoretical (2—5) 
investigations to understand the bonding and reactivity of these systems. In 
this paper we discuss recent theoretical calculations using ab initio electronic 
structure techniques. In the first part of this article we review calculations on 
W dihydrogen species of d e W complexes with emphasis on predictions of 
structures and energies of various chemical forms and on comparisons with 
available experimental information. In the second part a mechanistic problem 
involving scrambling of H 2 / D 2 mixtures to HD by Cr dihydrogen complexes is 
addressed. In this section we hope to illustrate the role of for theory in 
helping to distinguish between various reaction mechanisms in transition 
metal chemistry. 

Before proceeding to the specific examples of dihydroge ?hfmistry, it is 
worthwhile to summarize the particular challenges transition metal and 
actinide compounds present to this type of approach. There is a striking 
contrast to most compounds of first— and second—row main—group elements 
where reasonably accurate bond lengths and bond ancles of stable species can 
be predicted at the SCF Hartree-Fock level with small basis sets and 
thermochemical quantities can be computed with reasonable accuracy by 
perturbative techniques to electron correlation (fi). Accurate studies of 
molecular properties or transition states of chemical reactions are feasible 
using multi-configuration SCF (MC-SCF) and configuration interaction (CI) 
techniques. In contrast, for transition metal compounds one encounters a 

0097-6156/89/0394-O092$06.00/0 
c 1989 American Chemical Society 
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7. KOBER & HAY Transition Metal Dihydrogen Chemistry 93 

situation where metal ligand distances are predicted to be 0.05-0.25 Â too 
long at the SCF level of calculation even with very accurate basis sets (Ζ-1Ω) 
and such approaches as Moller—Plesset perturbation theory can be unreliable 
for treating electron correlation effects (11,12). The relatively poor 
description of the ground state by a single configuration and the presence of 
numerous low-lying electronic states with very different electron correlation 
energies often requires sophisticated M C - S C F and CI treatments to obtain 
reliable molecular geometries and bond energies (13). In addition there are 
additional challenges arising from the sheer number of electrons in transition 
metal compounds and the relativistic effects which become increasingly 
important in second— and third—transition series compounds. These latter 
difficulties have been largely circumvented by the development of relativistic 
effective core potentials(li) to replace the chemically inert core electrons and 
to incorporate the relativistic effects on the valence electrons into the effective 
potential. 

Tungsten Dihydrogen Complexes 

In the molecular dihydrogen species W(CO)3(PR3)2(H2) first characterized by 
Kubas et al. in both X-ray and neutron diffraction studies (1,2), the 
dihydrogen is bonded in τ/2 sideways fashion to the d 6 metal center. Over 50 
compounds involving many of the transition metals have since been 
synthesized by various workers. In addition, reanalysis(15) of existing 
hydrides such as FeH4(PR 3 ) 3 have now been found to be formulated as 
molecular hydrogen complexes, i.e., as Fe(H2)(H)2(PR3)3. 

In this section we review briefly our previous theoretical calculations(5) on 
two prototypical dihydrogen complexes W(CO)3(PH 3 ) 2 (H 2 ) and W f P H s M ^ ) . 
The calculations employed a relativistic effective core potential (ECP-1) to 
replace the inner [Xe] (4f14) core on W and a nonrelativistic ECP on Ρ with a 
flexible gaussian basis to describe the valence electrons of the system. Details 
of the calculation are given in Ref. 5. 

Structures 1—3 in Fig. 1 exemplify the modes of H 2 bonding to a 
W ( C O ) 3 ( P H 3 ) 2 fragment: two sideways bonded (rçS-coordinated) forms (1 
and 2) and the end-on bonded (^Coordinated) form (3). Using a rigid 
W ( C O ) 3 ( P H 3 ^ 2 fragment, the geometries of these three forms of H 2 

coordination nave been optimized using Hartree—Fock wave functions. The 
sideways bonded species (Table I) are found to be stable with respect to the 
fragments 4 by 17 kcal/mol and more stable than the end-on form, which is 
bound by only 10 kcal/mol. Little difference in energy is observed between 
the two-sideways bonded form with the H 2 axis parallel either to the P - W - P 
axis or to the C—W-C axis. The former orientation is slightly favored, leading 
to a rotational barrier about the midpoint of the W - H 2 bond of 0.3 kcal/mol. 

The calculated structure of the lower energy η2 form (1) shows a slight 
lengthening (from 0.74 to 0.796 À) of the H - H bond from uncomplexed H 2 

with a W—Η distance of 2.15 A. Recent low—temperature neutron diffraction 
studies show two equal W—Η bonds (1.89 ± 0.01 Â) and with the H 2 lying 
exactly parallel to the P—W-P axis as predicted by the present calculations 
and having a Η—Η separation of 0.82 ± 0.01 Â. Although the calculations have 
correctly described the preferred mode of H 2 binding, there remain some 
quantitative differences (Table I) between the theoretical and observed bond 
lengths. These differences are reduced considerably when one employs an 
effective core potential (ECP-2) which also treats the outermost 5s and 5p 
core orbitals of W as valence orbitals. The W - H and Η—Η distances are now 
calculated to be 1.93 and 0.81 Â, respectively, in much better agreement with 
the neutron diffraction results. 
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94 THE CHALLENGE OF d AND f ELECTRONS 

Fig. 1. Structural forms of W(CO) 3(PR3)2(H 2) species. 
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7. KOBER & HAY Transition Metal Dihydrogen Chemistry 95 

Table I. Calculated and Experimental W - H and H - H 
Bond Lengths and Rotational Barriers for 

W(CO)3(PR3)2(H2) Species 

Method R 

Low—temp 
neutron diffraction 

R(W-H),À R(H-H) ,A Rotational 
barrier, 
kcal/mole 

SCFcalc. H 2.153 0.796 0.3 
(ECP-1 on W) 

SCFcalc H 1.932 0.806 1.3 
(ECP-2 on W) 

Low-temp i - P r 1.95*0.23 0.75*0.16 
X-ray diffraction 

i - P r 1.89*0.01 0.82*0.01 2.4 

Examination of the Mulliken population analyses for the fragment and the 
η2 complex reveals an overall increase of 0.12 e on the W atom upon 
complexation and the total charge on each hydrogen has decreased slightly 
from 1.00 to 0.98 e. The σ-bonding orbitals of the W atom (6s, 6p z, and 5 d z

2 | 
show a net increase of 0.13 e, while the τ—bonding orbit sus (6p y and 5d y z) 
undergo a net loss of 0.03 e. Although the other five ligands also influence the 
amount of charge on the metal, the above trends are consistent with a 
mechanism involving some σ-donation from the H2 ligand and a lesser degree 
of π—back—donation from the metal. 

Of the possible seven-coordinate dihydrides let us consider the least 
motion reaction in which the two W—L bonds originally parallel to the H—H 
axis bend back as two W - H bonds are formed. The energies of these species 
are compared with the r/S-dihydrogen forms and the fragments in Fig. 2. Both 
seven-coordinate dihydride species lie higher in energy than the dihydrogen 
from (17 and 11 kcal/mol, respectively) and are only slightly bound compared 
to W L 5 + H 2 . 

For the case of having all P H 3 ligands in the W(PH 3 ) 5 (H) 2 complexes, a 
much different situation prevails concerning the oxidative addition reaction. 
In contrast to W ( C O W P H 3 ) 2 ( H ) 2 , the seven-coordinate dihydride 
W(PH 3 ) 5 (H) 2 lies 3 kcal/mol below the η2 complex! Replacing the CO ligands 
by PR3 groups favors the oxidative addition reaction proceeding to completion 
rather than being arrested in the ^dihydrogen stage. This preference for 
^Coordination in W(CO)3(PH 3 ) 2 (H) 2 correlates with the overall stabilization 
of the 5d orbitals, and the 5 d x z orbital in particular, by the back—bonding CO 
ligands. When these ligands are replaced by the less stabilizing PH3 groups, 
the dihydride is the most favored form. This is consistent with experimental 
observations that the dihydrogen-dihydride equilibrium can be shifted 
depending on the basicity of the ligands. For example, in a series of 
complexes, M o ( C O ) ( R 2 P C 2 H 4 P R 2 ) 2 H 2 , the coordination mode changes from 
dihydrogen from R=Fh to dihydride for the more basic R=Et(2). 
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Fig. 2 Relative energies in kcal/mole of W ( C O ) 3 ( P H 3 ) 2 ( H 2 ) species 
(above) compared to W(PH 3 ) 5 (H 2 ) species (below). 
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H - D Exchange Involving CrfCO^Dihydrogen Species 

Background. The gas phase reaction 

H 2 + D 2 - ι 2HD 

occurs only under severe conditions such as in shock tubes with an activation 
energy (~100 kcal/mole) comparable to the H—H bond energy. In fact, the 
kinetics have been interpreted in terms of a free radical mechanism involving 
H atoms rather than the bimolecular process indicated in the above equation. 
By contrast, several cases of facile H2—D2 exchange have been observed under 
thermal or low temperature conditions involving dihydrogen complexes 

L M H 0 + D 0 -» L MHD + HD η ζ ζ η 

Upmacis, Poliakoff and Turner(l£) observed HD exchange for mixtures of 
Cr(CO)4(H 2)2 and D 2 but interestingly nol for mixtures ot Cr(CO)5(H 2 ) and 
D 2 . Kubas et al observe a similar phenomenon where HD is produced 
from reacting W(CO)3(PR 3)2(H 2) with D 2 either in solution or in the solid 
state. In addition other cases of H - D scrambling occur readily with metal 
hydride complexes(U) as in the case of Cp*ScH or Cp2ZrH where Cp* = 

CsMe 5 . 
Since the work of Upmacis et al. on Cr(CC>4)(H2)2 complexes is suggestive 

of an intramolecular mechanism, Burdett et α/.(1£) have examined various 
polyhydride structures as possible intermediates in this process using extended 
Huckel theory. These studies have led us to pursue ab initio electronic 
structure calculations of Cr(CO)4(H 2)2 species and possible mechanisms 
leading to H2—D 2 exchange. Implicit in these studies is the assumption that 
there is rapid equilibrium between 

C r ( C O ) 4 ( H 2 ) 2 + D 2 - Cr (CO) 4 (H 2 ) (D 2 ) + H 2 

which subsequently undergoes intramolecular exchange 

Cr(CO) 4 (H 2 ) (D 2 ) -, Cr (CO) 4 (HD) 2 

although this is only inferred from the experimental studies. What is actually 
observed is Cr(CO) 5(HD) formation in a mixture of Cr(CO) 5 (D 2 ) and 
Cr(CO) 4 (D 2 )2 when reacted with H 2 . 

Results of ab initio calculations. The calculations have been carried out on 
stable structures of Cr(CO)4(H 2)2 or its fragments at the Hartree—Fock level, 
where the structures have been optimized using gradient techniques with the 
modified GAUSSIAN82(I£) or the MESA(2Q) electronic structure codes. An 
effective core potential was used(H) to replace the [Ne] core of Cr with a [3s 
3p 2d] contracted Gaussian basis to describe the 3s, 4s, 3p, 4p and 3d orbitals. 
A flexible [3s lp] bais was used for hydrogen and an STO-3G basis was 
employed for C and 0. (Some results are presented using an unpolarized (3s) 
hydrogen basis.) 

Of the possible forms for the parent molecule cis—Cr(CO)4(H2)2 the lowest 
geometrical structure is found to have the H2 molecules oriented in an 
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upright position relative to the equatorial plane (Fig. 3). The structure with 
both H 2 lieands lying in the equatorial plane is 3.1 kcal/mole higher in energy, 
corresponding to a rotational barrier of 1.5 kcal/mole for the rotation of one 
H 2 about the metal-H2 bond. Removal of one H 2 to form Cr(CO)4(H 2 ) 
requires 15 kcal/mole and removal of the second H 2 requires another 14 
kcal/mole. At this level of calculation the dihydrogen-dihydride energies 

Cr(CO) 4 (H 2 ) - Cr (CO) 4 (H) 2 

are comparable with the dihydride lower by 1 kcal/mole. The calculated 
C r - H 2 and H - H bond lengths are 1.787 and 0.77 A respectively for the 
upright form. (Fig. 4). 

Some of the possible polyhydride forms—having either a square H 4 or a 
H 3 4 — H " species coordinated to Cr(CO)4—are found to be very high in energy 
(at least 50 kcal/mole) and hence are unlikely intermediates in the H 2 - D 2 

exchange reaction. 
Another pathway is shown schematically in Fig. 5, where the conversion 

of the bis—dihydrogen complex to a dihydrogen-dihydride complex. The 
process is symmetry allowed in the sense that the three relevant orbitals in the 
equatorial plane, the Cr d x

2 . y

2 and the two H 2 σ orbitals of the bis dihydrogen 
species transform into the C r - H σ and H 2 σ bonds of the dihydrogen dihydride 
species. The diagram is oversimplified in the sense that the orbital characters 
change qualitatively through the course of the reaction. The d x

2 - y

2 orbital is 
empty in the dihydrogen dihydride complex and the H 2 bonding orbital 
actually descends from higher orbitals in the bis—dihydrogen complex. The 
dihydride form is calculated to lie 10 kcal/mole higher in energy with a C r - H 
and C r - H 2 bond lengths of 1.729 and 1.923 Â, respectively. 

The transition state for the reaction 

C r ( C O ) 4 ( H 2 ) 2 H C r ( C O ) 4 H 2 ( H ) 2 

was located at the SCF level assuming C 2 v symmetry and treating the 
H - C r - H bond angle between the two central Η atoms as the reaction 
coordinate. An activation barrier of 24 kcal/mole (see Fig. 6) was found for 
this process—a relatively low barrier compared to some of the other 
polyhydride species. A non—C2V—pathway was also investigated where a 
similar barrier was also found. 

Because of the electron correlation effects can have a significant effect on 
calculated energies for chemical reactions, calculations on several of the above 
C r f C O ) 4 ( H 2 ) 2 species were carried out using configuration interaction (CI) 
techniques. These particular calculations consisted of single and double 
excitations (SDCI) with respect to the single Hartree—Fock configuration 
employed in the above studies. The optimized geometries from the SCF 
calculations were used for the respective species. No excitations were allowed 
from the inner 16 orbitals corresponding to the carbon Is, oxygen Is and 2s, 
and chromium 3s and 3p core orbitals. This resulted in 140,642 spin 
eigenfunctions in C 2 V symmetry for the SDCI calculations. 
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Cr (CO)4 (H2)2 STRUCTURES AND FRAGMENTS 

E(kcal/mole) 

C r ' 0.0 
. . . . I Λ 

r" 

-..jA 
C r 

+3.1 

C r + H 2 +15.1 

Η 

Cr^. + H 2 +14.4 

Η 

C r + 2 H 2 +29.4 

Fig. 3. Relative energies in kcal/mole of Cr(CO)4(H 2 )2 species. 
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OPTIMIZED GEOMETRICAL PARAMETERS 

Bond Lengths (A) 
Cr - H 2 1.787 1.772 1.923 

H - H 0.772 0.779 0.764 

Cr - H, 1.729 

Cr - C, 1.997 1.980 2.084 

Cr - C 2 1.971 1.992 2.077 

C i - 0 , 1.147 1.148 1.143 

c i 2 - o2 1.150 1.146 1.142 

Bond Anales idea) 

a i 46.9 44.9 42.1 

tt2 90.8 93.6 94.2 

« 3 90.3 88.9 67.4 

. 4. Calculated structural parameters for Cr(CO)4(H 2)2 species. 
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Fig. 5. Correlation diagram for bis—dihydrogen to dihydrogen-dihydride 
forms of Cr(CO) 4(H2)2 species. 
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Fig. 6. Calculated energies from Hartree-Fock (SCF) and configuration 
interaction (CI) calculations for one possible path for H - D 
exchange involving Cr(CO)4(H 2)2. 
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Table II. Relative Energies (kcal/mole) for 
Cr(CO) 4 (H 2 )2 and Related Species 

SCE 

CrfCOVH 2 )2—upright 
Cr(CO) 4(H 2} 2—coplanar 
Cr(CO) 4(H 4)—coplanar 
Cr(CO) 4 H 2 (H 2 ) 
C r ( C O ) 4 H 2 + H 2 

0.0 
3.1* 

22.5 
11.8 
14.4 

0.0 
3.1b 

22.5 
29.7 
43.3 

*E = -532.823307 a.u. 
bE = -533.416149 a.u. 

The CI results are contrasted with the SCF calculations in Fig. 6 and in 
Table II. The bis-dihydrogen complex Cr(CO) 4 (H 2 ) 2 is 27 kcal/mole and 40 
kcal/mole more stable, respectively, than the dihydrogen-dihydride species 
Cr(CO) 4 H 2 (H 2 ) and the C r ( C O ) 4 H 2 + H 2 fragment, respectively. These 
energies compare to 9 and 11 kcal/mole for the respective SCF calculations. 
The potential energy surface has also changed in that the Cr(CO) 4 (H 4 ) 
intermediate appeared to be a transition state at the SCF level, but actually 
lies below the energy of the Cr(CO) 4 (H 2 ) 2 product at the CI level. 

Finally we compare the results ot the above ab initio calculations with the 
earlier extended Huckel theory (EHT) calculations of Burdett et al (IS). In 
this work, which helped to stimulate our own calculations, the authors 
emphasized that they were probing general trends and that reliable 
thermodynamic stabilities of M H n species could not be obtained using this 
method. With these points in mind we compare the relative energies of 
tetrahydrogen species of Cr(CO) 4 in Table III. 

Table III. Comparison of extended Huckel theory (EHT) results (lfi) 
with SCF ab initio calculations on Cr(CO) 4 tetranydrogen species 

Cr(CO) 4 fragment 
Rel. energy (kcal/mole) 
EHT SCF 

ds-dihydrogen 
dihydrogen-ndihydride 
dihydride + H 2 

dihydrogen + H 2 

planar H 4 

linear H 3 
triangular H 3 
tetrahydride 
square H 4 

tetrahedral H 4 

17 
22 
35 
36 
86 

160 

0 0 
12 
14 
15 
23 
22 
76 
65 
54 
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While the earlier study did not investigate the H 2 (H 2 ) species, the other 
intermediates involving "open " planar H3 and H 4 moieties are actually placed 
at similar energies, while the intermediates involving closed species do not 
correspond with our findings. In particular, the (H 3)(H) species previously 
described as having two—electron triangular H3* and H ' ligands lies at 
considerably higher energy. There has, in fact, been considerable experimental 
activity to identify and isolate complexes containing H 3

+ and H 3 " ligands, but 
we find no evidence to support these forms for this particular class of 
complexes. 

Discussion of Mechanisms. In summary, the above calculations have identified 
relatively low-energy (i.e., less than 30 kcal/mole) pathways for the 
conversion of H 2 - D 2 into HD as exemplified by the dihydrogen—dihydride 
species originally formed according to the process 

Cr (CO) 4 (H 2 ) (D 2 ) 1 Cr(CO) 4(H)(HD)(D) 

as shown in Figs. 5 and 6. Once the incipient HD bond has begun to form, the 
reaction could proceed further by 

(a) rotation of HD about the C r - H D bond followed by collapse to 
Cr(CO) 4 (HD) 2 , 

(b) dissociation of HD to form Cr(CO)4(H)(D) followed by insertion of 
H 2 or D 2 , or 

(c) dissociation of HD followed by collapse to Cr(CO)4(HD), to mention 
some of the possibilities. 

Despite the above low-energy pathways discussed above, it is not clear 
whether they are actually involved in the liquid xenon experiments of Upmacis 
et al since relatively small barriers must be involved for any process at these 
temperatures. We would point out that the possibility of radical processes 
involving the presence of H atoms should also be examined thoroughly before 
these mechanisms are definitively understood. We observe that scrambling 
involving coordinated H 2 and H atoms is much more facile than processes 
involving two H 2 ligands. In cases such as 

Cr(H 2)(H)(H) - Cr(H—H—H)(H) -+ Cr(H)(H 2)(H) 
and 

V(CO) 5 (H 2 ) (H) -, V ( C O ) 5 ( H — H — H ) -, V(CO) 5 (H)(H 2 ) 

the barriers involved in open H 3 intermediates are only 10-13 kcal/mole. A 
second possibility to be considered is that the Cr(CO)4H 2 dihydride species 
actually possesses a triplet ground state much lower in energy than the singlet 
species discussed in Fig. 5 and Table II. Such a species could react with H 2 to 
form H—atom containing species. 

In summary, the nature of some likely reaction intermediates involved in 
HD formation from H 2 and D 2 complexes of Cr(CO)4 have been identified 
here. Unraveling the further details of the mechanisms involved in these 
fascinating complexes will require more extensive experimental and theoretical 
studies. 
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Chapter 8 

Activation of Small Molecules by Transition 
Metal Atoms 

Theoretical Interpretation of Low-Temperature Experiments 
with Cu, Pd, and Pt Atoms 

O. A. Novaro 
Instituto de Física, Universidad Nacional Autónoma de México, 01000 

México D.F., Mexico 

Theoretical-experimental results on transition metal atom-small mole
cules systems are reported. The theoretical studies employ the 
PSHONDO-CIPSI sequence of programs that allow for variational and 
perturbational configuration-interaction calculations including up to 106 

configurations for each ground and excited-states of the system. These 
theoretical results are contrasted with data from low-temperature ma
trix isolation experiments on these same systems supported by infrared, 
visible-ultraviolet, epr and other spectroscopic techniques. Interesting 
correlations between theory and experiment are found, including the fol
lowing: the photoactivation of H 2 and methane by Cu atoms at low tem
peratures are rationalized from a theoretical standpoint; the theoretical 
prediction of H 2  activation by ground-state Palladium is verified exper
imentally and the preference of insertion over abstraction reactions and 
the formation of Cu(N2)n complexes serve to explain some extraordinary 
isotopic effects found in experiment. 

Matrix isolation experimental techniques [1-10] stand out among many other mod
ern chemical research methods with regard to their ability to provide direct comparisons 
with quantum mechanical calculations. The use of photoexcitation methods to induce 
reactions [7-9] as well as the applications of multiple spectroscopic techniques to study 
such photochemical reactions allows for close control of the reaction parameters. Most 
of the high temperature and entropy effects, otherwise very large in thermochemical re
actions, are therefore not present here and thus some of the limitations associated with 
applications of precise quantum mechanical calculations to kinetic processes disappear. 

Specifically the low temperature studies which concern elementary interactions of 
small molecules and transition metal clusters or atoms isolated over "inert" solid matri
ces [5-10] are of high interest, especially now that the Schrodinger equation representing 
such interactions can be solved to relatively high precision using ab-initio configuration-
interaction methods. Among such methods we could mention the CASSCF and CCI, 
GVB-CI, Monstergauss, PSHONDO and CIPSI [11-15] among other methods and pro
grams, many of them mentioned and described in this book. The fact is that theoretical 
physicists and chemists in the recent past have developed very accurate methods for 
the study of d- and /-electron systems. Therefore, while several low temperature exper
iments concerning transition metal atoms or clusters and their interactions with small 
molecules have appeared in the literature, simultaneously many quantum mechanical 
calculations are appearing on the same type of systems. Rarely in the history of quan-

0097-6156/89/0394-O106$06.00/0 
c 1989 American Chemical Society 
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8. NOVARO Activation of Small Molecules by Transition Metal Atoms 107 

turn chemistry has a situation so tempting been found where theory can be compared 
with experiments concerning systems of great practical chemical interest and yet small 
enough and with such strict control of variables as to make direct comparisons feasible. 
However, actual theoretical experimental collaborations are not at all common. Some 
joint papers exist [16-18] and sometimes theoretical and a experimental papers on the 
same system are published back to back [19-20]. An example is that of Weltner and 
coworkers, who performed esr and endor studies of MnH supported over solid Argon at 
4K [21] in order to compare with previous calculations on the same MnH molecules [22], 
among other similar efforts. The alternative situation of theoreticians directing their 
calculations of previous or current matrix isolation experiments is of course common 
also [22-31] but considering the potential benefits of following the experiments closely, 
we feel that in reality much more work should be done in this direction. In particular we 
believe that in order to be really relevant to the understanding of the kinetics, calcula
tions should not only aim at obtaining the structure of a molecule but very importantly 
at determining reaction coordinates and activation barriers. This allows for predictions 
about feasibility and selectivity that may be contrasted with the experiments. In this 
chapter we shall review a few cases of such theoretical-experimental collaborations with
out pretending to be exhaustive but rather as examples of the mutual influence of theory 
and experiment. 

Method 

The method used in our calculations is the ab-initio pseudopotential method of Durand 
et al. [32-34]. We apply it for the Cu, Pd and Pt metal atoms whose pseudopotentials 
are also given in the literature: that of Cu in [2£], that of Pd in [M], that of Pt in [3fi]. 
In every case all of the valence electrons as well as all the electrons of the outermost 
d-subshell are always treated explicitely and without restrictions. The basis sets used 
are always of double-zeta quality at least, those for Cu and H are given in [3Z], that 
of Pt in [3£], that of C by Pacchioni et al. [2£], that of Pd in [24], that of Ν by 
Daudey (Daudey, J.P. Preprint of the Laboratoire de Physique Quantique, Université 
Paul Sabatier, Toulouse, France, 1986). The convergence criterion of the SCF iteration 
energies was set at 10~6. Basis set superposition errors were systematically tested and 
corrected for by following the counterpoise correction of Kolos [22] when necessary. The 
basis sets were selected by thoroughly testing their accuracy in the reproduction of the 
energy splittings between the ground and lowest excited states (eg. the 2P-2S and 2D-2S 
splittings in Cu, the 3D-lS splitting in Pt, etc.) but this is better seen by reading the 
original papers [36-37]. One limitation of these basis sets is the lack of /-polarization 
functions. In some instances it has been shown that their use introduces only marginal 
improvements in some calculations involving Cu [4Ω] or Pt [H]. The use of /-functions 
is however an open subject of current interest as is exemplified by several chapters of 
this book. 

We use the CIPSI algorithm [1£] which introduces configuration interaction by 
perturbation with multiconfigurational wave functions selected by an iterative process 
using the M0ller-Plesset barycentric values as proposed by Malrieu [42]. By this ap
proach we then include many more configurations (typically of the order of a million or 
more) that interact effectively with the original reference states. These reference states 
correspond to more than one metal atom state, generally we take three or more states 
of each metal considered, say the ground and the lowest lying excited states. The im
portance of this will be evident when discussing the comparison of the specific results 
with the experimental data. 

In every case a careful analysis of the configurations that are included in this large 
CI scheme is carried out trying to determine how their role during the process is to be 
understood. Such configurations represent very often a polarization of the d-subshell, 
which in many cases is closed or nearly closed, so that its relaxation substantially lowers 
the interaction energy between a transition metal atom and a small closed-shell molecule 
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(eg. H 2 , C H 4 or N 2 ) . As interesting as this and also many other trends shown by the 
configurations participating in the CI schemes are, it is not adequate to describe them 
within the overall fashion in which we shall discuss the results on several different 
systems in the present paper. The reader is therefore referred to the original articles to 
review this important aspect [36-37T40.43-44]. 

Comparisons with other theoretical methods are important. Our Cu calculations 
are based on the pseudopotential of Péllisier [35], who applied it to the Cu 2 system. 
A controversy arose when CASSCF-CCI calculations on the same system seemed to 
imply [4Q] that the CIPSI calculations matched the experimental energy too well for a 
non-relativistic method. Péllisier [45] replied by showing his pseudopotential included 
relativistic effects. 

On the other hand a recent CASSCF-CCI calculation on the Pt+H 2 reaction was 
published [4£]. The author apparently was not aware of our previous work on the same 
system [25] and yet he obtained potential energy surfaces that are virtually identical 
to those obtained using CIPSI as is commented elsewhere [47]. He did make some 
comparisons with GVB-CI calculations [4£] on the same PtH 2 systems concluding that 
both this method and his agreed well. From all this we must conclude that sometimes 
CIPSI, CASSCF-CCI and GVB calculations can lead to the same results and quite 
similar chemical pictures. Other methods also match well in their predictions. In one 
of our papers both the CIPSI and Monstergauss programs were used in the CuH-f H 
thermal reaction giving coinciding results in most aspects of the process [18]. 

Activation of Small Molecules by Closed-Shell Transition Metal Atom States 

The matrix isolation experiments using epr, ir, uv-visible and other spectroscopic tech
niques on transition metal-olefin complexes [8,49] have naturally attracted the attention 
of theoretical chemists and calculations on the Ni-C 2 H4 system were reported in one 
of the first theoretical-experimental papers mentioned in the introduction [15]. These 
results were later supplemented with a larger (double-zeta) basis set [5Q] and also [51] 
extended for a Ni(C 2 H 4 ) 2 system. The main conclusions are that a net charge transfer 
of almost 1/5 of an electron from the metal to the ethylene is evident and that a dona
tion and back donation mechanism consistent with a classical Dewar-Chatt-Duncanson 
model exists. The Ni-ethylene binding energy is 12.8 kcal/mol. 

Another system that has been studied theoretically is Cu-C 2 H4 where, in con
trast [54], it was suggested that a weak charge transfer from the olefin to the metal 
(0.164e) without the participation of the carbons and the unpaired electron remaining 
in the 45 - 4p hybridized orbital exists. This is indeed very far from the Dewar-Chatt-
Duncanson model [52-53]. We shall now report our results on Pd-C 2 H4 which are much 
more in coincidence with those of Ozin et al. [Ifi] and Siegbahn and coworkers [50-51]. 

Palladium-Ethvlene Interaction 

The case of the interaction of Pd with C 2 H 4 is interesting because the Palladium ground 
state has a closed shell, d10, configuration. This notwithstanding, the existence of a 
stable P d C 2 H 4 complex was established experimentally [&] and a net charge transfer 
from Palladium to the olefin carbons was reported. They also showed that the π-
bonded Pd-C2H4 complex had very similar stretching modes to those observed for 
ethylene adsorption on Palladium surfaces [55], thus concluding that the complex is 
an acceptable model for this adsorbed species. This system is then interesting enough 
to justify a theoretical study and this was done by us using the methods described 
above [56-57]. The main conclusions of the matrix isolation experiments were confirmed 
by us as depicted in Fig. 1 where the Pd-fC 2 H 4 interaction energy curve as well as 
the geometrical and charge transfer properties of the complex are given. The binding 
energy of our complex, 47 Κ Joules/mole, was close to the value (54 Κ Joules/mole) of the 
desorption energy on Pd surfaces reported in [55], fulfilling the expectations of Huber, 
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f Energy (Kcal/mol) 
9,0 \-

Figure 1. Potential energy curve and geometrical and charge transfer parameters of 
the Pd-ethylene complex. 
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Ozin and Power [g] that the P d - C 2 H 4 complex is an acceptable model of the adsorbed 
olefin species. We also see from Fig. 1 that the C-C distance is lengthened and the C-H2 
planes are rotated by 15° to the original plane of the ethylene, thus explaining the red 
shifts in the respective vibrational modes reported in [fi]. Also, their ultraviolet results 
show a charge transfer from the metal to the olefin, which is also evident in Fig. 1. 
The value of this donation is similar to that reported for the N 1 - C 2 H 4 complex [52] 
and we also find that a reasonable consistency of the Dewar-Chatt-Duncanson model 
exists for Palladium as for Nickel [52] but apparently not for C u C 2 H 4 [54] although the 
fact that the latter study included the cf-electron subshell in the pseudopotential may 
completely falsify this aspect of their results. At least our own studies of Cu reactions, 
to be described later on, systematically showed the need of having a flexible and explicit 
description of the d-subshell in order to obtain the very important avoided crossings and 
activation barriers and in general the multiple-well potential energy surfaces that will 
be discussed later on. 

Ho Capture by Palladium Atoms 

Several calculations on the P d H 2 system exist [58-60] showing that a weakly bound 
1 A i ( C 2 v ) Palladium dihydride can be stable. However no attempts to depart from 
this C2V symmetry were carried out except for some analyses of the H2 positions 
around a Palladium dimer [fil]. We have studied both the side-on ( C 2 V ) and the head-
on approaches of Pd to H2 showing that both present attractive curves without any 
activation barriers [12]. More recently we have studied a substantial part of the potential 
energy surface of the Pd(4<* 1 055VS)+H 2( 1E+)^ PdH 2 reaction. These results are 
partially reported in Figs. 2 and 3, including portions of the potential energy surface 
as well as the whole rotation coordinate between the stable P d H 2 head-on and side-on 
complexes. It should be noted that there is no rotation barrier between these two extreme 
situations, i.e. that one can shift smoothly from side-on to the head-on structures and 
viceversa. Bear this in mind for the following discussion. 

When our first results [12] were obtained it seemed adequate that we propose an 
experiment because our energy curves clearly indicated that under the conditions of 
matrix isolation experiments Pd atoms deposited on rare gas matrices would be capable 
of capturing H2 molecules, and at perhaps different geometries due to the relatively 
smooth potential energy surface connecting the various minimal energy structures. 
Consequently a proposal was made to G. Ozin to carry out such experiments with 
J. Garcia-Prieto of our group, in his laboratory. The results were highly rewarding 
and they obtained the infrared band structure of P d H 2 , it clearly had 1A\(C2v) [22] 
symmetry which was established by using isotopic mixture of H 2 , HD and D2 in the 
experiments. However the existence of other symmetries for PdH 2 was also established 
when further experiments were done substituting the Xe matrix for another of solid 
Krypton. For the Kr matrix the infrared spectra showed additional splitting for the 
lines of the HD reactant, a result that implies the existence of two clearly inequivalent 
hydrogen sites for the bound HD molecule when attached to the Pd atom. When the D 
atom occupies one type of site or the other the lines are shifted. This necessarily leads 
one to postulate a non-C2v structure that must correspond to our calculated head-on 
geometry or perhaps a structure intermediate between the side-on (C2v) and the head-on 
structures as described in Figs. 2 and 3. In these figures we have seen that a barrierless 
shift going from the head-on to the side-on and including all intermediate structures 
implies easy rearrangements from one to the other. This property of the P d H 2 surface 
that allows for different orientations of the Pd-H-H system may perhaps be related to 
the chemisorption (for a cluster model of this see [fi2]) bulk-absorption and catalytic 
properties of Pd solids which are vastly different from the properties of Platinum, for 
instance, but this shall be discussed elsewhere (Novaro, O; Poulain, Ε. and Ruiz, M.E., 
to be published). Here we only want to advance that from the P d H 2 potential energy 
surface one may conclude that in the matrix isolation experiments the selectivity of one 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
8

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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Figure 2. Two sections of the Pd-H2 potential energy surface, the upper part shows 
the movement of an H moiety over a fixed PdH moiety, the lower the movement 
of the Pd moiety around a fixed H 2 . Every line represent changes of about 5.75 
kcal/mol. 
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geometrical structure or the other was mostly controlled by the solid matrix used in the 
experiments. The different minima in this surface shared the common characteristic that 
they do not relax the H-H distance, so that not only hydrogen scission is not favored by 
its interaction with Pd [12] but that the only difference in the spectroscopy of the various 
experiments is the appearance of additional splittings of infrared bands that depend on 
the solid matrix used. Our conclusions have been reinforced by more recent experiments 
(Ozin, G.A., personal communication 1987) where, for a single rare gas matrix, one 
actually may observe both C2v and non-C2v PdH 2 structures simultaneously. 

Excited Platinum Atom States and their Interactions 

The case of Pt apparently is expected to have some important differences with Pd. After 
all its ground state is an open-shell triplet. Recent studies [2fi] of the Pt+H2 reaction 
have shown however that the ground state of Ρί(3ί/ 94θ 1)' 3ϋ gives rise to repulsive 
interactions with H 2 . In the case of C2V symmetry the P t ( i r s 1 ) 3 D+H2 ^ Pt+flb 
reaction gives rise to two 3Αχ and 3 i?2 states in which the metal does not capture 
H 2 . However the Vt(d10s°)lS closed-shell excited state lying 17.84 kcal/mol above 
the ground state energy (this energy separation is the one obtained by the CIPSI 
calculations, the experimental separation is however very similar: 17.56 kcal/mol) does 
have an attractive interaction. Another open-shell singlet state still higher in energy also 
presents an attraction in the Pt+H 2 reaction as is shown in Fig. 4. Both of these excited 
states correspond to lA\ configurations in the C2V geometry, a crucial fact because as 
is evident in Fig. 5 it is the avoided crossing that these equal symmetry states present 
at a Pt-H2 (midpoint) distance of approximately 4.4 a.u. that makes the lA\ closed-
shell configuration of PdH 2 have the deep well evidenced in Fig. 4. Interestingly this 
state, which is an excited state of Pt, has exactly the same configuration as the ground 
state of Palladium (i.e. (dl0s°)lS). Thus we see that the H2 capture by both these 
metals stems from the interaction of two closed shells (1Σ9 of the H2 molecule and lS 
for Pd and Pt). One important difference in the behaviour of Pd and Pt towards H2 
capture and activation is apparent by remembering that all attempts to see if the H-H 
bond is labilized by its interaction with Pd were negative. In all studies of the P d H 2 
system [19t 58-60] the H-H distance is basically unmodified, it is lengthened by a mere 
0.1Â [19T59]. In the case of Pt in the other hand the H-H bond is substantially weakened 
as Fig. 4 shows, where several Pt states allow for H-H distance relaxation. Thus Pt has 
the capacity of provoking an important labilization of the H 2 bond. For the closed-shell 
lA\ state of C2V symmetry the H-H distance is almost doubled (1.38Â), as this curve 
has an absolute minimum implying that P t H 2 reaches an energy below not only the lS 
excited state asymptotic limit but also below the ground state Pt and H2 energy limit. 
This has been the basis of our rationalization of the results of Low and Goddard [f&] 
and others on catalytic Pt-bis-phosphine complexes as has been reported elsewhere [3S]. 
Very recent results on the head-on approach of H2 to Pt show also attractive interactions 
but less capacity to activate the H2 bound [47]. 

In conclusion we have seen that just as for Pd, for Pt a closed-shell state is 
responsible for H2 capture. However, in the case of Platinum this is an excited state albeit 
with exactly the same electron configuration as the Pd ground state. Pt is furthermore 
predicted to be more effective in activation of the H2 bond. Unfortunately in this case, 
contrary to Pd, no experimental studies adequate for comparison exist. On the other 
hand, as has been mentioned the mutual support of these different techniques (GVB, 
CAS-CCI and CISPSI) on the PtH 2 system [36T46T48] should confirm the validity of 
our conclusions, pending experimental confirmation such as was obtained for P d H 2 [20]. 
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3.2 4.8 6.4 

P t - H 2 DISTANCE (a.u.) 

Figure 5. Representation of the avoided crossing of the lA\ closed- shell and open-
shell curves for the approach of an unrelaxed H 2 molecule to the Pt site. 
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Different Aspects of Ho Activation by Copper 

A series of theoretical studies on the photoexcitation 

Cu* + H 2 ^ CuH + H (1) 

have appeared in the literature [37T 43-44]. Before referring to this specific photochemical 
process we shall mention other results on the inverse thermal process studied by Ozin 
and Gracie [64]: 

which produced high yields of ground state Copper atoms and hydrogen. Theoretical 
calculations using both the Monstergauss and CIPSI programs showed an energetically 
downhill reaction coordinate for the H+CuH addition reaction [IS]. The addition re
action implies a linear approach of the H atom towards the Cu moiety of CuH. Also 
an abstraction reaction was studied, which implied a linear approach of H now towards 
the H moiety of HCu. The latter process does have an activation barrier of less than 
7 kcal/mol [IS]. The CuH 2 complex formed by either of these reactions spontaneously 
dissociates into the final products (H 2 and ground state Copper atoms) thus explaining 
the experimental results of [64]. 

Photoexcited Cu Activation of Ho 

In their study of the activation of H 2 by photoexcitation of Cu atoms deposited in rare 
gas matrices, Ozing and coworkers [65-66] irradiated with 320nm photons to produce 
the 3d 1 04p 1( 2P) «- 3dl04sl(2S) transition. This was sufficient and necessary for the 
reaction of eq. (1) to take place. The efficiency of this photochemical process was 
originally attributed by them [££] to the radiationless transition of the Ρ state to 
the lower excited 2D state which hypothetical^ was the one that reacted with H 2 . Our 
first calculations showed that the 2Ρ state itself is also capable [37] of capturing H 2 

effectively. Furthermore it was established that while the photoactivation by the 320nm 
was a sine qua non condition for the process to be triggered (without it Cu simply does 
not activate H 2) right after it the process of eq. (1) proceeds regardless of whether Cu* 
suffers a radiationless transition to the lower excited state 2D or eventually to the ground 
state 2S of Cu. This was demonstrated [4£] from the relatively moderate (~ 20 kcal/mol) 
activation barriers that the potential energy curves of Cu^S), Cu(2D) and Cu( 2P) 
present to H 2 capture. These barriers are easily overcome by the great energy gain 
from the transition from the 2Ρ state (whose own potential curve is initially downhill in 
energy) to the lower 2D and 2S states. This process implies a very interesting mechanism 
involving Landau-Zener-Stuckelberg transitions and Herzberg-Teller couplings between 
the main 2A\ and 2 P 2 symmetry potential energy surfaces of the C 2 v Cu*+H 2 system. 
These potential energy surfaces [44] are reproduced in Fig. 6 but the details of the 
reaction mechanisms envolving the three 2S,2P and 2D states of Copper in activating 
H2 and eventually leading from the CuH 2 energy minima of Fig. 6 towards the final 
products of eq. (1) cannot, for reasons of space, be reproduced here. For this the reader 
is referred to the original papers [37t 43-44]. It is worth mentioning here however that the 
restriction to C 2 v symmetry in Fig. 6 is not a limitation for the actual chemical process 
of eq. (1) because, as was shown in [43], any deviation from C 2 v symmetry would only 
enhance the scission of H 2 and the liberation of the CuH-|-H products because the 
activation barrier (~ 20 kcal/mol) would necessarily be lowered even more considering 
that both the 2 Αχ and the 2B2 surfaces belong to a single representation 2 A' of the Cs 

group when C 2 v symmetry is broken [21]. In conclusion: the activation of H 2 by Cu is 
only feasible if the 2Ρ <- 2S photoexcitation is induced. After this transition however, 

CuH + H -> Cu + H 2 (2) 
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118 THE CHALLENGE OF d AND f ELECTRONS 

the reaction proceeds to the valley of the products regardless of which of the surfaces 
of Fig. 6 we are in, and also regardless of any deviation from perfect side-on symmetry. 

Competing Effects for the Activation of Ho bv Cu; Presence of Methane 

One of the most important discoveries made by matrix isolation techniques in recent 
years is the photo-activation of natural gas by copper atoms at low temperature [67]. 
Beyond the possible technological consequences of this discovery, several fundamental 
questions were raised by it. Some of them were addressed in Ref. [jj] concerning the 
reactants and products relative energies. In Ref. [fi£] in turn the activation barriers 
between the former and the latter were studied and they are depicted in Fig. 7. 

A particularly challenging problem was posed by the observation (Ozin, G.A.; 
Gracie, C. and Mattar, S.M., unpublished, 1984) that the reaction: 

Cu( 2P) + C H 4 + D 2 - CH 3 CuH + D 2 (3) 

shows no formation of any CuD or D fragments! The same reaction using H 2 as 
reactant is harder to elucidate because of the secondary photochemical step: 

, CH 3CuH+H 
CH 3 CuH( (4) 

^ CH 3 -f CuH 

which would make the presence of H or CuH to be inconclusive as to whether the origin 
of the hydrogen was from the H 2 reactant or from methane. With D 2 as reactant the 
complete absence of D or CuD fragments (only H and CuH were detected) meant that 
D 2 is not being activated by Cu( 2P). Considering the results of the preceding subsection 
one must ask why D 2 does not —in the presence of methane— undergo the activation 
discussed there. Asked to elucidate this apparent paradox theoretically we have up to 
now obtained the potential curve for the insertion of Cu( 2P) on a C-H bond in methane, 
which is completely downhill in energy forming a stable complex. We also have obtained 
the CIPSI results for the abstraction reaction corresponding to the linear approach of 
the H 2 molecule to the Cu moiety of this complex, as shown in eq. (5) 

H 
\ 

I Cu H - H 

/ 
C 

/ \ 
H I H 

H (5) 
This abstraction reaction pathway presents a barrier of about 7 kcal/mol. Thus 

we would expect the rate constants to be fc(insertion) > fc(abstraction). This of course 
would be disregarding any tunneling effects of an H moiety into the abstraction pathway 
barrier. However, such tunneling would not be present if D 2 is used in the reaction. At 
this stage in conclusion we would necessarily infer from our theoretical results (M.E. 
Ruiz; G.A. Ozin and 0. Novaro, work in progress) that this reaction would indeed lead 
to no products of the type CuD or D, in complete agreement with the observed facts. 
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Nitrogen Matrix Hindrance of Ho Activation by Copper 

An amazing discovery (Gracie, C , M.Sc. Thesis, University of Toronto, 1985) was made 
when the photoexcitation reaction 

Cu( 2P) + H 2 + D 2 ̂  CuH + CuD + H + D (6) 

previously mentioned and which had a reaction rate ratio of about kjj/kj) ~ 1.5 [55] 
was carried out replacing the rare gas matrix by a N 2 molecular matrix, with all other 
conditions (temperature, reactants, etc.) kept equal. The new results showed the reaction 
products 

Cu( 2P) + H 2 + D 2 ̂  CuH + H + D 2 (7) 

with the CuD and D subproducts being much scarcer, by a factor of about one thousand 
(in effect, kjj/kj) « 103). The suggestion was made based on infrared, optical and 
epr spectroscopical observations (Ozin, G.A., Gracie, C. and Mattar, S.M., Toronto 
University, unpublished data, 1984) that a CuN 2 complex existed of the type 

Cu - ( Ν ΞΞ N ) „ (8) 

When a Copper atomic resonance line 2 Ρ <— 2S is photoexcited for Cu deposited 
in solid N 2 the existence of such complexes conceivably might hinder the activation of 
hydrogen by Cu( 2P). Again a suggestion was made for us to study the Cu+N 2 system 
and test the stability and competition of such C U - Ν Ξ Ν complexes towards hydrogen 
activation. Our results (Sânchez-Zamora, M. , Novaro, 0. and Ruiz, M.E., submitted 
for publication) are condensed in Figs. 8-9. From them we conclude the following: that 
the photoexcited Cu atom forms a stable complex with the N 2 molecule in a head-on 
(linear) complex with an interaction energy of almost 30 kcal/mol. Such a complex is 
certainly capable of hindering the Cu* capacity to react with H 2 (or D 2 ) , particularly 
considering that the relevant Cu orbitals to capture and activate the hydrogen molecule 
are precisely those already involved in the Cu*-N-N bonding situation. The strong 
attractions of N 2 come from the excited Cu( 2P) and (2D) states, ( 25) only attracts 
a relaxed N 2 . Still it might seem odd that Cu binds N 2 strongly when reportedly this is 
not so for ethylene [54]· We however must remember that CuN 2 is a linear complex 
derived by interaction with the nitrogen lone pair electrons, which are not present 
in C 2 H 4 . Furthermore we have already stated our belief that rf-electrons should be 
treated explicitely, so their inclusion in the pseudopotential, as was done in [54], is 
not and adequate approximation. Perhaps more accurate calculations eventually will 
show a much more stable C u C 2 H 4 complex. In any case, the activation barrier for the 
Cu*+H 2-fD 2 reactions on a N 2 matrix (~ 60 kcal/mol) is much higher than the 20 
kcal/mol barriers [44] for the same reaction in rare gas matrices. The activation of the 
H 2 molecule by Cu* is not really affected by the use of the N 2 matrix because of proton 
tunneling that the lighter protons can perform. The deuteron cannot do likewise. We 
therefore may conclude that while for the case of rare gas matrix supported Cu*, the 
Cu*-|-H2 and Cu*+D2 reactions naturally show the same order of magnitude of their 
rate constants: kjj ~ kp, this is no longer true for N 2 matrices. In effect a high activation 
barrier (~ 60 kcal/mol) towards hydrogen capture is introduced by the formation of the 
D 2Cu*-N-N complex and it is only by proton tunneling (Sanchez-Zamora, M. ; Novaro, 
0. and Ruiz, M.E., to be published) that the kjj is still large. On the other hand 
Deuterium cannot do likewise and necessarily kj) < kjj thus explaining the apparent 
paradox posed by Ozin. 
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100 

Kcal/mol 

8 0 C u ( 2 P ) + C H 4 / \ 
k / H + C u C H 2 

6 0 -
H C u C H ^ A ) H C u + C H , 

4 0 -

0 

C u r D ) + C H 4 

C u ( 2 S ) + C H 4 

Figure 7. Potential energy curves relating the reactants (methane and photoexcited 
copper), the intermediates and the products of the photoinduced activation of 
methane by Copper. 

Cu..N 2 DISTANCE (au.) 

Figure 8. Side-on reaction of photoexcited Copper with a N 2 molecule. The curves 
have 2J9 2 configurations in a C 2v symmetry. 
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Figure 9. Head-on reaction of Cu with N 2 . The curves have 2 Π configurations. Notice 
that these head-on configurations show greater stabilization than those of Fig. 8. 
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Outlook and Perspective 

The theoretical prediction of different geometrical arrangements of the PdH 2 system [lâ] 
and its experimental verification [2Q] gives a hopeful picture of the role that quantum 
mechanical calculations on d- and /-electron systems may play in the future of the 
chemistry of transition-metal complexes and their interactions. Similar predictions for 
the PtH 2 system [££] (with the important differences with regard to PdH 2 that in Pt it 
is an excited state that captures H 2 and that it activates it in a manner that Pd cannot) 
have however not yet, to our knowledge, been tested experimentally. It is true that 
the Pt+H 2 reaction is much harder to control in low temperature experiments (Ozin, 
G.A. and Garcia-Prieto, J., private communication). Also the quantum mechanical 
calculations of Pt, with its complex structure of low-lying excited states [46-48] are 
of a particularly difficult nature. Yet here is a system that perhaps merits particular 
attention from theoreticians and experimentalists. 

The potential energy surfaces of the Cu*+H2 reaction, partially depicted in Fig. 6 
have been obtained for the Cu( 25), ( 2P) and (2D) states which are involved in the 
photoactivation of H 2 [££]. The overall picture derived from theory is very clear and 
explains the reasons why the photoactivation of Cu is a prerequisite for H 2 capture [37], 
here the products are reached whether the reactants are moving on the ground state 
potential energy surface (Cu(25,)-|-H2) or else on one of the excited 2B2 surfaces of 
Fig. 6 [44]· The intermediate complexes CuH 2 however, capable of existing in two forms, 
linear and bent [43] have not been observed yet. Theoretically it is clear that due to 
the relatively small barriers that connect these intermediate complexes with the final 
products plus the large kinetic energy that the Cu* and H 2 reactants gain via the 
radiationless transitions [4£] one does not expect that it is easy to trap CuH 2 . Still 
efforts are being made (Ozin, G.A., personal communication, 1988) to trap it by using 
different matrices. This, in fact, was the origin of the N 2 matrix experiments that lead 
to the discovery of the interesting isotope effects discussed in the previous subsections. 

Speaking of these isotope effects, the amazing observations that the presence of 
methane practically eliminates any activation of D 2 by Cu* and that the use of a 
molecular nitrogen matrix makes the CuD and D subproducts become almost negligible 
(using rare gas matrices these subproducts were almost as abundant as CuH and H) is 
one of the most attractive open questions in these experiments (Ozin, G.A.; Gracie, C. 
and Mattar, S.M., unpublished data, 1984). 

We have mentioned above some attempts to explain these facts theoretically. Pre
liminary calculations show that Cu* insertion of a C-H bond in methane is competitive 
with the abstraction reaction in H 2 , so that the activation of hydrogen (specially when 
the deuterium isotope is used) is less effective in the presence of methane. Also CIPSI 
calculations on the Cu*+N 2 interactions shows the formation of the Cu(N 2 ) n complexes 
which were first proposed by Gracie (Gracie, C , M.Sc. Thesis, University of Toronto, 
1985). Such complexes make the interaction of Cu* with D 2 much less effective, rais
ing the activation barriers and explaining the scarcity of the CuD and D subproducts 
(Sânchez-Zamora, M.; Novaro, 0. and Ruiz, M.E., submitted for publication). These 
modest attempts however only make it more imperative to carry out more theoretical 
studies both to obtain better potential energy surfaces and to do trajectory calculations 
for Cu*+D2 reactions. 
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Chapter 9 

Mechanism for H2 Dissociation on Transition 
Metal Clusters and Surfaces 

Itai Panas, Per Siegbahn, and Ulf Wahlgren 
Institute of Theoretical Physics, University of Stockholm, Vanadisvägen 9, 

S-11346 Stockholm, Sweden 

Basic rules are set up for the requirements on a cluster 
for dissociatively chemisorbing H 2. These rules are 
built on previous experience from model calculations on 
transition metal complexes and surfaces. If these rules 
are combined with the knowledge of the atomic spectra of 
the transition metals, an understanding of both the low 
reactivity of the Co6-Co9 clusters compared to the 
corresponding nickel clusters and the similarly large 
reactivities of Co10 and Ni10 can be obtained. It is 
found that all the Co6-Co9 clusters have stable closed 
valence shell configurations. The present model for 
dissociating H2 does not involve the electron donation 
from the cluster to H2 that has been suggested 
previously. The correlation between ionization energies 
and reactivities of the clusters is shown to be a 
secondary consequence of the electronic structure of the 
clusters. 

A few years ago Smalley and coworkers were able to obtain detailed 
experimental information about the reactivity of specific transition 
metal clusters with hydrogen molecules (1). The results for copper 
and nickel clusters were essentially as expected from the known 
results for surface and metal complex activities. For copper no 
clusters were able to dissociate H2 whereas for nickel all 
clusters were active with a slow, steady increase of activity with 
cluster size. For the other transition metals studied, cobalt, iron 
and niobium, a completely different picture emerged. For these 
metals a dramatic sensitivity of the reactivity to cluster size was 
detected. No convincing explanation for these surprising results has 
hitherto been suggested. It should be added that there are no 
dramatic differences in the activity towards H2 for the metal 
surfaces (or the metal complexes) of nickel on the one hand and 
iron, cobalt and niobium on the other. 

In another set of interesting experiments Whetten et al 

0097-6156/89A)394-0125$06.00/0 
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measured the i o n i z a t i o n energies as a function of c l u s t e r s i z e f o r 
i r o n (2) and niobium (3). A strong c o r r e l a t i o n was observed between 
these i o n i z a t i o n energies and the r e a c t i v i t i e s of the c l u s t e r s . The 
simple explanation given f o r t h i s c o r r e l a t i o n was that hydrogen 
chemisorption requires charge t r a n s f e r from the c l u s t e r . This 
p i c t u r e i s i n l i n e with t h e o r e t i c a l Extended Hiickel r e s u l t s 
obtained by S a i l l a r d and Hoffmann (4), who found that the c r i t i c a l 
f a c t o r i n surface a c t i v a t i o n i s e l e c t r o n t r a n s f e r from the metal. 
The c l u s t e r s with a higher Fermi l e v e l should thus hav^e an enhanced 
a b i l i t y to give e l e c t r o n density to the antibonding cr o r b i t a l of 

. This p i c t u r e i s , however, quite d i f f e r e n t from the one we have 
obtained f o r a c t i v a t i o n of h"2 on surfaces. In our c a l c u l a t i o n s on 
c l u s t e r models we have not found any c o r r e l a t i o n between the a b i l i t y 
to break the bond i n h"2 and the c l u s t e r i o n i z a t i o n p o t e n t i a l . 
Instead the c r i t i c a l f a c t o r i s the overlap between cr and an 
occupied c l u s t e r o r b i t a l of the same symmetry. In p a r t i c u l a r f o r 
on-top d i s s o c i a t i o n , a requirement of the on-top atom i s an e a s i l y 
a c c e s s i b l e atomic state with s i n g l y occupied 3d and 4s o r b i t a l s 
(5-7). When t h i s c o n d i t i o n i s f u l f i l l e d , the on-top d i s s o c i a t i o n 
becomes the most favorable pathway. This i s the reason why n i c k e l 
succeeds and copper f a i l s to break the H bond (7,8). The 
c o r r e l a t i o n between the i o n i z a t i o n energies and the r e a c t i v i t i e s of 
the c l u s t e r s i s therefore, i n our opinion, the most s u r p r i s i n g of 
a l l the above mentioned experimental r e s u l t s . 

The simple model f o r H 2 a c t i v a t i o n proposed by Whetten et a l 
(2) was l a t e r questioned by Smalley and coworkers: ".. one wonders 
how a simple e l e c t r o s t a t i c model can p o s s i b l y explain the known 
s e n s i t i v i t y of H and N 2 chemisorption to p a r t i c u l a r surface 
geometries, and to the presence of open d o r b i t a l s at the r e a c t i v e 
s i t e " and they continue by r a i s i n g the question "Is the 
correspondence between I.P. and r e a c t i v i t y causal, or casual?" (9). 
To answer t h i s question Smalley et a l studied the r e a c t i v i t y pattern 
of i o n i z e d c l u s t e r s . It turned out that the p o s i t i v e c l u s t e r s had a 
very s i m i l a r r e a c t i v i t y pattern as the neutrals and sometimes 
reacted with even greater cross sections even though these c l u s t e r s 
have a f a r le s s tendency to donate e l e t r o n i c charge to the neutral 
adducts. This f i n d i n g i s consequently i n c o n f l i c t with the simple 
e l e c t r o s t a t i c model of Whetten et a l . 

In t h i s paper we w i l l f i r s t review our fi n d i n g s concerning 
d i s s o c i a t i v e a c t i v a t i o n of H 2 by t r a n s i t i o n metal complexes and 
c l u s t e r s . Of major importance i n the present context i s our recent 
understanding of the o s c i l l a t i o n s of the atomic hydrogen 
chemisorption energies with c l u s t e r s i z e (10). Also of importance i s 
our understanding of the dominant e l e c t r o n i c mechanism f o r breaking 
the H 2 bond (5-7). If these two f a c t o r s are combined with the 
knowledge of the atomic spectrum of the metal atoms (11) a large 
step towards a complete understanding of the o s c i l l a t i o n s of 
r e a c t i v i t y with c l u s t e r s i z e can be obtained. It i s also c l e a r why 
n i c k e l does not show the same type of o s c i l l a t i o n s as iron and 
cobalt. It i s f i n a l l y also p o s s i b l e to understand why the 
r e a c t i v i t i e s c o r r e l a t e with the i o n i z a t i o n energies of the c l u s t e r s 
without r a t i o n a l i z i n g t h i s c o r r e l a t i o n by the simple e l e c t r o s t a t i c 
model suggested by Whetten. 
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Computational d e t a i l s 

The c a l c u l a t i o n s i n the present paper are very simple and 
q u a l i t a t i v e . The purpose i s not to produce f i n a l d e f i n i t e numbers 
but rather to i l l u s t r a t e the simple p r i n c i p l e s suggested here. 

C a l c u l a t i o n s are performed f o r both n i c k e l and cobalt c l u s t e r s . 
When the metal atoms are i n the atomic d n s state (see below) the 
atoms are treated computationally as one-electron systems by the use 
of E f f e c t i v e Core P o t e n t i a l s (ECP's). This i s a crude but 
q u a l i t a t i v e l y c o r r e c t d e s c r i p t i o n and t r e a t s the core i n c l u d i n g the 
3d s h e l l by p o t e n t i a l s and p r o j e c t i o n operators. S i m i l a r l y for atoms 
i n the d n s state a two-electron ECP i s used. 

The ECP's are constructed based on the frozen o r b i t a l ECP 
technique (12). In t h i s technique some of the core o r b i t a l s are 
expanded i n the valence basis set and frozen i n atomic shapes. This 
reduces the demand on the accuracy of the ECP p o t e n t i a l s and the 
p r o j e c t i o n operators. One-electron ECP's constructed by t h i s 
technique f o r n i c k e l and copper have been shown to give r e s u l t s of 
q u a n t i t a t i v e accuracy f o r surface problems, p a r t i c u l a r l y f o r 
hydrogen chemisorption which i s treated here (13,14). In the 
previous studies the one-electron ECP's included a frozen 3s 
o r b i t a l . In the present case, states with a large occupancy of 4p 
appeared f o r the s type configurations i n a c l u s t e r surrounding. 
In order to improve the d e s c r i p t i o n of the 4p o r b i t a l s a frozen 3p 
o r b i t a l was included i n both ECP's. 

The parameters of the ECP's were f i r s t determined by f i t t i n g 
o r b i t a l energies and shapes for the corresponding atoms. The f i n a l 
c a l i b r a t i o n was made i n a comparison w i t h e c a l c u l a t i o n s on CoNir, 
with the c e n t r a l cobalt atom both i n a d n + s state and i n a 
d n s s t a t e , using an a l l - e l e c t r o n d e s c r i p t i o n for Co and a 
one-electron ECP d e s c r i p t i o n f o r Ni. The c l u s t e r binding energies at 
the a l l - e l e c t r o n l e v e l and at the ECP l e v e l agreed to within a few 
kcal/mol. 

O r b i t a l s were generated i n the s i n g l e - c o n f i g u r a t i o n SCF 
approximation and dynamical c o r r e l a t i o n was treated i n one-reference 
state Contracted CI (CCI) c a l c u l a t i o n s (15). The Davidson c o r r e c t i o n 
(16) was f i n a l l y added to the CCI energies to account f o r unlinked 
c l u s t e r c o n t r i b u t i o n s . 

Atomic spectra 

For t r a n s i t i o n metal atoms there are three d i f f e r e n t atomic 
occupations which u s u a l l y lead to states which are e n e r g e t i c a l l y low 
l y i n g . These chemically d i f f e r e n t states are i n general terms 
denoted d n s , d n + s and d n . Bulk t r a n s i t i o n metals (and 
surfaces) of i r o n , cobalt, n i c k e l and copper are dominated by the 
d n + s atomic occupation so that there i s e s s e n t i a l l y one s 
e l e c t r o n c o n t r i b u t i n g to the conduction band. The d l e v e l s w i l l be 
e n e r g e t i c a l l y deeper and w i l l often be chemically rather i n e r t . This 
p i c t u r e i s p a r t i c u l a r l y true for the metals to the r i g h t i n the 
p e r i o d i c table such as n i c k e l and copper. For the i s o l a t e d atoms of 
n i c k e l and copper the d n + s s t a t e i s also the lowest (j-averaged) 
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state but t h i s i s often not the case f o r other atoms (11). For 
cgbalt the d s 2 state i s 0.43 eV (10.0 kcal/mol) lower than the 
d s s t a t e and f o r i r o n the d s s t a t e i s even lower, 0.86 eV 
(19.8 kcal/mol) below than the d s s t a t e . It i s immediately 
obvious that t h i s important d i f f e r e n c e between the atomic states of 
i r o n and cobalt on the one hand and n i c k e l and copper on the other 
i s one key to the understanding of the experimental f i n d i n g that the 
r e a c t i v i t y o s c i l l a t e s f o r the two former metals but not for the 
l a t t e r two. The question that has puzzled us f o r the past years i s 
only how. 

In passing i t could be i n t e r e s t i n g to note that the importance 
of a c c u r a t e l y d e s c r i b i n g the above mentioned lowest states of the 
t r a n s i t i o n metals has been recognized by quantum chemists f o r a long 
time. But to obtain a c o r r e c t s p l i t t i n g between these states has 
turned out to be a formidable computational task. Since the number 
of d-electrons d i f f e r s between these states the c o r r e l a t i o n energy 
of the d - s h e l l w i l l enter d i r e c t l y i n the energy s p l i t t i n g . Only 
r e c e n t l y has an acceptable e r r o r of 0.1 eV been reached 
computationally for n i c k e l (17). Large multi-reference CI 
c a l c u l a t i o n s with about 20 reference states and a basis set 
i n c l u d i n g g-functions were required. 

The D i s s o c i a t i o n Mechanism 

F o r H2 t 0 d i s s o c i a t e on a metal c l u s t e r two independent c r i t e r i a 
must be s a t i s f i e d . F i r s t , the r e a c t i o n must be exothermic. We w i l l 
discuss the conditions f o r exothermicity at the end of t h i s s e c t i o n 
and i n the next s e c t i o n . Second, a d i s s o c i a t i o n mechanism must e x i s t 
such that the b a r r i e r s f o r d i s s o c i a t i o n w i l l not be too high. During 
the past years we have studied the H 2 d i s s o c i a t i o n both f o r s i n g l e 
t r a n s i t i o n metal atoms and complexes and f o r c l u s t e r s as models f o r 
surfaces. Single i r o n , cobalt, n i c k e l and copper atoms have been 
studied (5,6) as well as models of n i c k e l and copper surfaces (7,8). 

For s i n g l e metal atoms there are two requirements f o r a low 
b a r r i e r : f i r s t the metal atom must be i n a d s s t a t e , i n c l u d i n g 
open s h e l l d - o r b i t a l s , and second one s i n g l y occuped d - o r b i t a l must 
be low-spin coupled towards the 4s-electron. For n i c k e l the only 
Jow-lying state with a low b a r r i e r f o r d i s s o c i a t i n g h"2 i s the 
D(d s) s t a t e . This state i s only 9.8 kcal/mol above the ground 

s t a t e . The lowest 3 F ( d s ) and D(d 9s) states have very 
high b a r r i e r s . From the requirement that there must be open s h e l l 
d - o r b i t a l s , i t i s c l e a r that the copper atom w i l l not d i s s o c i a t e 
H 2 > The f i r s t s tate of copper that does d i s s o c i a t e H 2 i s the d sp 
state which i s 312 kcal/mol above the ground s t a t e . Iron and 
cobalt w i l l have d i s s o c i a t i v e states very s i m i l a r to the D state 
of n i c k e l but these states w i l l be f a i r l y h i ghly e x c i t e d . For cobalt 
the F s t a t e i s 21 kcal/mol above the ground state and f o r i r o n 
the d i s s o c i a t i v e 3 F state i s e x c i t e d by as much as 34 kcal/mol. 

The reason that the above mentioned states of n i c k e l , cobalt 
and i r o n are d i s s o c i a t i v e are two-fold. F i r s t , the low-spin coupling 
between the d - s h e l l and the s - e l e c t r o n allows f o r an e f f i c i e n t 
s d - h y b r i d i z a t i o n which w i l l reduce the r e p u l s i o n between the doubly 
occupied c r - o r b i t a l of H and the metal atom as h\> approaches. 
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Second, the s i n g l y occupied d - o r b i t a l and the s i n g l y occupied 
s - o r b i t a l can s t a r t to form the two bonds to the hydrogen atoms as 
the H bond i s broken. 

The above f i n d i n g f o r s i n g l e metal atoms i s d i r e c t l y 
t r a n s f e r a b l e to the case of on-top d i s s o c i a t i o n of Hg on metal 
c l u s t e r s and on surfaces (7,8). The on-top d i s s o c i a t i o n of H 2 on a 
n i c k e l surface consequently proceeds without any b a r r i e r (8), 
whereas the same d i s s o c i a t i o n pathway has a very large b a r r i e r f o r a 
copper surface. For copper other d i s s o c i a t i o n pathways w i l l have 
lower b a r r i e r s , such as d i s s o c i a t i o n over a hollow s i t e . The b a r r i e r 
f o r t h i s d i s s o c i a t i o n can be estimated to be of the order of 12-18 
kcal/mol f o r a copper surface. The same b a r r i e r w i l l be somewhat 
reduced f o r a ni c k e l surface by 5-10 kcal/mol ( i t i s po s s i b l e that 
t h i s reduction could be somewhat lar g e r i f the e f f e c t of the yet 
uninvestigated d - o r b i t a l p a r t i c i p a t i o n turns out to be larger than 
expected). The presence of these r e l a t i v e l y high b a r r i e r s i s the 
reason why no copper c l u s t e r was found to d i s s o c i a t e H The 
exothermicity f o r H 2 d i s s o c i a t i o n would probably have been 
s u f f i c i e n t f o r d i s s o c i a t i o n on some c l u s t e r s , since the 
exothermicity i s s u f f i c i e n t f o r a copper surface (14). 

For metal surfaces the d n + s state w i l l dominate the atomic 
d e s c r i p t i o n even i f other states are dominant f o r the i s o l a t e d 
atoms. This means that f o r both i r o n and cobalt surfaces, a 
b a r r i e r l e s s d i s s o c i a t i o n over on-top s i t e s i s expected. For metal 
c l u s t e r s with more than a s i n g l e atom at l e a s t one atom i s expected 
to be i n the d n + s state, which means that a d i s s o c i a t i o n 
mechanism with a low b a r r i e r should e x i s t i n p r i n c i p l e f o r a l l these 
i r o n , cobalt and n i c k e l c l u s t e r s . For the s i n g l e metal atoms the low 
spin coupling between the d- and the s-hole was found to be 
important to reduce the r e p u l s i o n to H 2 < The same type of 
spin-coupling i s also important f o r c l u s t e r s and surfaces. For 
c l u s t e r s the spin-coupling w i l l i n general require a small 
e x c i t a t i o n energy, which can cause the appearence of small b a r r i e r s 
i n the r e a c t i o n with H (8). 

We have emphasized the importance of open d - o r b i t a l s and a 
proper atomic s t a t e i f H 2 should d i s s o c i a t e with a low b a r r i e r on 
a t r a n s i t i o n metal surface. For c l u s t e r s , however, the same type of 
d i s s o c i a t i o n puts up another requirement, which w i l l turn out to be 
even more s i g n i f i c a n t i n the present context: There must be at l e a s t 
one open s h e l l valence o r b i t a l (of s-character) on the c l u s t e r , 
otherwise the s d - h y b r i d i z a t i o n w i l l not take place (8). For an 
i n f i n i t e surface, t h i s requirement can always be s a t i s f i e d since 
states with open valence o r b i t a l s must at l e a s t be reachable by a 
low energy e x c i t a t i o n . For c l u s t e r s , the same type of e x c i t a t i o n may 
be much more expensive. Since a l l n i c k e l c l u s t e r s d i s s o c i a t e H 2 i t 
seems c l e a r that a d i s s o c i a t i v e state i s reachable i n a l l cases f o r 
n i c k e l . The question that has worried us f o r the past years i s why 
the same type of states do not always seem reachable f o r i r o n and 
cobalt c l u s t e r s . The answer to t h i s question i s discussed i n s e c t i o n 
VI. 

In summary, the mechanism f o r H 2 d i s s o c i a t i o n (at an on-top 
s i t e ) requires that the c l u s t e r has a low l y i n g s t a t e with at l e a s t 
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one atom i n the d s state with open d o r b i t a l s , and that t h i s 
c l u s t e r wavefunctlon has at l e a s t one open s h e l l valence o r b i t a l . 
(Possible d i s s o c i a t i o n s at other s i t e s , which i n our opinion are 
l e s s l i k e l y , w i l l have the same requirements on the valence 
occupation). E x a c t l y the same requirement holds also f o r formation 
of a dihydride st a t e of the same type as found on metal complexes 
since such a st a t e i s on the same p o t e n t i a l surface. Even the 
r e c e n t l y found state of molecularly chemisorbed H l i e s on t h i s 
p o t e n t i a l surface (18,8). Both the formation of tne dihydride and 
the molecularly chemisorbed st a t e w i l l also normally be exothermic 
i f the d i s s o c i a t i v e state i s present i n the c l u s t e r . It should be 
noted that a t o m i c a l l y chemisorbed hydrogen, of the form observed on 
i n f i n i t e metal surfaces, i s d i s t i n c t l y d i f f e r e n t from the dihydride 
form on c l u s t e r s (8), and consequently has other requirements f o r 
i t s formation (see the next s e c t i o n ) . 

C l u s t e r Requirements for Atomic Chemisorption 

During the l a s t few years we have used the c l u s t e r model i n several 
studies of atomic chemisorption of mainly hydrogen and oxygen. In 
the f i r s t of these studies (13,14), c l u s t e r s centered around a 
f o u r - f o l d hollow s i t e of a (100) surface were used. If the 
chemisorption energy was c a l c u l a t e d as the d i f f e r e n c e between ground 
stat e energies at short and long distances between the adsorbate and 
the c l u s t e r , a noncomplicated convergence towards experimental 
surface r e s u l t s was obtained. This method ( c a l l e d D 2 i n Tables 
1-2) consequently allows both the t o t a l s p a t i a l and spin symmetry to 
change during the chemisorption process. In Table 1 i t i s compared 
to another method (D..), where the wavefunctions were constrained 
to have lowest p o s s i b l e spin . The reason f o r t h i s r e s t r i c t i o n i s 
that dangling bonds are avoided and als o that c o n t r i b u t i o n s to the 
magnetism of the c l u s t e r s are confined to the d o r b i t a l s as i s 
approximately the case f o r i n f i n i t e surfaces. The comparison i n 
Table 1 f o r atomic hydrogen chemisorption i n the f o u r - f o l d hollow 
s i t e of Ni(100) shows that the D 2 method i s c l e a r l y superior. 

In l a t e r s tudies, f i r s t i n the case of chemisorption of two 
hydrogen atoms on a Ni(100) surface (8) and second i n the case of 
adsorption of s i n g l e hydrogen atoms on a Ni(111) surface, a much 
more complicated convergence pattern with i n c r e a s i n g c l u s t e r s i z e 
was obtained, see Table 2. Even c l u s t e r s with as many as 40-50 atoms 
sometimes gave very poor chemisorption energies using method D g 

described above. The s o l u t i o n to t h i s problem was the r e a l i z a t i o n 
that also these large c l u s t e r s need to be prepared f o r bonding (10). 
The preparation f o r bonding c o n s i s t s of an e l e c t r o n i c e x c i t a t i o n to 
a state with open s h e l l valence o r b i t a l s (of s character) of the 
same symmetries as the adsorbing hydrogen atomic Is o r b i t a l s . The 
energy required f o r such an e x c i t a t i o n f o r an i n f i n i t e surface 
should be close to zero whereas f o r the c l u s t e r s i t was sometimes 
found to be as large as 30-40 kcal/mol. If the chemisorption energy 
i s c a l c u l a t e d r e l a t i v e to states which are prepared f o r bonding the 
chemisorption energy i s quite stabl e when the c l u s t e r s i z e i s v a r i e d 
(method D 3 i n Tables 1-2). In f a c t even c l u s t e r s with only 10 
atoms give chemisorption energies i n quite reasonable agreement with 
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Table 1. Chemisorption of hydrogen i n the f o u r - f o l d hollow 
p o s i t i o n of Ni(100) 

Dj i s the chemisorption energy c a l c u l a t e d as the 
energy d i f f e r e n c e between the e n e r g e t i c a l l y lowest low 
spin states at short and long distances. 

D 2 i s the energy d i f f e r e n c e between ground states 
i r r e s p e c t i v e of space and spin symmetry. 

i s the energy obtained when the c l u s t e r s are 
prepared f o r bonding (see Section V). 

D i s the mean value and <r i s the standard 
d e v i a t i o n . 
The experimental value i s 63 kcal/mol. 
The e l e c t r o n i c states at short and long distances 

r e s p e c t i v e l y , are shown a f t e r each energy-value. 

CIuster 

N i 5 ( 4 , l ) 
N i 2 j ( 1 2 , 9 ) 
Ni (12.5.4) 
Ni (12,9,4) 
Ni 2 9(16,9,4) 
Ni 4 3(16,9,16) 
Ni (16,9.16,9) 

kcal/mol 

42.0 
37.4 
65.0 
60.9 
58.5 
61.1 
76.6 V A i 

D2 
kcal/mol 

53.1 
43.0 
63.0 
58.9 
53.5 
61 .1 
61.6 

3. 3 F 

3 3 

Ι λ 1 Φ 
V - 4 E 

kcaî/mol 

54.1 
61.1 
63.0 
58.9 
58.5 
63.3 
61.6 

3. 3 
3 Δ 2 > Δ 2 

3 Δ 2 _ 3 Δ 2 

3 Δ 2 3 Δ 2 

1 α 2 " 1 α 2 

φ " φ 
4 ^ 

Ό 
σ 

57.4 
12.5 

56.3 
6.5 

60.3 
3.0 

Table 2. Chemisorption of hydrogen i n the t h r e e - f o l d hollow 
p o s i t i o n of Ni(111). The same symbols are used as i n 
Table 1. The experimental value i s 63 kcal/mol 

CI uster D2 
kcal/mol kcal/mol 

N i
4 ( 3 , l ) 55.9 

Ni' 1 0(3,7) 39.4 
NJ 1 7(3,7.7) 63.0 
Ni 2 0(3,7,7,3) 56.1 
Ni 1 3 ( 1 2.1) 63.7 
Ni lg(12.7) 27.5 
Ni22(12.7.3) 37.8 
Ni 2 5 ( 1 2,7.6) 42.4 
Ni2 3 ( 1 2 . 7 . 6 . 3 ) 50.8 
Ni (21,13,6) 46.5 

55. 
69. 
63. 
56. 
63. 
65.7 
58.3 
61.7 
66.2 
57.2 

D 
σ 

48.3 
1 1 . 1 . 

61 .7 
4.5 
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expérimenta] surface r e s u l t s . I t should be added that by using 
method the e l e c t r o n i c s t r u c t u r e of the c l u s t e r at short and 
long distances w i l l be very s i m i l a r . The r e s u l t i n g chemisorption 
energies w i l l thus be l e s s s e n s i t i v e to the accuracy of the 
d e s c r i p t i o n of the c l u s t e r than they w i l l be i f method D 1 or D 2 

are used. 
In summary, i f the two hydrogen atoms a f t e r an 

d i s s o c i a t i o n should be a t o m i c a l l y chemisorbed on a c l u s t e r i n a 
s i m i l a r way as they are on an i n f i n i t e surface, the c l u s t e r should 
have a low l y i n g s t a t e with two open s h e l l valence o r b i t a l s . 

R e a c t i v i t y Versus C l u s t e r Size f o r Cobalt and Nickel C l u s t e r s 

In the preceding sections we have o u t l i n e d the requirements a 
c l u s t e r has to f u l f i l l i n order to d i s s o c i a t i v e l y chemisorb H i n 
summary, the c l u s t e r f i r s t has to contain at l e a s t one atom with a 
d n occupation i n c l u d i n g at l e a s t one open d - o r b i t a l . Second, 
there has to be at l e a s t one open s h e l l valence (s-character) 
o r b i t a l i n the c l u s t e r wave-function. If there i s only one open 
s h e l l o r b i t a l , a dihydride or p o s s i b l y a molecularly chemisorbed 
stat e w i l l be formed. If there are at l e a s t two open s h e l l o r b i t a l s , 
a t o m i c a l l y chemisorbed hydrogen atoms of the type found on surfaces 
w i l l be formed. The formation of the l a t t e r state i s normally more 
exothermic. F i n a l l y , i f these requirements are not f u l f i l l e d by the 
ground state wave-function of the c l u s t e r , e x c i t a t i o n to a low l y i n g 
s t a t e which s a t i s f i e s the requirements and which has an e x c i t a t i o n 
energy l e s s than the exothermic!ty 20 kcal/mol) w i l l lead to 
d i s s o c i a t i o n of H ?. 

Wc w i l l f i r s t exemplify the above p r i n c i p l e s on a s i x atom and 
a seven atom c l u s t e r . These two c l u s t e r s are the most s t r i k i n g 
examples of the d i f f e r e n c e s beween n i c k e l and cobalt c l u s t e r s . These 
cobalt c l u s t e r s are the two l e a s t r e a c t i v e of a l l the cobalt 
c l u s t e r s , whereas f o r n i c k e l these two c l u s t e r s are as r e a c t i v e as 
c l u s t e r s of other s i z e s . In the f i n a l subsection we w i l l discuss 
a l s o the four, f i v e , eight, nine and ten atom c l u s t e r s of which i n 
p a r t i c u l a r the eight and nine atom c l u s t e r s have a markedly lower 
r e a c t i v i t y f o r cobalt than f o r n i c k e l . A l l c a l c u l a t i o n s described i n 
t h i s s e c t i o n used a one- or two- e l e c t r o n ECP l e v e l d e s c r i p t i o n of 
the metal atoms. No a l l - e l e c t r o n atoms were included. 

The Seven Atom C l u s t e r . The most straightforward a p p l i c a t i o n 
of the above p r i n c i p l e s occurs f o r the seven atom c l u s t e r . It i s 
c l e a r that the N i ? c l u s t e r w i l l be r e a c t i v e : a l l the atoms w i l l 
have a d n + occupation and there i s an odd number of valence 
ele c t r o n s with consequently at l e a s t one open s h e l l . For t h i s reason 
a l l odd n i c k e l c l u s t e r s w i l l be r e a c t i v e . The Ni_ c l u s t e r was 
found to be a doublet, which means that a dihydride state w i l l be 
formed a f t e r a d d i t i o n of H^. We have also i n v e s t i g a t e d the most 
pr e f e r r e d geometrical s t r u c t u r e by e s s e n t i a l l y going through the few 
most optimal s t r u c t u r e s f o r l i t h i u m c l u s t e r s (19), but r e s t r i c t i n g 
the nearest neighbour distance to be constant ( equal to 4.71 a Q , 
which i s the bulk n i c k e l , and nearly the bulk cobalt, bond 
di s t a n c e ) . About the same energy d i f f e r e n c e s were found between 
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d i f f e r e n t n i c k e l c l u s t e r s as f o r the corresponding l i t h i u m c l u s t e r s , 
so t h i s should be a reasonably r e l i a b l e procedure. (The same 
procedure was used f o r both the n i c k e l - and the c o b a l t - c l u s t e r s ) . 
The optimal st r u c t u r e f o r N i ? i s then a D 5 h s t r u c t u r e with a 
five-membered r i n g i n the plane and one atom above and one below 
t h i s plane. 

For Co^ i t was found that one atom, one which i s not i n the 
five-membered r i n g , prefers to have a d s occupation. This was 
found by c a l c u l a t i n g the binding energy with respect to the i s o l a t e d 
atoms, i n t h i s case 6 d n + 1 s atoms and one d n s 2 atom. By using 
the known atomic s p l i t t i n g between the d n s 2 and the d n *s 
atoms of 10.0 kcal/mol (11) the d i s s o c i a t i o n energy with respect to 
7 ground state d n s 2 atoms can be c a l c u l a t e d . The value obtained 
i s 112.7 kcal/mol. In the same way the d i s s o c i a t i o n energy of the 
c l u s t e r formed from 7 d n + 1 s atoms was c a l c u l a t e d to be 105.2 
kcal/mol. The energy gain by having one d n s 2 atom i s 
consequently 7.5 kcal/mol. It should be noted that the energy gain 
i s somewhat le s s than the pure atomic energy gain i n going from 
d n + 1 s to d n s 2 of 10.0 kcal/mol. Since there i s no atomic 
energy gain f o r o i c k e l , the N i ? c l u s t e r w i l l p r e f e r to have a l l 
atoms i n the d n + s st a t e . This has also been checked by doing 
c a l c u l a t i o n s on the corresponding n i c k e l c l u s t e r . C a l c u l a t i o n s were 
als o made to check that the Co ? c l u s t e r w i l l have only one 
d n s atom. If an a d d i t i o n a l change from d n + s to d n s i s 
made, the c l u s t e r binding energy drops by 16 kcal/mol. 

The consequence of introducing the d n s cobalt atom i n the 
Co c l u s t e r i s that there w i l l now be 8 valence electrons which 
w i l l form a closed s h e l l c o n f i g u r a t i o n . Following the above 
p r i n c i p l e s , t h i s cobalt c l u s t e r w i l l thus not be r e a c t i v e to Hg. 
The lowest v e r t i c a l valence e x c i t a t i o n energy f o r t h i s cobalt 
c l u s t e r i s 36.6 kcal/mol, which i s a higher value than the 
exothermicity f o r d i s s o c i a t i n g H 2. Valence e x c i t e d states w i l l 
therefore not be a v a i l a b l e f o r d i s s o c i a t i n g H 2 e i t h e r . The reason 
Co^ i s at a l l r e a c t i v e towards H 2 i s that the d s atom can 
transform to a d n + s atom at a cost of 7.5 kcal/mol (see above). 
This requires an inner s h e l l ( d - s h e l l ) rearrangement and should 
therefore be an u n l i k e l y process. The closed s h e l l character of the 
ground state f o r the Co_ c l u s t e r i s the reason why there w i l l be 
only one d ns atom i n the c l u s t e r . C l e a r l y , c l o s i n g the already 
open s h e l l of the c l u s t e r i s more advantageous than c r e a t i n g new 
open s h e l l s . 

The i o n i z a t i o n energy of the c l u s t e r i s an i n t e r e s t i n g value i n 
l i g h t of the experimental c o r r e l a t i o n between r e a c t i v i t y and 
i o n i z a t i o n energies (2,3). There are no experimental measurements of 
the i o n i z a t i o n energies of cobalt, but c a l c u l a t i o n s show that the 
same c o r r e l a t i o n e x i s t s a l s o f o r cobalt c l u s t e r s (20). It turns out 
from our c a l c u l a t i o n s , that there i s an increase i n i o n i z a t i o n 
energy f o r every d n + s atom that i s t r a n s f e r r e d to a d n s 
atom. This i s not s u r p r i s i n g since the i n t r o d u c t i o n of the d s 
state e s s e n t i a l l y means that an increased nuclear charge i s seen by 
the valence e l e c t r o n s . The increase i n i o n i z a t i o n energy f o r the 
Co_ c l u s t e r when one atom i s changed from d s to d s i s 
0.3 eV. The use of the above p r i n c i p l e s consequently explains the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

00
9

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



134 THE CHALLENGE OF d AND f ELECTRONS 

c o r r e l a t i o n between r e a c t i v i t i e s and i o n i z a t i o n energies without 
introducing an e l e c t r o s t a t i c model for d i s s o c i a t i n g Hg. The 
d i s s o c i a t i o n of H 2 depends instead on the number of open s h e l l s i n 
the c l u s t e r , whicn i n turn depends on the number of d s atoms 
i n the c l u s t e r , which i n i t s turn w i l l a f f e c t the i o n i z a t i o n energy. 
The present conclusions are therefore i n complete agreement with 
those of Smalley et a l (9), who c r i t i c i z e d the e l e c t r o s t a t i c model. 

The Six Atom C l u s t e r . For the s i x atom c l u s t e r two d i f f e r e n t 
s t r u c t u r e s are of i n t e r e s t . There i s a nearly planar C e 

s t r u c t u r e , with one atom above a five-membered r i n g , and there i s 
the octahedral (0 h) s t r u c t u r e . If a l l atoms are i n the d n + s 
state the C_ s t r u c t u r e i s p r e f e r r e d and the wavefunction i s a 
closed s h e l l s i n g l e t . This does not mean that N i g i s non-reactive 
to since the energy d i f f e r e n c e to the 0 β s t r u c t u r e i s only 10 
kcal/mol, and the 0, s t r u c t u r e has a t r i p l e t ground state with two 
open s h e l l s . Since the exothermicity i s most c e r t a i n l y l a r g e r than 
10 kcal/mol, t h i s s t r u c t u r a l change i s expected to occur during the 
i n t e r a c t i o n of H g with Nig. 

The t r i p l e t state of the 0, s t r u c t u r e w i l l be t r a n s f e r r e d to 
a closed s h e l l s i n g l e t i f two atoms are changed from d s to 
d ns . This i s what happens f o r Co 6 which w i l l have an 0 n 

s t r u c t u r e . The increase i n the binding energy bv changing two atoms 
i s 15 kcal/mol. If a t h i r d atom i s changed to d s the c l u s t e r 
binding energy i s lowered by 16 kcal/mol. Again, f i l l i n g the open 
s h e l l s leads to an increased binding, while c r e a t i n g new open s h e l l s 
decreases the binding energy. As f o r Co^ the gain i n binding 
energy i s somewhat l e s s than the gain i n energy f o r the two atoms of 
2*10.0 kcal/mol. N i g w i l l consequently only have d n + s atoms 
since there i s no corresponding gain i n energy f o r the n i c k e l atom. 

The lowest v e r t i c a l valence e x c i t a t i o n energy f o r Co i s 29 
kcal/mol, which means that valence exc i t e d states w i l l not be 
a v a i l a b l e f o r d i s s o c i a t i n g H e i t h e r . The a l t e r n a t i v e process f o r 
d i s s o c i a t i n g H 2 for Co 6 would be to change one of i t s d s 
atoms to d n s, which only costs 8.8 kcal/mol but i s an inner 
s h e l l rearrangement process. 

The i o n i z a t i o n energy change when the d n + s atoms are changed 
to d n s atoms^is more pronounced for Co than i t i s f o r Co^. 
With only d n H s atoms Co has an i o n i z a t i o n energy of 5.13 eV, 
and with two d ns atoms the i o n i z a t i o n energy i s increased to 
5.98 eV. 

Other C l u s t e r s . The cobalt c l u s t e r s with s i x and seven atoms 
are the ones which d i f f e r most dramatically from the corresponding 
n i c k e l c l u s t e r s . The eight and nine atom c l u s t e r s are also much le s s 
r e a c t i v e f o r cobalt than f o r n i c k e l , while the C o 1 Q c l u s t e r i s as 
strongly r e a c t i v e as the N i 1 f ) c l u s t e r . The experimental r e s u l t f o r 
the four and f i v e atom cobalt c l u s t e r s i s not completely c l e a r to 
us. For the f i v e atom c l u s t e r i t i s on the one hand claimed that i t 
has reacted almost completely but on the other hand the r e l a t i v e 
r e a c t i v i t y i s given i n a f i g u r e as smaller than f o r the unreactive 
Co 9 c l u s t e r (1). For a l l these c l u s t e r s we have obtained some 
preliminary r e s u l t s , which are described below. 
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The four atom c l u s t e r with only d n + 1 s atoms has a closed 
s h e l l s i n g l e t ground s t a t e . The geometry i s a planar rhomboidal 
st r u c t u r e with the shortest diagonal equal to the side length. N i 4 

i s s t i l l r e a c t i v e towards H 2, however, since the square planar 
s t r u c t u r e with a t r i p l e t ground state i s only 10 kcal/mol higher i n 
energy. Replacing two d n + T s atoms with dn$d atoms i n the 
square planar str u c t u r e , which i s the most stable of these types of 
struct u r e s we have found, leads to a nonreactive closed s h e l l 
singlet, state with a high lowest e x c i t a t i o n energy. Our c a l c u l a t i o n s 
gave, however, a loss of binding energy of 1.2 kcal/mol f o r t h i s 
process on the square planar c l u s t e r , and t h i s form of Co^ i s thus 
11 kcal/mol higher i n energy than the rhomboidal structure with only 
d n s atoms. Our c a l c u l a t i o n s thus c l e a r l y i n d i c a t e that the 
e l e c t r o n i c s t r u c t u r e of Co 4 a n d N i 4 should be s i m i l a r and that 
Co 4 thus should be r e a c t i v e . As mentioned above, the experimental 
r e s u l t f o r t h i s c l u s t e r i s not completely c l e a r to us. 

N i 5 with f i v e d n + s atoms has a planar p a r a l l e l t r a p e z o i d a l 
s t r u c t u r e . Since there i s an odd number of valence electrons there 
has to be at l e a s t one open s h e l l and i t i s thus r e a c t i v e towards 

. Co 5 with one d ns atom prefers the same planar 
s t r u c t u r e . The most optimal p o s i t i o n f o r a d s atom i s as the 
c e n t r a l atom i n the base of the trapezoid. This s t r u c t u r e has a 
s t a b l e closed s h e l l c o n f i g u r a t i o n with a high lowest e x c i t a t i o n 
energy and i t i s therefore nonreactive towards Hg. The r e s u l t s of 
the c a l c u l a t i o n s , however, a c t u a l l y gave a preference f o r the case 
with only d n + s atoms also f o r Cô .. This occupation was 
pr e f e r r e d by 6 kcal/mol. Even though our c a l c u l a t i o n s are rather 
approximate e r r o r s of t h i s s i z e seems u n l i k e l y to us i n view of the 
r e s u l t s on the seven atom c l u s t e r . We therefore suggest that als o 
the Co 5 and N i 5 c l u s t e r s should have s i m i l a r e l e c t r o n i c 
s t r u c t u r e s and vthat Co 5 a l s o should be r e a c t i v e . Again, the 
experimental r e s u l t i s not c l e a r to us. 

Co g, with a l l atoms i n the d n + s stat e , has a very stable 
closed s h e l l c o n f i g u r a t i o n with a T^ geometry (compare Ref.19). 
Co 8 should thus be nonreactive towards H 2 i n agreement with 
experiments. The p a r t i c u l a r s t a b i l i t y of the eight atom c l u s t e r i s 
by now well e s t a b l i s h e d and a c t u a l l y follows from the simple 
e l l i p s o i d a l s h e l l model for monovalent metals (21). Recently, 
P e t t i e t t e et al (22) have shown i n the case of copper, that the 
H0M0-LUM0 gap i s much larger for the eight atom c l u s t e r than for any 
other c l u s t e r . It i s therefore remarkable that the N i g c l u s t e r i s 
almost as r e a c t i v e towards H as a l l the other n i c k e l c l u s t e r s . 
This i s c l e a r l y i n c o n t r a d i c t i o n with the present p r i n c i p l e s and we 
have no explanation for t h i s f i n d i n g at present. 

For the nine atom c l u s t e r s i t i s f i r s t c l e a r from the r u l e s 
above, that the N i Q c l u s t e r should be r e a c t i v e , as found 
experimentally, since i t w i l l have an odd number of valence 
e l e c t r o n s . Of the s t r u c t u r e s we have i n v e s t i g a t e d Ni prefers the 
C^-A s t r u c t u r e from Ref.19. In the case of Co~, apart from 
f i n d i n g the optimal geometry, there i s also the a d d i t i o n a l problem 
of where the d ns atom(s) should be placed. The approach we used 
to systematize the search of the ground state of Co was to match 
together smaller c l u s t e r s . We found that the optimal Co Q c l u s t e r 
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can be described as a tetrahedron (with only d n + 1 s atoms) bound to 
a pyramid with one d n s atom at the top. Both these constituents 
w i l l have two open s h e l l s and the binding between them w i l l thus be 
a double bond and lead to a closed s h e l l s i n g l e t wavefunction. A 
simple molecular analogue to the binding i s thus the carbon monoxide 
molecule. The s i n g l e t c l u s t e r i s bound by 141.3 kcal/mol, while the 
most stable Co g c l u s t e r with 9 d s atoms i s bound by 137.9 
kcal/mol. The v e r t i c a l e x c i t a t i o n energy i n the s i n g l e t c l u s t e r i s 
28 kcal/mol. Hence, we conclude that the Co g c l u s t e r should a l s o 
be unreactive towards H 2. 

The COJQ c l u s t e r was i n v e s t i g a t e d using the same-
super-molecule model as was used f o r Co g. With ten d s atoms, 
the optima] c l u s t e r can be described as two pyramids i n t h e i r lowest 
quartet states bound together by t h e i r square bases. Hence, a 
triple-bonded species (one "cr » bond and two "ft " bonds ) 
analogous to N 2 , i s obtained. % o t h the staggered and e c l i p s e d 
conformations were studied and the l a t t e r turned out to be the more 
stable conformation by 17.3 kcal/mol. This c l u s t e r i s s i m i l a r to the 
most stable L i ^ s t r u c t u r e given i n Ref.19. The ground state i s g 
s i n g l y but the v e r t i c a l s i n g l e t - t r i p l e t e x c i t a t i o n energy (a <T̂  
to σ η e x c i t a t i o n ) i s only 9.9 kcal/mol, compared to the 
28-3r l&al/mol obtained f o r the i n e r t c l u s t e r s . The comparatively 
small e x c i t a t i o n energy i s due to the small overlap between the 
o r b i t a l s ( " p z " - o r b i t a l s ) forming the <T bond. This small 
overlap i n turn i s due to the l o c a t i o n of the p z o r b i t a l i n s i d e 
the pyramid, with i t s node between the square base and the top of 
the pyramid. The t o t a l binding energy of t h i s c l u s t e r i s 166.2 
kcal/mol. 

The next p o s s i b l y non-reactive e l e c t r o n i c state of Co^^ has 
two d n s and eight d n s atoms. The most stable c l u s t e r of 
t h i s type can be viewed as a double bond between two pyramids with 
the two d n s atoms at the pyramidal tops. For t h i s c l u s t e r , 
however, the pyramids are associated v i a two t r i a n g u l a r faces. An 
a l t e r n a t i v e way to p i c t u r e t h i s c l u s t e r i s as an octahedron bound to 
two Co 2 d n + s systems on opposite sides of the octahedron, thus 
forming the two pyramids. This c l u s t e r state turned out to be 23.9 
kcal/mol l e s s bound than the above C o 1 Q c l u s t e r state and i s thus 
excluded. 

The C o 1 Q c l u s t e r c o n s i s t i n g of nine d n + s and one d ns 
i n the same conformation as Co with eight d n s and two 
d n s atoms, was found to be 15.9 kcal/mol l e s s bound than the 
C o 3 0 c l u s t e r s t a t e with ten d n + s atoms. 

We conclude that the C o 1 Q (and the Nijp) ground state i s a 
s i n g l e t and that the r e a c t i v e state i s reached v i a an e x c i t a t i o n to 
a t r i p l e t s t a t e . This e x c i t a t i o n energy i s one t h i r d of what i s 
needed to a c t i v a t e the " i n e r t " Co 6-Cog c l u s t e r s and s u f f i c i e n t l y 
low f o r d i s s o c i a t i n g H^. 

Conclusions 

The basic requirement f o r a c l u s t e r to d i s s o c i a t e H^ i s that there 
are open s h e l l valence o r b i t a l s (with s-character) on the c l u s t e r . 
If t h i s i s the case the presence of open d - o r b i t a l s of the atomic 
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d n + 1 s state w i l ] be s u f f i c i e n t f o r breaking the H bond. I f 
there i s only one open s h e l l o r b i t a l , a dihydride s t a t e of the type 
formed i n t r a n s i t i o n metal complexes w i l l be formed. If there are 
two open s h e l l s , atoraically chemisorbed hydrogen atoms of the type 
formed on metal surfaces can be formed. 

For cobalt and i r o n c l u s t e r s a mechanism e x i s t s f o r changing 
the open valence s h e l l s to closed s h e l l s whereby the r e a c t i v i t y of 
the c l u s t e r i s d r a s t i c a l l y decreased. This mechanism involves the 
change of an atom i n the c l u s t e r from a d s to a d n s sta t e , 
which e f f e c t i v e l y increases the number of valence e l e c t r o n s . The 
reason t h i s mechanism i s e f f e c t i v e on i r o n ( i n p a r t i c u l a r ) and 
cobalt i s that these atoms have a d n s 2 ground s t a t e . For n i c k e l , 
which has a d n + s ground state , t h i s mechanism w i l l not be as 
e f f e c t i v e . 

Simple model c a l c u l a t i o n s show that i t i s l i k e l y that a l l 
cobalt c l u s t e r s i n the range Co 6 to C o 1 Q w i l l have only closed 
valence s h e l l s . The large e x c i t a t i o n energies needed to create open 
s h e l l s i n the cases of Co -Co g e f f e c t i v e l y prevent r e a c t i o n with 
Hg. In the case of C o 1 Q , however, t h i s e x c i t a t i o n energy has 
been reduced to only one t h i r d of i t s value f o r the COg-Cog 

c l u s t e r s , which makes the d i s s o c i a t i o n of on C o 1 Q exothermic. 
The reason why the larger cobalt c l u s t e r s are more r e a c t i v e i s thus 
that the relevant e x c i t a t i o n energies decrease with increased 
c l u s t e r s i z e . This does not mean that the p o s s i b i l i t y f o r some 
centres to a t t a i n the d n s e l e c t r o n c o n f i g u r a t i o n w i l l become 
unimportant a l l together, but rather that i t s impact on the c l u s t e r 
r e a c t i v i t i e s w i l l diminish. 

The r e s u l t s of the present study i n d i c a t e that the c o r r e l a t i o n 
found experimentally between c l u s t e r i o n i z a t i o n energy and 
r e a c t i v i t y i s not d i r e c t l y causal but merely appears as a secondary 
consequence of the e l e c t r o n i c s t r u c t u r e of the c l u s t e r s . The 
c o r r e l a t i o n i s not completely casual e i t h e r since the change of 
atoms from the d s to the d ns state which leads to the 
decreased r e a c t i v i t y also leads to an increase i n the i o n i z a t i o n 
p o t e n t i a l of the c l u s t e r . This i s due to the increased nuclear 
charge f e l t by the valence e l e c t r o n s . The best example of the e f f e c t 
on the i o n i z a t i o n energy by the change of the atomic states i s found 
for Co where the i o n i z a t i o n energy increases from 5.13 eV to 5.98 
eV as two atoms change state and the valence wavefunction becomes 
closed s h e l l . In our model of the H 2 d i s s o c i a t i o n the r e a c t i o n i s 
not governed by an e l e c t r o n jump from the c l u s t e r to h*2, and i t i s 
thus not d i f f i c u l t to understand why the ion i z e d c l u s t e r s show an 
equal r e a c t i v i t y as the neutral c l u s t e r s (9). The tendency to change 
atomic states i n order to close the valence o r b i t a l s must be equally 
important also f o r the i o n i z e d c l u s t e r s . 

To understand the high r e a c t i v i t y of the Nig c l u s t e r i s a 
remaining problem. A l l studies, t h e o r e t i c a l and experimental, agree 
that the monovalent eight atom c l u s t e r i s a p a r t i c u l a r l y s t a b l e 
c l u s t e r , due to i t s closed s h e l l character. Even though N i g should 
be a monovalent c l u s t e r , the r e a c t i v i t y of t h i s c l u s t e r does not 
seem to be lower than f o r the other c l u s t e r s . Work to resolve t h i s 
problem i s c u r r e n t l y i n progress. 
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C h a p t e r 10 

Reaction of Methane with Nickel [111] 
Surface 

Hong Yang and Jerry L. Whitten 
Department of Chemistry, State University of New York at Stony Brook, 

Stony Brook, NY 11794-3400 

The dissociation of CH4 on the [111] surface of Ni is 
treated by a many-electron embedding theory to 
describe the electronic bonding. The lattice is 
modelled as a 26-atom, three layer cluster which is 
extracted from a larger cluster by an orbital 
localization transformation. Ab in i t io valence orbi
tal CI calculations carried out on a local surface 
region permit an accurate description of bonding at 
the surface; 3d orbitals are explici t ly included on 
four nickel atoms on the surface. The dissociation of 
CH4 to CH3 + H is calculated to be 0.1 eV endothermic, 
and the most l ikely dissociation pathway is predicted 
to involve atop Ni adsorption followed by dissociation 
to separated 3-fold sites for CH3 and H. The Ni 3d 
orbitals contribute to the bonding by directly mixing 
with CH3 orbitals and through an interaction of 3d 
and 3d10 states for atop atom adsorption. 

The chemisorption and reaction of hydrogen and hydrocarbon fragments 
on catalytically active transition metal surfaces has received a 
great deal of attention due to the commercial importance of 
hydrocarbon formation reactions (1-15). The methanation reaction on 
nickel has been studied by a variety of surface science techniques. 
Yates, et a l . (1), and others, have concluded that the following 
steps must occur on Ni(111): 

C(ads) + H(ads) - CH(ads) 

CH(ads) + H(ads) - CH2(ads) 

CH2(ads) + H(ads) - CH3(ads) 

CH3(ads) + H(ads) - CH4(g) 

From kinetic studies using temperature programmed desorption, Yates, 
et a l . concluded that the rate determining step must occur at an 
earlier stage than the CH^Cads) + H(ads) - CH,(g) process. Lee, 
Yang and Ceyer (2) have recently studied tne dynamics of the 

0097-6156/89/0394-0140$06.00/0 
c 1989 American Chemical Society 
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a c t i v a t e d d i s s o c i a t i v e chemisorption of CH^ on Ni(111) by molecular 
beam techniques coupled with high r e s o l u t i o n e l e c t r o n energy l o s s 
spectroscopy. A b a r r i e r to d i s s o c i a t i v e chemisorption of CH, was 
found, and products of the d i s s o c i a t i o n were i d e n t i f i e d by EELS as 
adsorbed CH^ and H. From estimates of CH~ adsorption energies, and 
both c a l c u l a t e d and experimental values f o r H adsorption, the d i s 
s o c i a t i o n of CH, would be expected to be n e a r l y e n e r g e t i c a l l y 
n e u t r a l . I t i s therefore a challenging t h e o r e t i c a l problem to c a l 
c u l a t e the energetics with s u f f i c i e n t accuracy to c o n t r i b u t e to the 
understanding of the d i s s o c i a t i o n mechanism. High q u a l i t y c a l c u l a 
t i o n s are also needed to s o r t out the r o l e of the Ni 3d e l e c t r o n s . 

The present work t r e a t s the adsorption of CH^, CH~ and H on a 
Ni(111) surface i n the context of a many-electron theory that per
mits the accurate computation of m o l e c u l e - s o l i d surface i n t e r a c t i o n s 
at an ab i n i t i o c o n f i g u r a t i o n i n t e r a c t i o n l e v e l . The adsorbate and 
l o c a l surface region are treated as embedded i n the remainder of the 
l a t t i c e e l e c t r o n i c d i s t r i b u t i o n which i s modelled as a 26-atom, 
three l a y e r c l u s t e r , extracted from a 62-atom c l u s t e r by an o r b i t a l 
l o c a l i z a t i o n transformation. 

In the i n v e s t i g a t i o n of the r e a c t i o n mechanism, our goal i s to 
f i n d the geometry, binding energy, v i b r a t i o n a l frequencies and the 
bonding p r o p e r t i e s of hydrogen and the hydrocarbon species on the 
[111] surface of Ni. Our c a l c u l a t i o n s p r e d i c t that CH^ w i l l d i s 
s o c i a t e only i f i t i s p o s s i b l e to produce CH., and H i n separated 3-
f o l d s i t e s . Across bond d i s s o c i a t i o n to produce coadsorbed 
fragments i n adjacent 3 - f o l d s i t e s i s e n e r g e t i c a l l y very 
unfavorable. Even f o r the most favorable, widely separated s i t e s , 
the d i s s o c i a t i o n of CH^ i s p r e d i c t e d to be s l i g h t l y endothermic. 
The c o n s t r u c t i o n of the c l u s t e r , surface s i t e s and the b i n d i n g 
p r o p e r t i e s are discussed i n the f o l l o w i n g s e c t i o n s . 

GENERAL THEORY 

The assumption underlying the present t h e o r e t i c a l approach i s that a 
d e s c r i p t i o n of molecule-surface i n t e r a c t i o n s and d i s s o c i a t i v e 
processes on metal surfaces may n e c e s s i t a t e a reasonably s o p h i s t i 
cated treatment of the surface region to account f o r changes i n 
p o l a r i z a t i o n and e l e c t r o n c o r r e l a t i o n accompanying r e a c t i o n s . In the 
embedding theory, a l o c a l region i s defined as an N-electron sub-
space extracted from the remainder of the system by a l o c a l i z a t i o n 
transformation (16.17). The adsorbate and l o c a l r egion are then 
t r e a t e d at high accuracy as embedded i n the Coulomb and exchange 
f i e l d of the remainder of the e l e c t r o n i c system. The use of 
e l e c t r o n exchange as the basis of a l o c a l i z a t i o n transformation i s 
discussed i n Refs. 16-20. In the present work, we model the bound
ary atoms of a small c l u s t e r of 26 atoms to represent the s-band 
a t t r i b u t e s of the l a r g e r c l u s t e r on which the i n i t i a l s-band c a l 
c u l a t i o n s are c a r r i e d out. 

There are two c l u s t e r s relevant to the present argument, a 
large c l u s t e r of M atoms ( i n the present case M - 62) that provides 
the i n i t i a l model f o r the metal l a t t i c e valence s e l e c t r o n s , and a 
smaller c l u s t e r of M'atoms (M' - 26 i n the present case) derived 
from the l a r g e r l a t t i c e , see Figure 1. The o b j e c t i v e i s to modify 
the boundary atoms of the small c l u s t e r to take i n t o account the 
f a c t that these atoms should be bonded to the now missing remainder 
of the l a t t i c e . In the present case, the N i 2 , c l u s t e r has three 
l a y e r s of 14, 7 and 5 atoms, r e s p e c t i v e l y . The l a r g e r 62 atom 
c l u s t e r , representing the Ni(111) surface, c o n s i s t s of Ni 2£ and a l l 
of i t s nearest neighbor atoms i n the f i r s t three l a y e r s at unper
turbed fee l a t t i c e s i t e s . The s-band of the l a r g e r c l u s t e r i s 
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142 THE CHALLENGE OF d AND f ELECTRONS 

Figure 1. C l u s t e r geometry and l o c a l region of the n i c k e l c l u s t e r 
used to model the (111) c r y s t a l face of n i c k e l . The three l a y e r , 
62-atom c l u s t e r , c o n s i s t s of a surface l a y e r of 28 atoms, a 
second la y e r of 17 atoms and a t h i r d l a y e r of 17 atoms. 
Embedding theory i s used to reduce the N i ^ c l u s t e r to a 26 atom 
model depicted as shaded atoms. Atoms surrounding the four 
c e n t r a l atoms i n the surface l a y e r and those surrounding the one 
c e n t r a l atom i n the second layer are described by e f f e c t i v e 
p o t e n t i a l s f o r (ls-3p core) (3d) 9(4s) 1 / / 2 a n d (ls-3p core) ( 3 d ) 9 

1/3 
(4s) / 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 . E f f e c t i v e p o t e n t i a l s f o r 
the shaded atoms i n the t h i r d l a y e r describe the (ls-3p 

9 3/5 
core)(3d) (4s) ' c o n f i g u r a t i o n . Unshaded atoms have n e u t r a l atom 

9 1 
(ls-3p core)(3d) (4s) p o t e n t i a l s . A l l atoms have P h i l l i p s -
Kleinman p r o j e c t o r s Σ|Q X Q |(-c ) f o r the f i x e d e l e c t r o n i c 
d i s t r i b u t i o n . m m m 
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described simply using a s i n g l e 4s o r b i t a l per atom and a pseudo-
p o t e n t i a l f o r a l l core and d-type e l e c t r o n s . A SCF c a l c u l a t i o n on 
t h i s c l u s t e r , followed by a l o c a l i z a t i o n of the c l u s t e r ( m o l e c u l a r ) 
o r b i t a l s i s used to define the number of e l e c t r o n s of the small 
c l u s t e r s t r o n g l y involved i n bonding with atoms outside the 
c l u s t e r ; the l a t t e r atoms are r e f e r r e d to as the bulk. O r b i t a l s 
are l o c a l i z e d by exchange maximization with the bulk atoms. and f o r 
each r e s u l t i n g o r b i t a l φ^' the e l e c t r o n density i s analyzed to 
determine the degree of l o c a l i z a t i o n (21.22). A set of occupied l o 
c a l i z e d o r b i t a l s large enough to n e u t r a l i z e the nuclear charge on 
the boundary atoms i s then selected; i n the present problem t h i s 
corresponds to the accommodation of 62 - 26 » 36 e l e c t r o n s . 
A n a l y s i s of the e l e c t r o n density of these o r b i t a l s shows that, i n 
a d d i t i o n to covering the boundary atoms, the density spreads p a r t l y 
onto the neighboring atoms of the 26 atom c l u s t e r . This spread i n 
density can be thought of as the f r a c t i o n of the 26 atom c l u s t e r 
s t r o n g l y bound to the remainder of the l a t t i c e . I f the e l e c t r o n 
density associated with the boundary atoms were s u f f i c i e n t l y d i s t a n t 
from the adsorption s i t e s of i n t e r e s t to be taken as i n v a r i a n t , the 
remaining e l e c t r o n i c subspace could be t r e a t e d by representing the 
Coulomb and exchange f i e l d s of the s t a t i c d i s t r i b u t i o n and by 
i n c l u d i n g a P h i l l i p s - K l e i n m a n p o t e n t i a l , Σ I ̂ ^ ^ 1 ( t o repre
sent the occupied space. To provide an adequate response of the 
l a t t i c e e l e c t r o n d i s t r i b u t i o n to a large nearby p e r t u r b a t i o n such as 
a bond forming or breaking r e a c t i o n requires, however, that b a s i s 
functions a c t u a l l y be present i n the " s t a t i c " region (23). In the 
present work, we assign that f r a c t i o n of the boundary atom density 
that i s t i g h t l y bound to the remainder of the l a t t i c e to a s p h e r i c a l 
density f s ( l ) s ( l ) where s i s a normalized l i n e a r combination of 
gaussians and f i s the f r a c t i o n of assigned charge (21). As would 
be expected, the charge assignments determined from the l o c a l i z a t i o n 
a n a l y s i s q u a l i t a t i v e l y agree with a c a l c u l a t i o n based simply on the 
number of nearest neighbors removed from bonding with a given atom 
when the c l u s t e r i s reduced i n s i z e . Figure 1. gives the f r a c t i o n 
of charge f o r each boundary atom assigned to the e f f e c t i v e 
p o t e n t i a l . 

Since there i s uncertainty i n the assignment of the boundary 
e l e c t r o n density and by i t s representation by a s p h e r i c a l e f f e c t i v e 
p o t e n t i a l , i t i s important to examine the c h a r a c t e r i s t i c s of the SCF 
s o l u t i o n of the f i n a l 26 atom c l u s t e r model. The c a l c u l a t e d 4s-band 
width i s 9.0 eV which i s reasonably c l o s e to the width measured by 
photoemission of 10 eV (24). The i o n i z a t i o n energy or work f u n c t i o n 
of the c l u s t e r i s 5.29 eV, c a l c u l a t e d as E{Ni +) - E ( N i ) ; and 5.39 eV 
c a l c u l a t e d by Koopmans' theorem. Both values are c l o s e to the ex
perimental values of 5.15-5.35 eV f o r N i ( l l l ) (6^8). In a d d i t i o n , 
the c a l c u l a t e d eigenvalue spectrum f o r the 4s-band i s moderately 
dense, p a r t i c u l a r l y near the Fermi l e v e l (see Figure 2), which i s 
important to assure charge flow on adsorption. I t would appear, 
therefore, that the present model gives a good account of the essen
t i a l features of the n i c k e l 4s band. 

Figure 2 also shows a d-band, a r i s i n g from the four n i c k e l 
atoms with d electrons e x p l i c i t l y included, extending downward from 
about -0.5 a.u. f o r the clean surface, adsorbed CH^ and coadsorbed 
CH~ and H cases. In a Ni atom, for t h i s b a s i s , the average d o r b i 
t a l energy i s -0.44 a.u., a value close to the Hartree-Fock r e s u l t . 
Photoemission measurements p o s i t i o n the d i o n i z a t i o n peaks of n i c k e l 
near the Fermi l e v e l , a r e s u l t also obtained by most density func
t i o n a l treatments of n i c k e l c l u s t e r s . A p p l i c a t i o n of Koopmans' 
theorem would therefore suggest that the present d - i o n i z a t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
0

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



144 THE CHALLENGE OF d AND f ELECTRONS 
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-1.2 

C H 4 

+Ni 
C H 4 

3 - f o l d 
C H 4 

a top 
C H 3 + H 

_ C + 4s 

H + 4s 

— CH 

C+3d 

C+H+3d 

_ C2s 
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Figure 2. SCF eigenvalues f o r CH, and coadsorbed H + CH^ on 
N i ( l l l ) . P r i n c i p a l C and Η l e v e l s , and Ni 3d + C l e v e l s are 
in d i c a t e d . The l e f t most eignevalue spectrum i s f o r the c l e a n 
surface plus CH,; C and H l e v e l s are i n d i c a t e d . 
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energies are u n r e a l i s t i c a l l y l arge. However, i n ab i n i t i o t r e a t 
ments of d-electron systems, i t i s known that the e x p l i c i t i n c l u s i o n 
of d-d Coulomb and exchange i n t e r a c t i o n s leads to s u b s t a n t i a l o r b i 
t a l r e l a x a t i o n on i o n i z a t i o n of d-electrons (25.26). For example, 
u n r e s t r i c t e d SCF c a l c u l a t i o n s on the i o n i z a t i o n of n i c k e l surface 
atoms show a reduction i n d-electron i o n i z a t i o n energy from a 
Koopmans' value of 13.2 eV to 7.2 eV when c a l c u l a t e d as E{Ni +)-E{Ni) 
(22). In contrast, i o n i z a t i o n energies of s-electrons are much more 
accu r a t e l y given by Koopmans' theorem. 

The same set of e f f e c t i v e p o t e n t i a l s i s used i n a l l subsequent 
c a l c u l a t i o n s on the N i ( l l l ) surface and f o r a l l adsorption 
c a l c u l a t i o n s . 

CALCULATIONS 

The c l u s t e r model of the [111] surface of Ni described i n the pre
vious s e c t i o n i s shown i n Figure 1; i t c o n s i s t s of three l a y e r s : the 
surface l a y e r of 14 atoms, a second l a y e r of 7 atoms, and a t h i r d 
l a y e r of 5 atoms. For the l o c a l surface region of four n i c k e l 
atoms, see Figure 1, a [ls-3p] core p o t e n t i a l i s used and 3d o r b i 
t a l s are e x p l i c i t l y included. Other Ni atoms are described by 4s 
basi s functions only and an e f f e c t i v e core p o t e n t i a l f o r [Is-3d] 
e l e c t r o n s . For a l l boundary atoms, and those i n the t h i r d l a y e r , 
the core p o t e n t i a l i s f u r t h e r modified to account f o r bonding to the 
bulk, as described above and i n Ref. 21. The Ni core b a s i s and core 
density and exchange expansions are the same as used i n a previous 
study of n i c k e l surface states (19.22). P o l a r i z a t i o n functions 
(4p) perpendicular to the surface are included. A double zeta b a s i s 
i s used f o r C and H. The s i t e s considered f o r CH,, CH~ and H ad
so r p t i o n are as follows: a hollow t h r e e - f o l d s i t e where there i s no 
second l a y e r n i c k e l atom underneath (fee extension of the l a t t i c e ) , 
a f i l l e d t h r e e - f o l d s i t e with a second l a y e r n i c k e l atom underneath 
(hep extension of the l a t t i c e ) , a bridge s i t e and an atop atom s i t e , 
as shown i n Figure 1. Distances from the surface were optimized. 
C a l c u l a t i o n s are performed by f i r s t o btaining s e l f - c o n s i s t e n t - f i e l d 
(SCF) s o l u t i o n s f o r the n i c k e l c l u s t e r plus adsorbed species. The 
occupied and v i r t u a l o r b i t a l s of the SCF s o l u t i o n are then trans
formed separately to obtain o r b i t a l s s p a t i a l l y l o c a l i z e d about the 
four-atom surface region shown i n Figure 1 and the adsorbate(s). 
This u n i t a r y transformation of o r b i t a l s i s based on exchange maxi
mization with the valence o r b i t a l s of atoms belonging to the surface 
region and i s designed to enhance convergence of the c o n f i g u r a t i o n 
i n t e r a c t i o n (CI) expansion (16-18). The CI c a l c u l a t i o n s involve ex
c i t a t i o n w i t h i n a 26-electron subspace to 30 p o s s i b l e v i r t u a l 
l o c a l i z e d o r b i t a l s . A l l configurations a r i s i n g from s i n g l e and 

-4 
double e x c i t a t i o n s with an i n t e r a c t i o n energy greater than 1x10 
hartree with the parent SCF c o n f i g u r a t i o n are e x p l i c i t l y r e t a i n e d i n 
the expansion; c o n t r i b u t i o n s of excluded c o n f i g u r a t i o n s are es
timated using second order p e r t u r b a t i o n theory. For a l l s i t e s 
c a l c u l a t e d , the SCF s o l u t i o n i s the only dominant c o n f i g u r a t i o n . 
D e t a i l s of the procedure are given i n Ref. 20. 
RESULTS 

In Table I, adsorption energies, e q u i l i b r i u m distances and v i b r a 
t i o n a l frequencies are reported f o r CH~ and H on N i ( l l l ) . Both CH~ 
and H are found to be most strongly adsorbed at 3 - f o l d s i t e s . The 
CH~ adsorption energy i s 1.8 eV f o r adsorption at the 3 - f o l d (hep) 
s i t e at an e q u i l i b r i u m C-Ni surface (perpendicular) distance of 1.74 
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146 THE CHALLENGE OF d AND f ELECTRONS 

Table I. CH 3 and H adsorption on N i ( l l l ) 
Adsorption energies, e q u i l i b r i u m distances and v i b r a t i o n a l f r e 
quencies from CI c a l c u l a t i o n s on CH^ and H adsorbed at d i f f e r e n t 
s i t e s on a c l u s t e r model of the Ni(111) surface. Embedding theory 
i s used to reduce a N i ^ c l u s t e r to a 26 atom model shown i n Figure 
1. The c a l c u l a t e d e q u i l i b r i u m geometry of CH^ i s clos e to 
t e t r a h e d r a l f o r a l l s i t e s . Energies reported are f o r an HCH angle 

ο 
of 109.5 and a CH distance of 1.08 À 

S i t e * R (A) c Ads. Energy (eV) ω (cm ) e 
Η 
3 - f o l d (fee, ç) 
bridge (b) 
3 - f o l d (hep, a) 
atop (d) 

Expt (3-fold) 

CH n 

3 - f o l d (fee, 
bridge (b) 

3-f o l d (hep, 
atop (d) 

Expt 

ç) 

a) 

1.20 
1.32 
1.18 
1.61 

1.15e 

1.17f 

1.71 
1.78 

1.74 
1.99 

2.50 
2.57 
2.66 
1.94 

2.70 d 

1.26 (1.73) δ 

1.27 

1.78 δ 

0.61 

1043 
1183 
1176 
2332 

1122 e 

1137 f 

395 
391 

383 
488 

370h 

^ S i t e s are l a b e l e d as i n d i c a t e d i n Figure 1. R i s the perpendicular 
distance form the surface plane of n u c l e i . The 3 - f o l d (hep) s i t e 
f o r CH^ i s depicted i n Figure 3a. 
b E n e r g i e s are r e l a t i v e to H and CH 3 at i n f i n i t e distance from the 
surface. 
CRef. 4. ^ e f . 3. eRef. 9. fRef. 5. 

% o d i f i e d t h i r d l ayer p o t e n t i a l , see Sect. 4. Ref. 2. 
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Â. In t h i s work, only symmetric d i s t o r t i o n s of CH^ are considered, 
and the minimum energy occurs f o r a near t e t r a h e d r a l geometry with 
the hydrogens i n a plane p a r a l l e l to the surface, as depicted i n 
Figure 3a. The c a l c u l a t e d H atom adsorption energy i s 2.7 eV f o r 
the most st a b l e 3 - f o l d (hep) s i t e which agrees with an experimental 
value of 2.70 eV (3). For hydrogen, the hollow and f i l l e d 3 - f o l d 
s i t e s and the bridge s i t e are found to be of comparable s t a b i l i t y i n 
agreement with c a l c u l a t i o n s by Siegbahn, et a l . (L5) . The atop s i t e 
i s considerably l e s s favorable. The nickel-hydrogen bond distance 
i s 1.86 À f o r the t h r e e - f o l d s i t e , corresponding to a 1.18 Â perpen
d i c u l a r distance from the surface. This H-Ni distance i s i n 
e x c e l l e n t agreement with both LEED and neutron i n e l a s t i c s c a t t e r i n g 
values (4.5). C a l c u l a t e d v i b r a t i o n a l frequencies, reported i n Table 
I, f o r H i n 3-f o l d and bridge s i t e s are i n good agreement with 
e l e c t r o n energy lo s s measurements of 1122 cm"^ (9) and neutron 
i n e l a s t i c s c a t t e r i n g measurements of 1137 cm"^"(5) . Our data f o r CH^ 
are i n s u f f i c i e n t to permit c a l c u l a t i o n of an asymmetric s t r e t c h i n g 
frequency. For the CH~-Ni surface perpendicular s t r e t c h , the c a l c u -

-1 -1 la t e d frequency i s 383 cm. A value of 370 cm i s a t t r i b u t e d to 
the CH^-Ni s t r e t c h i n g mode i n EELS measurements by Lee, et a l . (2). 

Figure 2 compares SCF eigenvalues f o r the c l e a n surface and 
chemisorbed systems. For CH~ + H coadsorbed i n separated 3 - f o l d 
s i t e s , the f i g u r e shows the p r i n c i p a l H l e v e l at 7.0 eV below the 
Fermi l e v e l , s l i g h t l y deeper than the H feature seen i n photoemis
s i o n at 5.8 eV below E p f o r H on N i ( l l l ) (8). The charge 
d i s t r i b u t i o n data show that on bonding of both CH~ and H to the sur
face, e l e c t r o n t r a n s f e r from the l a t t i c e to the adsorbate occurs 
accompanied by image charge formation i n the f i r s t l a y e r and a 
deepening of the Ni 3d l e v e l s . The c a l c u l a t i o n s a l s o provide con
s i d e r a b l e information about o r b i t a l i n t e r a c t i o n s on CH~ and H 
adsorption. Analysis of the SCF r e s u l t s i n Figure 2 shows chat CH^ 
and H i n t e r a c t strongly with the Ni 4s-band. In a d d i t i o n , however, 
CH^ and H o r b i t a l s mix s i g n i f i c a n t l y with the Ni 3d o r b i t a l s . For 
CH-j and H coadsorbed i n separated 3 - f o l d s i t e s , the main d-CH^ 
mixing occurs i n three low l y i n g doubly occupied o r b i t a l s with 
populations (0.6d, 0.2C, 0.2H), (0.6d, 0.3C, 0.1H) and (0.7d, 0.1C, 
0.2H), r e s p e c t i v e l y . For atop Ni adsorption of CH^, the mixing oc
curs almost e n t i r e l y with the 3d 2 o r b i t a l normal to the Ni surface, 
i n one doubly occupied molecular o r b i t a l with populations (0.3d, 
0.5C, 0.2H). 

As noted above, the use of e f f e c t i v e p o t e n t i a l s to l i n k the ac
t i v e e l e c t r o n i c subspace with the bulk i s at an e a r l y stage of 
development. There i s evidence that i n c r e a s i n g the number of a c t i v e 
electrons i n the second l a y e r of the c l u s t e r , f o r example by i n 
creasing the p o l a r i z a b i l i t y of the t h i r d l a y e r , favors adsorption i n 
the hollow (fee) s i t e f o r both H and CH^. I t i s only f o r CH~ that 
the e f f e c t i s large, however, leading to an increase i n the adsorp
t i o n energy f o r the hollow s i t e by 0.4 eV as shown i n Table I. 
Basis s u p e r p o s i t i o n c o r r e c t i o n s can also i n f l u e n c e the r e l a t i v e 
s t a b i l i t y of the two types of 3-fold s i t e s and these c o r r e c t i o n s are 
not yet a v a i l a b l e f o r the CH^ and CH^adsorption cases. From the 
evidence a v a i l a b l e , i t appears that the hollow and f i l l e d 3 - f o l d 
s i t e s may be of comparable s t a b i l i t y f o r both H and CH~ adsorption. 

Next we consider the methane molecule and i t s approach to the 
n i c k e l surface. The main f a c t o r determining the mechanism f o r d i s 
s o c i a t i o n of CH^ i s the d i f f i c u l t y of s t r e t c h i n g the CH bond. The 
t o t a l energy of a gas phase CH^ molecule i s c a l c u l a t e d to increase 
by 0.8 eV on s t r e t c h i n g one of the CH bonds from i t s e q u i l i b r i u m 
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148 THE CHALLENGE OF d AND f ELECTRONS 

Y Y 

(c) C H 3 + H (Sep.) (d) C H 3 + H (Adj.) 

Y 

(e) C H 3 + H (Stretch) 

Figure 3 . Adsorption s i t e s and s e l e c t e d o r i e n t a t i o n s of CH^ and 
CH~ plus H on N i ( l l l ) . Atop atom and bridge s i t e s f o r CH~ cor
respond to a v e r t i c a l t r a n s l a t i o n of CH^ i n 3(a) ; the fee s i t e i s 
a r e f l e c t i o n of the CH^ group through the xz plane. The atop 
atom s i t e f o r CH, corresponds to a v e r t i c a l t r a n s l a t i o n of the 
CH^ group i n 3(b). CH~ has a t e t r a h e d r a l geometry i n a l l cases 
with H's i n a plane p a r a l l e l to the surface. In 3(e) , the CH^ 
adsorption s i t e i s midway between a Ni atom and the center of the 
3 - f o l d s i t e . 
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10. YANG & WHITTEN Reaction of Methane with Nickel [111] Surface 149 

distance of 1.08 Â to 1.46 Â, i . e . , the increase i n bond length 
necessary to reach the center of a t h r e e - f o l d s i t e f o r C adsorbed 
atop N i . To d i s t o r t gas phase CH, to a t r a n s i t i o n s t a t e correspond
ing to pyramidal s t r u c t u r e with a planar CH~ base and H at the apex 
requires 1.1 eV. Thus, i t i s p o s s i b l e to d i s s o c i a t e CH, with a low 
energy b a r r i e r only i f the d i s t o r t i o n enables C or H bonding with Ni 
to compensate f o r the energy of d i s t o r t i o n and other repulsions with 
the surface. 

Table II shows that the approach of u n d i s t o r t e d methane toward 
the Ni surface i s r e p u l s i v e f o r a l l o r i e n t a t i o n s of methane. For a 
C-Ni surface (perpendicular) distance of 2.4 À, and a 3 - f o l d adsorp
t i o n s i t e , the three symmetric CH, o r i e n t a t i o n s are ( i n order of 
i n c r e a s i n g energy): 3 H's down, 1 H down, and 2 H's down. The l a t 
t e r i s unfavorable due to i n t e r a c t i o n s of hydrogens with the Ni-Ni 
bridge s i t e . Thus, these data show the expected r e p u l s i v e i n t e r a c 
t i o n between the saturated methane molecule and the surface. Figure 
3b shows the most favorable o r i e n t a t i o n of the hydrogens f o r 
t e t r a h e d r a l CH^. 

Attempts to s t r e t c h a s i n g l e CH bond s t a r t i n g with e i t h e r C or 
H above a 3 - f o l d s i t e always produced high energy intermediates. 
The reason such stretches do not r e s u l t i n s u f f i c i e n t l y strong CH^ 
/Ni and H/Ni bonding to o f f s e t the breaking of the CH bond can be 
understood by examining the energies of CH^ and H coadsorbed i n 3-
f o l d s i t e s . Results i n Table II show that coadsorption of CH^ and H 
i n adjacent 3 - f o l d s i t e s sharing a Ni-Ni bond ( s i t e s a and ç i n 
Figure 1 and Figure 3d) i s very high i n energy, 3.6 eV unbound with 
respect to desorbed CH^. Although the energy would be reduced by 
fu r t h e r o p t i m i z a t i o n of the geometry, i t i t very u n l i k e l y that a 
large reduction i n r e p u l s i o n w i l l occur. In contrast, coadsorption 
of CH~ and H i n separated 3 - f o l d s i t e s (hep s i t e s a and a' i n Figure 
1 ana Figure 3c) i s much lower i n energy, 1.1 eV unbound with 
respect to desorbed CH^. The data i n Table II al s o show that the 
energy of CH^ i n both 3 - f o l d and atop s i t e s increases on formation 
of the f l a t t e n e d , pyramidal s t r u c t u r e (planar CH^ base), but the 
increase i s only 0.4 eV compared to 1.1 eV f o r gas phase CH^. We 
conclude therefore that the only low energy d i s t o r t i o n of CH, that 
could lea d to d i s s o c i a t i o n i s one that places CH^ and H i n separated 
3 - f o l d s i t e s . 

With H and CH~ coadsorbed i n separated 3 - f o l d s i t e s , r o t a t i o n 
of CH~ (keeping the H's i n a plane p a r a l l e l to the surface) leads to 
a 0.1 eV b a r r i e r when H's are above Ni-Ni bridge s i t e s . S t r e t c h i n g 
one of the CH bonds i n CH^ by moving CH~ and H halfway toward the 
centers of separated 3 - f o l d s i t e s a and a/ produced high energy i n 
termediates, but the degree of o p t i m i z a t i o n of the fragment 
geometries i s i n s u f f i c i e n t to e s t a b l i s h a minimum energy pathway f o r 
d i s s o c i a t i o n . Figure 3e depicts the o r i e n t a t i o n of the t e t r a h e d r a l 
CH^ i n t h i s case, and i n case where CH~ and H are f u r t h e r separated 
by moving H to the center of the 3-f o l d s i t e a'. 

I t i s c l e a r that Ni i s p l a y i n g an important r o l e i n developing 
a bond with the pyramidal d i s t o r t i o n of CH, since the energy re
quired f o r the d i s t o r t i o n i s le s s than that f o r gas phase methane. 
As noted e a r l i e r , d i r e c t mixing of the Ni 3d o r b i t a l s with CH~ o r b i 
t a l s occurs. In a d d i t i o n , the CI c a l c u l a t i o n s r e v e a l a mixing of 

9 10 
3d and 3d con f i g u r a t i o n s i n the atop atom case. Without t h i s i n 
t e r a c t i o n , the a b i l i t y of a s i n g l e Ni to induce d i s s o c i a t i o n would 
be diminished. 
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Table I I . CH^ adsorption on Ni(111) 

Adsorption energies r e l a t i v e to desorbed CH, from CI c a l c u l a t i o n s on 
CH, adsorbed at d i f f e r e n t s i t e s on an embedded c l u s t e r model of the 
Ni(111) surface. A minus s i g n i n d i c a t e s a r e p u l s i v e i n t e r a c t i o n 
(endothermic r e l a t i v e to gas phase CH^). A l l CH distances are the 
same as i n CH, unless i n d i c a t e d otherwise 

R ay Ads. Energy (eV) 

CH, above surface 4 
3- f o l d s i t e b 

1 H down 
2 H's down 
3 H's down 

2.4 
2.4 
2.4 

-1.0 
-1.2 
-0.9 

CH. on surface 4 
3 H's down 3-f o l d s i t e . 

t e t r a h e d r a l 2.0 
d i s t o r t e d 2.1 
f l a t t e n e d 2.0 

atop atom. 3 H's downb 

d i s t o r t e d 2.1 
f l a t t e n e d 2.0 

-1.5 
-1.4 
-1.9 

-1.8 
-2.2 

Coadsorbed CH^+ H 
3-f o l d (adjacent, F i g . 3d) H 1.45, C 2.2 -3.6 
3-f o l d (separated, F i g . 3c) H 1.19, C 1.72 -1.1 
3- f o l d (oo separation) H 1.19, C 1.72 -0.1 

CH 3- H Str e t c h 

3 - f o l d ( F i g . 3e) H 1.19, C 1.98 -1.9 
RH 3C- H~ 2 ' 0 5 Â 

aR i s the perpendicular distance from the surface plane of n u c l e i 
^ F l a t t e n e d geometries correspond to a pyramidal geometry with a 
planar CH~ base and H at the apex. D i s t o r t e d geometries are i n t e r 
mediate between the te t r a h e d r a l and f l a t t e n e d s t r u c t u r e s 

ο 
corresponding to a H(apex)C H(base) angle of 95.6. The atop atom 
geometry corresponds to a t r a n s l a t i o n of CH^shown i n Figure 3b to 
the upper most atom i n the f i g u r e . 
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CONCLUSIONS 
The conclusions of the present study can be summarized as follows: 

(1) CH~ and H bind to N i ( l l l ) in 3-fold sites with binding energies 
of 1.8 eV and 2.7 eV, respectively. The dissociation of CH4 to CH3 

+ H is endothermic by only 0.1 eV for widely separated CH^ and H on 
the surface. 

(2) Interactions between CH^ and the Ni surface are replusive for 
a l l distances and orientations considered. 

(3) CH^ can dissociate only i f i t is possible to produce CH^ and H 
in separated 3-fold sites. Across bond dissociation to produce 
coadsorbed fragments in adjacent 3-fold sites is energetically very 
unfavorable. Atop Ni adsorption of CH^ is therefore the site most 
l ike ly to produce dissociation. No low energy pathways to dissocia
tion have been identified. 

(4) The principal interactions of CH~ and H orbitals with the sur
face involve the Ni 4s-band, however, significant mixing of Ni 3d 
orbitals with orbitals of C and H occurs. In addition, the d shell 
of Ni plays an important role in atop Ni adsorption of CH~ by mixing 

9 10 the Ni 3d and 3d configurations. 
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C h a p t e r 11 

Calculations o n Transition Metal Complexes 

Ernest R. Davidson 

Chemistry Department, Indiana University, Bloomington, IN 47401 

Calculations on transition metal complexes are reviewed. 
The limitations of ab ini t io calculations are shown to 
make predictions of spectra, bond lengths, bond 
energies, and spin state very di f f icul t . Calculations 
on bisammineporphinatoiron, hydridocobaltcarbonyls, and 
scandium carbonyl are reviewed. 

Accurate ab ini t io calculations on complexes between organic ligands 
and the f i r s t transition metal series remain an elusive goal. The 
major difficulty is that, in spite of the widespread use of semi-
empirical molecular orbital schemes to describe these molecules, the 
ab ini t io Hartree-Fock approximation is in fact hopelessly in error. 
The extra-molecular correlation energy is of similar magnitude as the 
total ligand binding energy, so i t has a large effect on bond lengths 
(1-4). The metal's atomic correlation energy also varies from state-
to-state by amounts comparable to the promotion energy. This 
strongly affects conclusions about the relative energy of the various 
conceivable molecular states. 

Other diff icult ies with transition metals present only practical 
rather than conceptual problems. Relativistic corrections in the 
f i r s t transition series have a small, but noticeable, effect on bond 
lengths and relative energies (5). Rather large basis sets are 
required to prevent basis set superposition errors (6) and to 
describe the large relaxation effects associated witn s—>d promotion 
on the metal (7). The correlation energy of a many electron system 
must be described in a size-consistent manner for many different 
states, which is di f f icul t to do with configuration interaction (8). 
Because the ligand f ield strength is usually no larger than the 
atomic state separations, many of the states require several Slater 
determinants in order to write down a zero'th order description 
(9,10). This renders the usual perturbation expansions, which assume 
one dominant Slater determinant, inappropriate (11). 

In order to progress at a l l , i t is customary in this f ie ld to 
ignore these problems and carry out calculations which are marginally 
justified, but perhaps are an insightful complement to experiment and 
semi-empiricaI theory. 

0097-6156/89/0394-0153$06.00/0 
© 1989 American Chemical Society 
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Atomic C o r r e l a t i o n Problems 

As can be seen in Table I , systematic e r r o r s i n r e l a t i v e SCF energies 
favor the sp e x c i t e d s t a t e . The SCF energy i s a l s o biased a g a i n s t 
the d n+ 2 and d n + 1 s c o n f i g u r a t i o n s f o r the l a s t h a l f of the t r a n s i t i o n 
s e r i e s . To make the s i t u a t i o n even more d i f f i c u l t , most atomic L,S 
s t a t e s r e q u i r e several S l a t e r determinants t o express the H a r t r e e -
Foe k wavefunction. 

For example, the lowest n i c k e l atomic s t a t e s computed i n the 
reduced symmetry of a l i n e a r molecule with a s i n g l e determinant SCF 
wavefunction must have e r r o r s t h a t are enormous compared with the 
expected ligand binding energy. The lowest 1 Σ + s t a t e should be the 
ML=0 component of the d 9 s 1 1D s t a t e of n i c k e l , which has two open 
s h e l l s . A s i n g l e c l o s e d s h e l l S l a t e r determinant d e s c r i p t i o n would 
instead g i v e e i t h e r the d 1 0 XS or a mixture of the d 8 s 2 *S, M), and 
1G s t a t e s . The s i n g l e determinant ROHF d e s c r i p t i o n of the M s=l 
component of the 3Σ+ s t a t e would s i m i l a r l y produce some mixture of 
d 8 s 2 3 P and 3 F or d 9 s 3D. Because of the b i a s i n the atomic SCF 
energies, the d 8 s 2 c o n f i g u r a t i o n s w i l l be too low. T h i s w i l l be 
p a r t i a l l y compensated by the i n a b i l i t y of a s i n g l e S l a t e r determinant 
t o represent the M s=l, ML=0 component of the 3 F ground s t a t e . 

Table I . Numerical Hartree-Fock E x c i t a t i o n E n e r g i e s 8 

dn s2 + d n + 1 s d"+2 d nsp η 

ca Ic expt ca1c expt ca1c expt 
Sc 8105 11520 36053 33764 7704 15672 1 
Ti 4357 6556 34321 28773 7478 15877 2 
V 1001 2112 26366 20202 7251 16361 3 
Cr --10219 -7751 46421 27647 7528 17220 4 
Mn 26840 17052 73836 44979 8601 18402 5 
Fe 14494 6929 60178 32874 8788 19351 6 
Co 12328 3483 56846 27497 12800 23612 7 
Ni 10289 205 44147 14729 15591 25754 8 
Cu -2998 -11203 16700 27816 9 
Zn 21315 32311 10 

a. ASCF energies (cm - 1) between the lowest LS m u l t i p l e t s 

Thus the order of the s t a t e s i s g e n e r a l l y wrong and the use of a 
s i n g l e c o n f i g u r a t i o n in a lower symmetry p o i n t group i s inadequate. 
When CI i s included in the d e s c r i p t i o n of the s t a t e s there i s s t i l l a 
tendency t o overestimate the importance of c o n f i g u r a t i o n s i n v o l v i n g 
4p or higher Rydberg s t a t e s compared t o c o n f i g u r a t i o n s which put more 
e l e c t r o n s i n t o the 3d s h e l l . CI a l s o has a d i f f i c u l t time 
compensating f o r the broken symmetry introduced by c a r r y i n g out 
c a l c u l a t i o n s on non-spherical atoms (U*0) i n reduced symmetry, as 
must be done when c o n s i d e r i n g the atom as pa r t of a d i s s o c i a t i n g 
compI ex. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



11. DAVIDSON Calculations on Transition M 155 

Molecular C o r r e l a t i o n Problems 

Molecular SCF energies are s e r i o u s l y in e r r o r because of the atomic 
errors a t the s i n g l e determinant le v e l as discussed above. 
P e r t u r b a t i o n of the atom by the ligand environment i s g e n e r a l l y 
comparable t o the mixing matrix elements between S l a t e r determinants 
which d i f f e r i n the arrangement of e l e c t r o n s w i t h i n the open s h e l l s 
of the f r e e metal atom (12). So the h i g h - f i e l d l i m i t , which i s 
assumed i n most MO c a l c u l a t i o n s , i s u s u a l l y not accurate (13). In 
a d d i t i o n , inter-molecular c o r r e l a t i o n e f f e c t s between the metal atom 
and the ligand are a large f r a c t i o n of the t o t a l b i n d i ng energy. 
A l s o , large d i f f e r e n t i a l intra-atomic c o r r e l a t i o n e r r o r s between 
d i f f e r e n t atomic s t a t e s cause a q u i t e i n c o r r e c t zero'th order p i c t u r e 
of the spectrum. 

These f a c t s cause a break-down in the s t a t e - o f - t h e - a r t methods 
f o r o b t a i n i n g wavefunctions. A l l of these methods count on an SCF or 
small MC-SCF c a l c u l a t i o n t o produce reasonable estimates of the 
molecular e q u i l i b r i u m geometry and the zero'th order wavefunction. 
C a l c u l a t i o n s have shown, however, t h a t SCF p o t e n t i a l curves 
s y s t e m a t i c a l l y underestimate ligand binding and s y s t e m a t i c a l l y 
produce e x c e s s i v e l y long estimates of the bond lengths. When i n t e r -
molecular c o r r e l a t i o n i s included, the bond lengths become much 
s h o r t e r . In molecules where there i s a high-low s p i n r e v e r s a l as the 
molecule i s formed, t h i s change in bond length i s o f t e n e s s e n t i a l t o 
p r e d i c t i n g the c o r r e c t s p i n s t a t e . 

For e x c i t e d s t a t e s i t i s necessary t o p r e d i c t the r e l a t i v e order 
of four q u i t e d i f f e r e n t types of e x c i t a t i o n . Open s h e l l atom s t a t e s 
are s p l i t by the ligand f i e l d as p r e d i c t e d by t y p i c a l Tanabe-Sugano 
diagrams. In a d d i t i o n , there are e x c i t e d s t a t e s of the atom with 
d i f f e r e n t d n s m p k c o n f i g u r a t i o n s which are a l s o ligand f i e l d s p l i t . 
F u rther, there are I i g a n d - f i e l d - s p l i t metal t o ligand and ligand t o 
metal charge t r a n s f e r s t a t e s (and t h e i r e x c i t e d atomic 
c o n f i g u r a t i o n s ) corresponding t o the other common o x i d a t i o n s t a t e s of 
the atom. F i n a l l y , there are e x c i t e d s t a t e s of the ligand i t s e l f . 
A l l of these e x c i t e d s t a t e s are s u b j e c t t o d i f f e r e n t i a l r e l a x a t i o n 
and c o r r e l a t i o n e f f e c t s . Some ligand e x c i t e d s t a t e s , such as the 

Soret bands of porphine, are s u b j e c t t o actual and a r t ( f a c t u a l 
Rydberg-valence mixing. Even i n the absence of the metal, these can 
only be unraveled by c a l c u l a t i o n s which include extensive sigma-pi 
c o r r e l a t i o n . 

A Study of Iron Porphyrins 

Because of the importance of i r o n porphine type compounds as a model 
f o r the heme group, they have been the s u b j e c t of a number of ab 
i n i t i o c a l c u l a t i o n s (14-16). In t h i s chapter we w i l l focus on our 
own r e s u I t s f o r some of these mo I ecu I es (17-19). 

T r a d i t i o n a l l y , (20) the f r e e i r o n porphine (Fe eN 4C 2oHi2) • » 
regarded as FeS+^Por 2^with the F e ( I I ) i n a d es° c o n f i g u r a t i o n . Such 
an i r o n i s t r e a t e d i n the Tanabe-Sugano diagram (12) as having a "B" 
parameter of about 1000 cm - 1 a "C* parameter of 4000 cm'1 and a s p i n -
o r b i t c o u p l i n g parameter of about 500 cm - 1. T h i s causes the high 
s p i n 5D s t a t e t o l i e about 20,000 cm - 1 below the intermediate s p i n 3 P 
s t a t e and 30,000 cm"1 below the low s p i n 1 I s t a t e i n the f r e e F e ( I I ) 
ion (21). 
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The symmetry of the ground s t a t e of Fe»Por i s not known with 
c e r t a i n t y , but i s g e n e r a l l y b e l i e v e d (16 f17) t o be 3 E . The Tanabe-
Sugano diagram f o r a square planar d e complex allows an intermediate 
s p i n ground s t a t e f o r Dq/B i n the range 1.3-1.8. On the other hand, 
the SCF c a l c u l a t i o n corresponds more nearly t o Dq/B of 1.0 and g i v e s 
a high s p i n ground s t a t e . Our l i m i t e d CI c o r r e c t e d t h i s somewhat, 
but s t i l l was unable t o overcome the SCF b i a s toward s i n g l y - o c c u p i e d 
d o r b i t a l s . 

The adequacy of the ligand f i e l d model can be questioned because 
the a c t u a l M u l l i k e n charge on the i r o n i s only +1.2 due t o the d a t i v e 
bonds with the nitrogens. A l s o , the CI c a l c u l a t i o n s f o r the lowest 
s t a t e s tended t o f i n d 20-30% F e ( I I I ) character in the wavefunction. 
Nevertheless, t h i s model does p r e d i c t c o r r e c t l y t h a t there should be 
a large manifold of s t a t e s of I i g a n d - f i e l d - s p l i t d e character w i t h i n 
3 eV of the ground s t a t e . 

In the t r a d i t i o n a l i n t e r p r e t a t i o n of i r o n porphine s p e c t r a , 
Gouterman (20) looked only f o r "charge-transfer" and mr* e x c i t a t i o n s 
of the porphyrin r i n g . The ab i n i t i o c a l c u l a t i o n suggests t h a t each 
of these c a t e g o r i e s of s t a t e s i s r e a l l y a manifold of s t a t e s s p l i t by 
the ligand f i e l d . The *t+ s t a t e s cover the range 3-6 eV, but are 
poorly represented unless one uses a t l e a s t a double-zeta 
re p r e s e n t a t i o n of the τ and J* o r b i t a l s and c o r r e c t l y d e s c r i b e s the 
σ-w e l e c t r o n c o r r e l a t i o n . The charge t r a n s f e r s t a t e s t o form d 5 

F e ( I I I ) and P o r 3 - were pr e d i c t e d in the CI c a l c u l a t i o n t o l i e in the 
1-4 eV range. These energies are probably underestimated. Many 
a d d i t i o n a l s t a t e s corresponding t o Rydberg e x c i t e d s t a t e s of the i r o n 
or * τ * e x c i t e d charge t r a n s f e r bands were a l s o p r e d i c t e d a t low 
energy. Because systematic e r r o r s of ± 1 eV are expected between 
s t a t e s of d i f f e r e n t type in these crude c a l c u l a t i o n s , the exact order 
of the 200 or so s t a t e s w i t h i n 6 eV of the ground s t a t e c l e a r l y 
cannot be p r e d i c t e d . At best the c a l c u l a t i o n produced a biased 
cataIog of poss i b i I i t i es ine Iud i ng some wh i ch had not prev iousIy been 
considered. 

Another t e c h n i c a l problem i n doing t h i s c a l c u l a t i o n was the use 
of one s e t of d o r b i t a l s f o r a l l s t a t e s . I t i s well-known (22) t h a t 
d o r b i t a l s change s i z e s l i g h t l y between d n and d n + 1 s t a t e s . This 
r e l a x a t i o n introduces a few eV s h i f t in the e x c i t a t i o n energy which 
i s d i f f i c u l t t o d e s c r i b e with l i m i t e d CI. Consequently CI energies 
tend t o be biased toward the d c o n f i g u r a t i o n f o r which the SCF 
equations were solved. When a molecule has a very large number of 
c l o s e l y spaced s t a t e s , i t i s not p o s s i b l e t o s o l v e the SCF equations 
se p a r a t e l y f o r each s t a t e , so the same o r b i t a l s must be used f o r a l l 
s t a t e s even though the r e s u l t a n t accuracy w i l l be low. 

We a l s o considered the e f f e c t of a x i a l l i gands, modeled by NH 3 

groups. T h i s octahedral complex followed the d 6 Tanabe-Sugano 
diagram, i n which the intermediate s p i n i s never the ground s t a t e , 
and had intermediate s p i n s t a t e s s h i f t e d above both the high and low 
s p i n s t a t e s . The SCF r e s u l t s a c t u a l l y gave high s p i n s l i g h t l y below 
the s i n g l e t s t a t e in c o n t r a d i c t i o n t o experiment. From the Tanabe-
Sugano diagram t h i s i n d i c a t e s t h a t the actual value of Dq/B i s not 
very d i f f e r e n t from 2. The other n o t i c e a b l e e f f e c t from the a x i a l 
ligands i s the s h i f t of the i o n i z a t i o n p o t e n t i a l , and the charge 
t r a n s f e r bands, to lower energy. Conceptually, t h i s comes from 
o r t h o g o n a l i z i n g the d s h e l l t o the ammonia lone p a i r o r b i t a l s . In 
f a c t a t t h i s l e v e l of c a l c u l a t i o n the ground s t a t e in the CI has a 
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large f r a c t i o n of F e ( I I I ) character. Rydberg s t a t e s are a l s o s h i f t e d 
down to the 3 eV region. 

In agreement with these Fe ( I I ) r e s u l t s , c a l c u l a t i o n s on 
Fe«Por»(NH 3) 2

+ c l e a r l y have the iron i n the F e ( I I I ) o x i d a t i o n s t a t e . 
Charge t r a n s f e r bands f o r t h i s molecule are p r e d i c t e d t o l i e i n the 
2-5 eV range. As before, there i s a manifold of I i g a n d - f i e l d - s p l i t 
d 5 s t a t e s below 3 eV. The Tanabe-Sugano diagram r e q u i r e s a Dq/B of 
almost 3 f o r the switch from high (S=5/2) t o low (S=l/2) s p i n . 
Experimental examples with each s p i n type as the ground s t a t e are 
known. Our c a l c u l a t i o n s gave Dq/B in the range of 2 and c l e a r l y 
p r e d i c t e d a high s p i n ground s t a t e . Since t h i s c a l c u l a t i o n was done 
a t an assumed geometry, i t i s l i k e l y t h a t a smaller c a v i t y f o r the 
i r o n would g i v e a d i f f e r e n t s p i n s t a t e . 

Co I b a i t Complexes 

We have c a r r i e d out c a l c u l a t i o n s on c o b a l t complexes i n order t o 
study pieces of the hydroformylation r e a c t i o n (23-25). Optimized SCF 
geometries f o r the f o l l o w i n g complexes were obtained: 

Co (CO ) ( H ) ( C 0 ) 3 (S=0, Co(I ) d8 ) 
C o ( C 2 H 4 ) ( H ) ( C 0 ) 3 (S=0, Co (I) do) 
Co(H ) (CO) 3 (S=0 and 1, C o ( I ) d 8 and d 7p) 
Co(HC0 ) (CO) 3 (S=0 and 1, Co(I)dQ and d?p) 
Co(C 2H 5) (CO) 3 (S=0, Co(I)dQ) 

The e f f e c t s of CI and b a s i s s e t s on the r e s u l t s were explored. 
In the s p l i t - v a l e n c e b a s i s s e t , RHF SCF approximation f o r the 

f i v e coordinated species the bond lengths are s y s t e m a t i c a l l y too long 
(26). Consequently, the ligand f i e l d i s too small and the complex i s 
p r e d i c t e d t o be high s p i n . Improvement in the b a s i s s e t has l i t t l e 
e f f e c t . I n c l u s i o n of CI, however, shortens the bond and reverses the 
s p i n s t a t e . T h i s comes p r i m a r i l y from the f a c t t h a t there i s a 
s u b s t a n t i a l dependence of the c o r r e l a t i o n energy on bond length i n 
a l l s t a t e s due t o inter-molecular e l e c t r o n c o r r e l a t i o n (otherwise 
known as London d i s p e r s i o n f o r c e s ) . T h i s has a very sharp bond 
length dependence, so t h a t i t s u b s t a n t i a l l y shortens the e q u i l i b r i u m 
bond-length i n a l l s t a t e s by 0.1-0.2 X. In our c a l c u l a t i o n s , the 
s i n g l e t s t a t e was the lowest s t a t e a t the experimental geometry 
p r i m a r i l y because t h a t bond length i s f a i r l y high on the r e p u l s i v e 
s i d e of the t r i p l e t SCF p o t e n t i a l curve. Thus merely changing the 
bond length from the SCF s i n g l e t optimum value t o the experimental 
value reversed the s i t u a t i o n of having the t r i p l e t 0.8 eV below the 
s i n g l e t t o having i t 0.6 eV above without any s i g n i f i c a n t 
d i f f e r e n t i a l c o r r e l a t i o n e f f e c t s . D i f f e r e n t i a l c o r r e l a t i o n e f f e c t s 
were expected because, a t large metal-ligand s e p a r a t i o n s , SCF 
c a l c u l a t i o n s s y s t e m a t i c a l l y place s t a t e s with two s i n g l y occupied 
o r b i t a l s too low compared to closed s h e l l s i n g l e t s t a t e s . The 
s i n g l e t atomic s t a t e s a l s o r e q u i r e several S l a t e r determinants t o 
express the L,S wavefunction, so the s i n g l e determinant approximation 
f o r the molecule i s a l s o expected t o be inadequate a t large bond 
lengths. 

I t i s i n t e r e s t i n g t o note t h a t , a t the experimental bond lengths, 
the London d i s p e r s i o n type e l e c t r o n c o r r e l a t i o n c o n t r i b u t e s about 10 
kcal/mol t o each meta I-carbonyl bond energy. T h i s i s approximately 
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h a l f of the t o t a l bond energy. In s p i t e of the f a c t t h a t the s i n g l e t 
SCF energy of HCo(C0) 4 i s a c t u a l l y 20 kcal/mol higher a t the 
experimental bond lengths than a t the SCF minimum, the computed t o t a l 
CI energy i s 13 kcal/mol lower due t o the 33 kcal/mol increase i n 
inter-molecular c o r r e l a t i o n energy i n t h i s s h o r t d i s t a n c e . 

With these r e s e r v a t i o n s about the s i g n i f i c a n c e of SCF geometries, 
i t i s s t i l l i n t e r e s t i n g t o examine the shape of the molecule a t the 
c a l c u l a t e d geometry. For HCo(C0) 4, the s i n g l e t s t a t e i s t r i g o n a l 
b i p y r a m i d a l . In t h i s form the hydrogen could occupy e i t h e r an a p i c a l 
or e q u a t o r i a l p o s i t i o n . Minima of each shape are found. The SCF 
energy s l i g h t l y f a v o r s the e q u a t o r i a l p o s i t i o n . While the computed 
energy d i f f e r e n c e i s too small t o be s i g n i f i c a n t , i t does i l l u s t r a t e 
the f a c t t h a t hand-waving arguments, which show t h a t e i t h e r the a x i a l 
or e q u a t o r i a l p o s i t i o n "must" be favored, are c e r t a i n l y vacuous. 

Replacement of one carbony I by a τ complexed ethylene molecule 
presents many more p o s s i b i l i t i e s . The lowest energy form i s found t o 
be one with the ethylene and hydrogen both i n the e q u a t o r i a l plane. 
When both carbons of the ethylene are i n t h i s plane, the ethylene 
binding approaches a bidentate s i t u a t i o n and the complex can be 
regarded as octahedral C o ( I I ) . Turning the ethylene by 90°, or 
p l a c i n g i t i n the a x i a l p o s i t i o n , leads t o a t r i g o n a l bipyramid Co(I) 
complex about 10-20 kcal/mol higher i n energy. Because these 
geometry o p t i m i z a t i o n s were done with symmetry c o n s t r a i n t s , they may 
not a l l be t r u e minima on the p o t e n t i a l s u r f a c e . 

Four coordinated complexes are more d i f f i c u l t t o de s c r i b e . The 
s i n g l e t s p i n s t a t e seems t o have several t r u e minima i n the p o t e n t i a l 
s u r f a c e which correspond t o a l l ways t o d i s t r i b u t e a vacancy, a 
ligand »R (»R χ ·Η, •CH(0), or •CH 2CH 3), and three carbonyls on the 
v e r t i c e s of a t r i g o n a l bipyramid. The minimum SCF s i n g l e t energy 
occurs f o r the c o n f i g u r a t i o n with a carbonyl and the vacancy i n a x i a l 
p o s i t i o n s . The t r i p l e t s p i n s t a t e of RCo(C0) 3 a l s o has many p o s s i b l e 
shapes. The lowest of these was the C 3 v t e t r a h e d r a l c o n f i g u r a t i o n 
with a 115° R-Co-C bond angle as pre d i c t e d by E l i a n and Hoffmann 
(27). 

Scandium Carbonyl 

The work on c o b a l t compounds r a i s e d two questions which could best be 
answered by studying a smaller model compound. One was the r o l e of 
d i s p e r s i o n f o r c e s i n metal ligand binding. The other was the e l u s i v e 
r o l e of pi back bonding which i s supposed t o account f o r a large 
f r a c t i o n of the metal carbonyl bond s t r e n g t h . 

In F i g u r e 1, we (28) show the c a l c u l a t e d RHF p o t e n t i a l curves, 
f o r various e l e c t r o n c o n f i g u r a t i o n s , as a f u n c t i o n of Sc-C di s t a n c e 
f o r a f i x e d CO d i s t a n c e . These curves are very d i f f e r e n t from the 
t r u e p o t e n t i a l curves because of the large e r r o r a t large R. The 
4s3d*4pir c o n f i g u r a t i o n , which l i e s too low because of the q u i t e low 
e l e c t r o n c o r r e l a t i o n energy compared t o s d 2 c o n f i g u r a t i o n s , shows up 
as an in t r u d e r s t a t e a t a l l d i s t a n c e s . Figure 2 shows the c a l c u l a t e d 
UHF/MP2 c o r r e l a t i o n energy f o r the ̂  (s 2d*) and 4E~(s^w^Wy) 
s t a t e s . The c o r r e l a t i o n energy f o r large R i s the c o r r e c t i o n f o r Sc 
atom and CO. The extramoI oc u l a r c o r r e l a t i o n energy i s due mainly t o 
double e x c i t a t i o n s of the type used in d e s c r i b i n g London d i s p e r s i o n 
f o r c e s . Conventio n a l l y , t h i s e f f e c t i s thought t o be s m a l l , as 
indeed i t i s i f evaluated a t the van der Waals' minimum f o r the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



11. DAVIDSON Calculations on Transition Metal Complexes 159 

- 2 8 6 

- 2 8 9 

- 2 9 2 

- 2 9 5 

- 2 9 8 

- 3 0 1 

- 3 0 4 

- 3 0 7 

- 3 1 0 

- 3 1 3 

- 3 1 6 

- 3 1 9 

- 3 2 2 

- 3 2 5 

- 3 2 8 

- 3 3 1 

- 3 3 4 . 

- 3 3 7 

- 3 4 0 
1.0 1.6 2 .2 2 .8 3 .4 4 .0 4 .6 5.2 5.8 

S c - C d i s t a n c e ( a n g s ) 

Figure 1. RHF p o t e n t i a l curves f o r various c o n f i g u r a t i o n s of 
ScCO a t a f i x e d CO d i s t a n c e . 
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N - 3 1 6 -
0. 
2 

— 3 2 0 ' 1 ι ι 1 1 1 

1 2 3 A 5 6 

S c - C d i s t a n c e ( a n g s t r o m s ) 

Figure 2. The MP2 c o r r e l a t i o n energy of ScCO. The c a l c u l a t i o n 
was done with the Wachters' " c o n t r a c t i o n 3 e s,p Sc b a s i s with 
Hay's augmented 5d b a s i s and an a d d i t i o n a l "4p" f u n c t i o n . The 
6-31G* b a s i s s e t was used f o r C and 0. The C-0 bond length was 
constrained t o be the MP2 optimized bond length, 2.175 bohr, of 
f r e e CO. 
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r e p u l s i v e 2Π s t a t e . The bond-length dependence of t h i s c o r r e l a t i o n 
energy, however, i s not very s t a t e dependent. For s t a t e s with Sc-C 
e q u i l i b r i u m distances near 4 bohr, t h i s would c o n t r i b u t e about 20 
kcal/mol to the binding energy. Thus t h i s e f f e c t i s large compared 
to the bond energy in scandium carbonyl complexes. When t h i s MP2 
energy i s added to the UHF pot e n t i a l curves, as shown in Figure 3, 
the complex i s s t i l l not q u i t e predicted to be bound. However, i f 
the whole s * d 2 curve i s s h i f t e d downward by the e r r o r in the MP2 
promotion energy of the Sc atom, a reasonable p o t e n t i a l curve 
re s u I t s . 

In the modeling of p o t e n t i a l surfaces by f o r c e f i e l d s , non-bonded 
i n t e r a c t i o n s are often modeled by a c/R 6 term f o r each atom p a i r . 
The constant "c" i s roughly proportional to the product of the atomic 
p o l a r i z a b i I i t i e s . Following t h i s model f o r ScCO gives a very poor 
f i t to the inter-molecular c o r r e l a t i o n energy. A modified term such 
as c / ( R 2 + A 2 ) 3 provides a much better f i t to the MP2 c o r r e l a t i o n 
energy. Of course, in the empirical p o t e n t i a l a r e p u l s i v e term i s 
included which can model both the short range overlap repulsion in 
the SCF energy, and the inadequacy of the R~e term. 

The pi back-bonding model of Dewar (29), Chatt, and Duncanson 
(30) has been widely invoked as an explanation of a v a r i e t y of 
features of t r a n s i t i o n metal complexes. While extended Huckel theory 
c l e a r l y shows such mixing of o r b i t a l s , ab i n i t i o c a l c u l a t i o n s have 
found them more e l u s i v e (31,32). 

One can look f o r pi back-bonding e i t h e r in population or energy 
e f f e c t s . O r b i t a l population in the f r e e carbon monoxide f* o r b i t a l 
could a r i s e from mixing with the CO τ o r b i t a l as well as from mixing 
with a metal dx o r b i t a l . Population can a l s o a r i s e from purely basis 
s e t superposition e r r o r s i f an inadequate basis i s used f o r e i t h e r 
the metal or carbonyl. An a d d i t i o n a l problem a r i s e s because Mulliken 
populations are basis s e t dependent and become less meaningful as 
large d i f f u s e b asis sets are used. Populations in London 
orthogonaIized basis s e t s are even more problematical because these 
w i l l change i f completely unused basis functions are introduced on 
neighboring atoms. One a l t e r n a t i v e procedure i s to p r o j e c t the 
density matrix onto a f i x e d atomic Hartree-Fock or s p l i t - v a l e n c e plus 
p o l a r i z a t i o n (SVP) basis (33). The Mulliken population a n a l y s i s of 
t h i s projected density w i M l o s e any e l e c t r o n density outside of t h i s 
b a s i s , but w i l l give a d e f i n i t e r e s u l t as more d i f f u s e b asis 
f u n c t i o n s are included. 

By way of example, we have examined the populations f o r the ScCO 
l i n e a r molecule in various s t a t e s . For the r e p u l s i v e s 2 d 1 l i n e a r 
s t a t e s a t 2.2 Â using an extended basis s e t projected onto a SVP 
ba s i s , there i s a d i s t i n c t d i f f e r e n c e between the da, όδ, and dr 
s t a t e s . The do s t a t e shows a charge t r a n s f e r in the d a t i v e bond with 
the carbonyl which gives the scandium 0.16 e - in 3da, 0.04 e~ in 4pa 
and a loss of 0.03 e~ from 4s. The dr s t a t e s i m i l a r l y shows a sigma 
charge t r a n s f e r of 0.18 e~ into 3da, 0.07 e~ into 4ρσ, and 0.06 e -

out of 4s. But the d* s t a t e a l s o shows a t r a n s f e r from the nominal 
d f 1 o r b i t a l of 0.16 e~ into CO τ* and 0.02 e~ into 4pir. The άσ s t a t e 
shows a sigma charge t r a n s f e r of only 0.05 e~ into 3da, 0.09 e~ into 
4ρσ, and 0.05 e~ out of 4s. 

The s 1 d T 2 4 Σ ~ s t a t e i s i n t e r e s t i n g because i t i s probably bound 
r e l a t i v e to ground s t a t e Sc and CO (34). T h i s has sigma charge 
t r a n s f e r of 0.06 e~ into 3da, 0.12 e~ into 4ρσ, and 0.02 e~ out of 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



162 THE CHALLENGE OF d AND f ELECTRONS 

S e — C d i s t a n c e ( a n g s t r o m s ) 

Figure 3. LWF/MP2 p o t e n t i a l curves f o r ScCO. The dotted curve 
r e s u l t s from s h i f t i n g the computed s x d 2 curve t o g i v e the c o r r e c t 
e x c i t a t i o n energy a t large R. 
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11. DAVIDSON Calculations on Transition Metal Complexes 163 

4s. The pi back bond is quite evident in this state with 0.39 e~ 
going into CO Γ* and 0.09 e~ into 4ρτ. Thus, the populations show 
the expected pi back-bond with about 20% of the nominal dr population 
going into CO r*. 

The energetic consequences of pi back-bonding are also evident in 
this case. Among the s 2 d x states at 2.2 X, the at is 9.8 kcal/mol 
below the άδ, presumably entirely due to pi back-bonding. The da is 
15.5 kcal/mol above do* because of the repulsion between the da 
electron and the CO lone pair. 

The energetics of the s 1 df 2 4 E~ state are an interesting 
illustration of the inadequacy of any simple model. The state is 
barely bound. The pi back-bonding is worth about 20 kcal/mol for 
this state. The inter-molecular electron correlation contributes 
another 20 kcal/mol. But the atomic promotion energy from s 2 d x 2D to 
s 1 d 2 4 F is 33 kcal/mol. The sigma dative bond is very weak and may 
be slightly anti-bonding. Hence the net bond energy is very small. 

Conclusion 

The ab ini t io theory of bonding in transition metal complexes is 
considerably more complicated than the usual semi-empiri cal MO model 
(35). Pi back-bonding and sigma overlap effects do make a 
significant contribution to the energy. But many other effects are 
equally important. Several Slater determinants are usually required 
to describe the wavefunction for an open-shell atom and these 
continue to be important for the molecule. Inter-molecular electron 
correlation, analogous to London dispersion forces, plays a large 
role in stabilizing the complex. For metals in the zero'th oxidation 
state, the promotion energy to remove an (anti-bonding) 4s electron 
is a major barrier to bond formation. 

Literature Cited 

1. Demuynck, J.; Strich, Α.; Veillard, Α. Νοuv. J . Chim. 1977, 1, 
217. 

2. Almlof, J.; Faegri, K.; Schil l ing, Β. E. ; Luthi, H. P. Chem. 
Phys. Lett. 1984, 106, 266. 

3. Luthi, H. P.; Siegbahn, P. E. ; Almlof, J . J. Phys. Chem. 1985, 
89, 2156. 

4. L u t h i , H. P. ; Ammeter, J . H.; Almlof, J.; Faegri, K. J . Chem. 
Phys. 1982, 77, 2002. 

5. Martin, R. L. J . Chem. Phys. 1983, 78, 5840. 
6. Martin, R. L.; Hay, P. J . J . Chem. Phys. 1981, 75, 4539. 
7. Hay, P. J . J . Chem. Phys. 1967, 66, 4377. 
8. Davidson, E. R.; Silver, D. W. Chem. Phys. Lett. 1977, 53, 403. 
9. Tanabe, Y . ; Sugano, S. J . Phys. Soc. (Japan) 1956, 11, 864. 

10. Condon, E. U . ; Shortly, G. H. The Theory of Atomic Spectra; 
Cambridge University Press, 1967. 

11. Møller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. 
12. Figgis, Β. N. Introduction to Ligand Fields; Wiley Interscience: 

New York, 1966. 
13. Ballhausen, C. J.; Gray, Η. B. Molecular Orbital Theory; 

Benjamin: New York, 1964. 
14. Dedieu, Α.; Rohmer, M.; Veillard, H. ; Veillard, A. Nouv. J . 

Chim. 1979, 3, 653. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



164 THE CHALLENGE OF d AND f ELECTRONS 

15. Dedieu, Α.; Rohmer, M.; Veillard, A. Adv. Quantum Chem. 1982, 
16, 43. 

16. Kashiwagi, H. ; Obara, S. Int. J . Quantum Chem. 1981, 20, 843. 
17. Rawlings, D. C.; Gouterman, M.; Davidson, E. R.; Feller, D. Int. 

J . Quantum Chem. 1985, 28, 773. 
18. Rawlings, D. C.; Gouterman, M.; Davidson, E. R.; Feller, D. Int. 

J . Quantum Chem. 1985, 28, 797. 
19. Rawlings, D. C.; Gouterman, M.; Davidson, E. R.; Feller, D. Int. 

J . Quantum Chem. 1985, 28, 823. 
20. Gouterman, Μ. In The Porphyrins; Dolphin, D., Ed.; Academic: 

New York, 1978; Vol. 3. 
21. Konig, E. ; Kremer, S. Ligand Field Energy Diagrams; Plenum: New 

York, 1977. 
22. Pelissier, M.; Davidson, E. R. Int. J . Quantum Chem. 1984, 25, 

483. 
23. Antolovic, D.; Davidson, E. R. J . Am. Chem. Soc. 1987, 109, 977. 
24. Antolovic, D.; Davidson, E. R. J . Am. Chem. Soc. 1987, 109, 

5828. 
25. Antolovic, D.; Davidson, E. R. J . Chem. Phys. 1988, 88, 4967. 
26. Daniel, C.; Hyla-Kryspin, J.; Demuynck, J.; Veillard, A. Nouv. 

J . Chim. 1985, 9, 581. 
27. Elian, M.; Hoffman, R. Inorg. Chem. 1975, 14, 1058. 
28. Frey, R. F. ; Davidson, E. R. (unpublished) 
29. Dewar, M. J. S. Bul l . Soc. Chim. Fr. 1951, 18, C71. 
30. Chatt, J.; Duncanson, L. A. J . Chem. Soc. 1953, 2939. 
31. Bagus, P. S.; Roos, B. O. J . Chem. Phys. 1981, 75, 5961. 
32. Bauschlicher, C. W.; Bagus, P. S. J . Chem. Phys. 1984, 81, 5889. 
33. Davidson, E. R. J . Chem. Phys. 1967, 46, 3313. 
34. Jeung, G. H. ; Koutecky, J . Chem. Phys. Lett. 1986, 129, 569. 
35. Blomberg, M. R. Α.; Brandemark, U. B. ; Siegbahn, Ρ. E. M.; 

Mathisen, K. B. ; Karlstrom, G. J . Phys. Chem. 1985, 89, 2171. 

Received October 24,1988 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



C h a p t e r 12 

Density Functional Theories in Quantum 
Chemistry 

Beyond the Local Density Approximation 

Axel D. Becke 
Department of Chemistry, Queen's University, Kingston, Ontario K7L 3N6, 

Canada 

A review of the "local density" exchange-correlation 
approximation (LDA) in quantum chemistry is provided, 
with particular emphasis on the calculation of 
molecular bond energies, bond lengths, and vibrational 
frequencies. The LDA, surprisingly successful in 
itself, is improved even further by addition of 
so-called "gradient correction" terms, and following a 
very brief discussion of the history of 
gradient-corrected exchange-correlation 
approximations, recent work in this area is presented. 
Experience to date, and new results of the present 
work, indicate that beyond-LDA density functional 
theories yield molecular spectroscopic properties of 
near chemical accuracy, even in transition-metal 
systems, with minimal computational effort. 

Due to the complexity of ab ini t io quantum chemical methods in 
transition-metal chemistry, approximate molecular orbital schemes 
such as the well-known "Χα" method have enjoyed considerable 
popularity in this area (1). Though the Χα method has been very 
useful generally, its performance in predicting molecular binding 
energy curves is somewhat erratic, and i t suffers basic 
theoretical deficiencies as well. Fortunately, the seminal work 
of Hohenberg, Kohn, and Sham (2) has inspired the development of a 
new approach to many-electron problems known as "density 
functional theory" (DFT), of which the Χα approximation may be 
viewed as the simplest possible variation. Contemporary DFT is a 
physically and mathematically rigorous theory, and provides 
remarkably accurate molecular properties such as bond lengths, 
vibrational frequencies, and even dissociation energies. 

Here we wil l not discuss the density functional formalism in 
depth, but we refer the reader to Ref.(3) for access to the 
extensive and growing literature on its fundamental theoretical 

0097-6156/89/0394-0165$06.00A) 
ο 1989 American Chemical Society 
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166 THE CHALLENGE OF d AND f ELECTRONS 

aspects. We present only a minimal complement of concepts and 
formulas r e q u i r e d to appreciate current e f f o r t s In t h i s f i e l d . 

Exchange-Correlation Hole Functions 

(1) 

It can be shown (2) that the t o t a l e l e c t r o n i c energy of a 
many-electron system Is ex p r e s s i b l e In the form 

where the f i r s t term Is the k i n e t i c energy of a reference system 
of non-interacting e l e c t r o n s having the same t o t a l d e n s i t y ρ as 
the actual system, the second and t h i r d terms are the usual 
p o t e n t i a l energy of Interaction with the nuc l e i and the c l a s s i c a l 
e l e c t r o s t a t i c Interaction energy r e s p e c t i v e l y , and the l a s t term 
i s the s o - c a l l e d "exchange-correlation" energy. The 
non - i n t e r a c t i n g reference o r b i t a l s 0̂  s a t i s f y the f o l l o w i n g 
s i n g l e - p a r t i c l e equation: 

- 1 V 2 0 i + V0 i = c i 0 i (2) 

with a l o c a l , orbital-Independent p o t e n t i a l V given by 

V = V + V . + V v r (3a) nue e1 XC 

where VA1) = Γ E U ! d 3 r 0 (3b) 
el J r 1 2 ~2 

Ô E X C 
and V _ = — ^ (3c) XC 

where Equation 3c represents the fu n c t i o n a l d e r i v a t i v e , 1n a 
v a r i a t i o n a l sense, of the exchange-correlation energy with respect 
to the de n s i t y ρ on which It depends uniquely. This formalism, 
known as the "Kohn-Sham" formalism, 1s e a s i l y extended to 
s p i n - p o l a r i z e d systems as well. 

Let us emphasize that the Kohn-Sham o r b i t a l s of DFT and the 
Hartree-Fock o r b i t a l s of ab initio theory, though normally q u i t e 
s i m i l a r numerically, are d i s t i n c t l y d i f f e r e n t from a t h e o r e t i c a l 
point of view. Hartree-Fock o r b i t a l s s a t i s f y a s i n g l e - p a r t i c l e 
equation with a mathematically non-local (I.e. orbital-dependent) 
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12. BECKE Density Functional Theories in Quantum Chemistry 167 

exchange p o t e n t i a l , whereas the Kohn-Sham p o t e n t i a l i s local and 
orbital-independent. Moreover, the sum of the Hartree-Fock 
o r b i t a l d e n s i t i e s in ab initio theory does not equal the t o t a l 
interact ing e l e c t r o n density, whereas the sum of the Kohn-Sham 
o r b i t a l d e n s i t i e s in DFT equals the t o t a l i n t e r a c t i n g d e n s i t y by 
définit ion. These p r o p e r t i e s of the Kohn-Sham o r b i t a l s are 
phys i ca11 y and computat i ona1 1y appea1i ng, and are 1arge1 y 
responsible f o r the great p o p u l a r i t y of the d e n s i t y f u n c t i o n a l 
formalism in s o l i d - s t a t e physics. 

The exchange-correlation energy i t s e l f i s given by an 
expression of the form 

where we now include an e x p l i c i t spin index σ, and where the 
four-component two-electron f u n c t i o n h ^ ( 1 , 2 ) i s c a l l e d the 
exchange-correlation "hole" function. A l l information underlying 
e l e c t r o n i c "exchange" and "dynamical" c o r r e l a t i o n energies, 
i n c l u d i n g the kinetic component of the l a t t e r , i s contained 
t h e r e i n (see, f o r example, Ref. (4)) . The exchange-correlation 
problem reduces, therefore, to determination of simple (at lea s t 
in p r i n c i p l e ) two-electron functions only. Though a formal 
expression f o r t h e i r d e r i v a t i o n e x i s t s , determination of 
exchange-correlation hole functions from f i r s t p r i n c i p l e s i s , in 
f a c t , an i n t r a c t a b l e task, akin to a f u l l CI c a l c u l a t i o n . The 
advantage of the density f u n c t i o n a l approach l i e s In the f a c t that 
our hole functions r i g o r o u s l y s a t i s f y c e r t a i n global constraints 
which allow the construction of simple but r e a l i s t i c h o l e - f u n c t i o n 
models. For example, denoting coordinate 1 in a l l subsequent work 
as the "reference" coordinate, we have the f o l l o w i n g t o t a l charge 
conditions: 

E, XC 
(4) 

(5a) 

(5b) 

0 (5c) 

0 (5d) 

v a l i d at any reference point. Also, the Paull e x clusion p r i n c i p l e 
i s r e f l e c t e d by the f o l l o w i n g c o n s t r a i n t s on the oca and ββ holes 
as coordinate 2 and the reference coordinate coalesce: 
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168 THE CHALLENGE OF d AND f ELECTRONS 

h^(1,1) = - ρ (1) (6a) 
AU OC 

h x c ( 1 , 1 ) = " ρ β ( 1 ) ( 6 b ) 

Furthermore, since the 2-intégrât ion in Equation 4 e x t r a c t s only 
the spherical average of the hole f u n c t i o n with respect to the 
reference point 1, d e t a i l s of i t s angular dependence are 
unimportant. S p h e r i c a l l y symmetric hole-function models are 
therefore p e r f e c t l y j u s t i f i e d . These c o n s t r a i n t s , among others 
discussed elsewhere (4), are s a t i s f i e d in any many-electron 
system, whether a helium atom, a transition-metal c l u s t e r , a 
uniform e l e c t r o n gas, etc.. To the extent that p r o p e r t i e s such as 
these contain the e s s e n t i a l physics of exchange and c o r r e l a t i o n 
phenomena, hole-function models provide a simple and convenient 
a l t e r n a t i v e to t r a d i t i o n a l ab initio technology. 

The Local Density Approximation (LDA) 

A system of fundamental t h e o r e t i c a l importance in many-body theory 
i s the uniform-density e l e c t r o n gas. A f t e r decades of e f f o r t , 
exchange-correlation e f f e c t s in t h i s s p e c i a l though c e r t a i n l y not 
t r i v i a l system are by now well understood. In p a r t i c u l a r , 
s o p h i s t i c a t e d Monte Carlo simulations have provided very useful 
information (5) and have been conveniently parametrized by several 
authors (6). If the exchange-correlation hole f u n c t i o n at a given 
reference point r in an atomic or molecular system i s approximated 
by the hole f u n c t i o n of a uniform electron gas with s p i n - d e n s i t i e s 
given by the local values of ρ (r) and Pair), we obtain an 
exchange-correlation energy approximation of the form 

where εχρ(Ρ α»Ρβ) * s t n e exchange-correlation energy per p a r t i c l e 
of a uniform e l e c t r o n gas with s p i n - d e n s i t i e s ρ and ρ obtained 
from the parametrization of Vosko, Wilk, and Nusair (67 in the 
present work. This approximation is known as the " l o c a l density" 
approximation (LDA), or, more p r e c i s e l y , the l o c a l s p i n - d e n s i t y 
approximation (LSD or LSDA). 

The LDA has been widely a p p l i e d to problems in atomic, 
molecular, surface, and s o l i d - s t a t e physics with s u r p r i s i n g l y good 
r e s u l t s o v e r a l l (7). Apparently, the uniform gas model describes 
p a i r c o r r e l a t i o n s even in inhomogeneous systems f a i r l y well. In 
t h i s communication, we s h a l l focus our a t t e n t i o n on molecular 
binding energies and r e l a t e d p r o p e r t i e s such as e q u i l i b r i u m bond 
lengths and v i b r a t i o n a l frequencies. In Tables I, II, and III, we 
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Table I : Bond Lengths r of Diatomic Molecules (Λ) 

Expt? LDA PW1b PW2C 

H 2 0 74 0. 76 0. 74 0.75 

L i 2 2 67 2. 71 2. 71 2.73 

B 2 1 59 1. 60 1. 62 1.62 

C 2 1 24 1. 24 1. 25 1 .25 

N2 1 10 1. 09 1. 10 1. 10 

°2 1 21 1. 20 1. 23 1.22 

F 2 1 41 1. 38 1. 44 1.41 
Na 2 3 08 3. 00 3. 11 3.09 

A l 2 2 47 2. 46 2. 52 2.49 

S i 2 2 25 2. 27 2. 30 2.29 

P 2 1 89 1. 89 1. 91 1.90 

S 2 1 89 1. 89 1. 92 1.91 

C 1 2 1 99 1. 97 2. 04 2.01 

A d 0. 03 0. 03 0.02 

Cu 2 2 22 2. 17 2. 29 2.24 

a) Ref.(20). 
b) Present Work: Equation 15 plus c o r r e l a t i o n LDA. 
c) Present Work: Equation 15 plus g r a d i e n t - c o r r e c t e d 

c o r r e l a t i o n approximation of Perdew, Ref.UO). 

d) Δ: rms d e v i a t i o n from experiment f o r H through CI 
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Table I I : D i s s o c i a t i o n Energies D (eV) 

Expt? LDA PW1 b PW2C 

H 2 4. 8 4. 9 5. 1 4.9 

L i 2 1. 1 1. 0 0. 9 0.9 

B 2 3. 1 3. 9 2. 8 3.2 

C 2 6. 3 7. 3 5. 6 6.0 

N 2 9. 9 11. 6 10. 1 10.3 

°2 5. 2 7. 6 5. 6 6. 1 

F 2 1. 7 3. 4 1. 9 2.2 

N a 2 0. 7 0. 9 0. 7 0.7 
A l 2 1. 6 2. 0 1. 3 1.6 

S i 2 3. 2 4. 0 3. 1 3.4 

P 2 5. 1 6. 2 5. 0 5.2 

S 2 4. 4 5. 9 4. 5 5.0 

C 1 2 2. 5 3. 6 2. 3 2.7 

A d 1. 2 0. 3 0.4 

C r 2 2. o e 3. 0 1. 4 1.6 
Cu 2 2. 1 2. 7 1. 9 2.2 

a) Ref.(20). 
b) Present Work: Equation 15 plus c o r r e l a t i o n LDA. 
c) Present Work: Equation 15 plus g r a d i e n t - c o r r e c t e d 

c o r r e l a t i o n approximation of Perdew, Ref.(10). 
d) Δ: rms de v i a t i o n from experiment f o r through CI 
e) Ref . Π8) and references therein. 
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Table I I I ; V i b r a t i o n a l Frequencies ω (cm ) 

Expt? LDA PW1b PW2C 

H 2 4400 4190 4450 4330 

L i 2 350 330 340 330 

B2 1050 1030 990 1000 

C 2 1860 1880 1810 1830 

N2 2360 2380 2320 2330 

°2 1580 1620 1490 1550 

F 2 920 1060 930 990 
Na 2 160 160 150 150 
A l 2 350 350 310 330 

S i 2 510 490 460 470 

P 2 780 790 760 780 

S 2 730 730 670 700 

C 1 2 560 570 500 540 

A d 70 50 40 

Cu 2 270 290 240 260 

a) Ref.(20). 
b) Present Work: Equation 15 plus c o r r e l a t i o n LDA. 
c) Present Work: Equation 15 plus g r a d i e n t - c o r r e c t e d 

c o r r e l a t i o n approximation of Perdew, Ref.(10). 
d) Δ: rms de v i a t i o n from experiment f o r hL through CI 
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therefore present LDA bond lengths, bond energies, and v i b r a t i o n a l 
frequencies r e s p e c t i v e l y f o r a v a r i e t y of homonuclear diatomic 
molecules c a l c u l a t e d with the non-bas1s-set f u l l y - n u m e r i c a l 
diatomic code of Ref.(8). The numerical precision of these data 
i s of the order 0.01 A, 0.1 eV, and 20 cm f o r bond lengths, bond 
energies, and frequencies r e s p e c t i v e l y . Observe that the LDA bond 
lengths and v i b r a t i o n a l frequencies agree remarkably well with 
experiment despite the great s i m p l i c i t y of the theory. It i s 
evident in Table II, however, that the LDA tends to overestimate 
molecular d i s s o c i a t i o n energies by as much as several eV in the 
worst cases. This order of discrepancy i s unacceptable f o r 
chemical a p p l i c a t i o n s and improvement i s c e r t a i n l y r e q u i r e d in 
t h i s regard. 

Gradient Corrections to the LDA 

The integrand of the LDA exchange-correlation energy of Equation 7 
depends e x p l i c i t l y on local s p i n - d e n s i t i e s only. An atomic or 
molecular system i s not, however, homogeneous, even l o c a l l y , and 
we therefore seek improvements to the LDA by somehow incorporating 
information from the inhomogeneity of the d e n s i t y d i s t r i b u t i o n . A 
formal systematic procedure c a l l e d the "density gradient 
expansion" has been proposed f o r t h i s purpose (2). One assumes 
that improved exchange-correlation f u n c t i o n a l s e x i s t in which the 
integrand of Equation 7 depends not only on the l o c a l value of the 
density, but a l s o on the loc a l values of i t s various dérivât ives. 

It can be shown, e s s e n t i a l l y by dimensional a n a l y s i s (9), 
that the lowest order gradient-corrected exchange-correlation 
f u n c t i o n a l has the form 

where the f i r s t term i s the usual LDA f u n c t i o n a l and b i s a 
constant. A c t u a l l y , t h i s lowest-order gradient term i s 
dimensionally consistent with "exchange" energy only, defined in 
d e n s i t y f u n c t i o n a l theory as the exchange energy of the S l a t e r 
determinant constructed from the Kohn-Sham o r b i t a l s . 
" C o r r e l a t i o n " c o r r e c t i o n s are s i g n i f i c a n t l y more complicated, due 
to t h e i r ηρ,η-trivial dependence on the i n t e r e l e c t r o n i c coupling 
strength e as well as t h e i r n o n - t r i v i a l spin dependence, and 
w i l l therefore not be discussed here (see, however, 
Refs.(4) and MO) f o r recent developments in t h i s area). 
Nevertheless, since exchange-correlation energy i s dominated by 
exchange, we make the reasonable f i r s t approximation that 
c o r r e c t i o n s to the LDA correlat ion energy are of secondary 
importance, and we s h a l l concentrate our e f f o r t s on exchange 
c o r r e c t i o n s only. 

The gradient c o r r e c t i o n term of Equation 8 s u f f e r s the 

LDA 
XC (8) 
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well-known d e f i c i e n c y that i t s corresponding potential of 
Equation 3c diverges asymptotically in f i n i t e systems. Moreover, 
ensuing molecular spectroscopic p r o p e r t i e s are in poor agreement 
with experiment, d i s p l a y i n g severe underbinding as opposed to the 
previous ouerbinding of the LDA (11). Consequently, various 
modifications of the gradient term have been proposed in order to 
damp i t s behaviour in the l i m i t χ -» ω, where χ i s the 
d1 mens 1 on 1 ess parameter 

IVP I 

corresponding to the asymptotic l i m i t r -> ». Among several 
modifications in the l i t e r a t u r e , we have proposed the f o l l o w i n g 
(12): 

2 
4/3 Χ σ J3^ M m ρ =— d r (10) 
σ (1 + ex) σ 

Ε χ = ^ - b Σ 
σ 

where the exchange-only LDA i s given by the simple expression 

-LDA 3 ,3 ,1/3 Γ , 4/3 4/3, ,3 M 1 . 

and where b and c are constants. Such modified gradient 
c o r r e c t i o n s may be viewed as i n f i n i t e summations of a c e r t a i n 
c l a s s of gradient terms in the presumed i n f i n i t e - o r d e r gradient 
expansion and are thus f o r m a l l y ( i f not e m p i r i c a l l y ) j u s t i f i e d . 

The p a r t i c u l a r f u n c t i o n a l form of Equation 10 i s c e r t a i n l y 
not the only conceivable dimensionally-consistent p o s s i b i l i t y , but 
was chosen on the basis of a l g e b r a i c s i m p l i c i t y Π 2 ) . Viewed in a 
semi-empirical s p i r i t , i t i s found that Equation 10, with s u i t a b l e 
values of the constants b and c, f i t s exact atomic exchange 
energies throughout the p e r i o d i c t a b l e with extremely high 
accuracy ( i . e . roughly 0.2% e r r o r compared with 5-10% e r r o r f o r 
the exchange-only LDA). It should be noted in t h i s connection 
that constants b and c are " u n i v e r s a l " constants, and not 
adjustable from atom to atom as i s the α parameter in s o - c a l l e d 
" m u f f i n - t i n " Χα schemes. 

Even more i n t e r e s t i n g , however, i s the observation U2) that 
molecular dissociât ion energies determined by Equation 10, in 
combination with a v a r i a n t of the LDA f o r c o r r e l a t i o n U 3 ) , are in 
e x c e l l e n t agreement with experiment f o r homonuclear diatomic 
molecules from H through C l ^ and even Cr^, a well-known and 
s t r i n g e n t t e s t of quantum chemical methods. Inspired by t h i s 
discovery, f u r t h e r a p p l i c a t i o n s have been made by Z i e g l e r et a l 
Π 4) to a wide v a r i e t y of transition-metal problems with very 
g r a t i f y i n g r e s u l t s , some of which are reproduced in Table IV (see 
a l s o Τ. Z i e g l e r , J.G. Snijders, and E.J. Baerends, t h i s volume). 
It appears that the theory i s capable of bond energy p r e d i c t i o n s 
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Table IV; Bond Energies in Selected Transition-Metal Systems 

(kJ mol" 1) 

Expt. 

Average Bond Energies: 

GC 

C r ( C 0 ) 6 110 107 
Mo(C0) 6 151 126 
w(co)6 179 156 

213 225 

153 153 
238 230 

LDA 

M-H or M-CHg D i s s o c i a t i o n Energies: 

HMniCO)^ 
b CH oMn(C0)_ ο b 

HCo(C0) 4 

F i r s t Metal-Carbonyl D i s s o c i a t i o n Energies: 

C r ( C 0 ) 6 

Mo(CO). 
b 

w(co)6 

F e ( C 0 ) 5 

NiCCO), 

162 147 276 

126 119 226 
166 142 247 

176 185 263 

104 106 192 

a) Z i e g l e r et a l , Réf.(14). 
b) GCX: Gradient-Corrected Exchange, Equation 10, 

plus LDA f o r "antiparai l e i - s p i n s - o n l y " C o r r e l a t i o n Π 3 ) . 
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of remarkable accuracy ( i . e . 10-20 kJ mol , a few kcal mol , a 
few tenths of an eV). 

Despite t h i s evidence of i t s u t i l i t y , the semi-empirical 
nature of our theory leaves much to be desired. Indeed, several 
other modified gradient-corrected f u n c t i o n a l s have been proposed 
on the basis of various empirical and t h e o r e t i c a l considerations 
Π 5 ) . Unpublished work by the author Indicates that a l l such 
f u n c t i o n a l s give consistent bond energy r e s u l t s , within a few 
tenths of an eV of each other, as long as "reasonable" 
non-divergent asymptotic behaviour i s enforced. This r e l a t i v e 
insens 1 t i v i t y to p r e c i s e f u n c t i o n a l form i s reassuring. 
Nevertheless, ambiguity regarding the optimum large-x dependence 
is unsett1ing. 

Gradient Corrections: Present Work 

Very r e c e n t l y (16), we have found a p a r t i c u l a r l y s a t i s f y i n g 
g r adient-corrected exchange energy f u n c t i o n a l with s i g n i f i c a n t 
advantages over previous versions. The exchange-only hole 
f u n c t i o n h^ (1,2) generates a coulomb exchange potential at 
reference point 1 given by 

u x ( 1 ) = J - T — *% <12> 
1 c 

in terms of which the t o t a l exchange energy can be written in the 
form (see Equation 4), 

σ 

This exchange p o t e n t i a l has the f o l l o w i n g exact asymptotic 
behaviour: 

" m υ™ = - 1 (14) r-x» X r 

which i s a simple consequence of the normalization c o n d i t i o n of 
Equation 5. Though i t may seem u n l i k e l y that a gradient-type, 
purely density-dependent exchange energy f u n c t i o n a l could ever 
reproduce such asymptotic behaviour, we have, in f a c t , found a 
s u i t a b l e such f u n c t i o n a l : 

σ 

2 

ρ — d r (15) 
σ (1+6bx sinh χ ) σ σ 

the success of which r e l i e s on the f a c t that the d e n s i t y I t s e l f 
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has exponential asymptotic dependence. As a consequence of 
en f o r c i n g the behaviour of Equations 13 and 14, we are l e f t with 
only one f r e e constant b. Since previous f u n c t i o n a l s have 
involved two constants or more (see, f o r example, Equation 10), 
t h i s i s a f u r t h e r advantage of the present work. With the value 
5=0.0042 a.u., the exact exchange energies of the s i x noble gas 
atoms He through Rn may be f i t with impressively low r.m.s. 
de v i a t i o n of only 0.11% (see Table V). Moreover, t h e o r e t i c a l 
arguments based on real-space exchange hole models have been 
published Π7) supporting a b value of t h i s order. Our f u n c t i o n a l 
i s therefore very s a t i s f y i n g from both empirical and t h e o r e t i c a l 
points of view, and previous ambiguities concerning large-gradient 
behaviour are now removed. 

The new gradient-corrected exchange energy f u n c t i o n a l of 
Equation 15, with a d d i t i o n of the uncorrected LDA f o r c o r r e l a t i o n , 
has been a p p l i e d to the c a l c u l a t i o n of molecular spectroscopic 
p r o p e r t i e s . Results are presented in column PW1 of Tables I-I II. 
Observe that the o v e r a l l agreement with experiment, e s p e c i a l l y in 
the case of d i s s o c i a t i o n energies, i s remarkably good, even though 
the c a l c u l a t i o n s are of independent particle s i m p l i c i t y . The 
d i s s o c i a t i o n energies t y p i c a l l y deviate from experiment by tenths 
of an eV, of s i m i l a r q u a l i t y as f o r the f u n c t i o n a l of Equation 10 
(12,14), and a dramatic improvement over the LDA. 

Also, we examine the e f f e c t on molecular p r o p e r t i e s of 
gradient c o r r e c t i o n s to the LDA correlat ion energy, neglected 
u n t i l now, by combining Equation 15 f o r exchange with the recent 
gra d i e n t - c o r r e c t e d c o r r e l a t i o n approximation of Perdew U 0 ) . The 
r e s u l t i n g data are l i s t e d in column PW2 of our tables. Notice 
that, r e l a t i v e to PW1, the i n c l u s i o n of beyond-LDA correlat ion 
c o r r e c t i o n s s l i g h t l y improves bond lengths and v i b r a t i o n a l 
frequencies, but does not improve d i s s o c i a t i o n energies. T y p i c a l 
d eviations from^experiment are of the order 0.02 A f o r bond 
lengths, 40 cm f o r frequencies, and, as f o r PW1, tenths of an eV 
f o r d i s s o c i a t i o n energies. 

Special mention should be made of the Cr^ data, as t h i s 
p a r t i c u l a r system i s a celebrated challenge to quantum chemists of 
a l l persuasions (see, f o r example, the review in R e f . U § ) ) . The 
present data have been obtained using "anti-ferromagnetic" 
broken-symmetry s p i n - o r b i t a Is as i s customary in the recent 
d e n s i t y f u n c t i o n a l l i t e r a t u r e on t h i s molecule. Unfortunately, 
the many-electron s t a t e thus obtained i s not a pure s i n g l e t s t a t e , 
and i s contaminated by higher-spin admixtures. An a n a l y s i s of 
t h i s problem by Dun lap (19) suggests that the t h e o r e t i c a l bond 
energy p r e d i c t i o n s in Table II should probably be increased by a 
few tenths of an eV. The apparently too low binding energy of the 
present work may therefore prove quite s a t i s f a c t o r y in the f i n a l 
a n a l y s i s . Note that, due to the great expense of the numerical 
Cr^ s p i n - u n r e s t r i c t e d c a l c u l a t i o n s , p r e c i s e bond length and 
frequency r e s u l t s are not yet a v a i l a b l e and the C r 2 d i s s o c i a t i o n 
energies in Table II have been computed at the experimental 
equ i11br i urn i nternuc1 ear séparât 1 on. 
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Table V: Atomic Exchange Energies (a.u.) 

Exact LDA 3 pw* 

He -1.026 -0.884 -1.025 
Ne -12.11 -11.03 -12.14 
Ar -30.19 -27.86 -30.15 
Kr -93.89 -88.62 -93.87 
Xe -179.2 -170.6 -179.0 
Rn -387.5 -373.0 -387.5 

a) Local Density Approximation, Equation 11. 
b) Present Work: Equation 15 with b=0.0042 a.u.  P
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Conclusions 

Currently, research 1n our laboratory continues on real-space 
models of exchange and correlation hole functions 1n inhomogeneous 
systems. We anticipate that this work wil l ultimately generate 
completely non-empirical parameter-free beyond-LDA density 
functional theories. The quality of molecular dissociation 
energies and related properties obtainable with existing 
semi-empirical gradient-corrected DFTs approaches chemical 
accuracy, and we hope these future theoretical developments wil l 
continue this trend. 
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Chapter 13 

The LCGTO-Χα Method for Transition Metal 
Model Clusters 

Recent Developments and Applications 

N. Rösch1, P. Knappe1, P. Sandl1, A. Görling1, and Β. I. Dunlap2 

lLehrstuhl für Theoretische Chemie, Technische Universität München, 
8046 Garching, Federal Republic of Germany 

2Theoretical Chemistry Section, Code 6119, Naval Research Laboratory, 
Washington, DC 20375 

Transition metal clusters as models for surface phenomena are 
discussed and contrasted with gas phase clusters. The accuracy of 
ab initio and local density methods for transition metal systems is 
briefly compared. The linear combination of Gaussian-type orbi
tale (LCGTO) Χα approach is presented as an efficient method to 
calculate the electronic structure of such systems within the local 
density functional theory. Gaussian broadening of the one-electron 
levels is used to both mimic the embedding of a cluster in a surface 
and to reduce the number of different SCF calculations which other
wise would be required due to the high density of states around the 
highest occupied (Fermi) level. The method is applied to nickel 
clusters of up to 17 metal atoms. In a comparative study of com
pact clusters it is found that an icosahedral structure is energeti
cally favored for a Ni13 cluster over a cuboctahedron, a small piece 
of crystalline nickel. Spin-polarization is calculated to be 0.62 μΒ 
per metal atom for both structures investigated, a value that is 
rather close to bulk magnetization. Na and Κ chemisorbed on 
rather planar Nin clusters model the low coverage limit of alkali 
chemisorption at various sites of different crystalline surfaces. 
Calculated values for binding energy and induced 'surface' dipole 
moment show satisfactory agreement with experimental data. 
From the calculated adsorbate-substrate bond length a substantial 
covalent character of alkali bonding to transition metal surfaces is 
deduced in the low coverage limit. A spin-polarized calculation 
shows that the unpaired spin of the alkali atom is almost complete
ly quenched upon chemisorption. 

Clusters of transition metal atoms form a fascinating subject with direct rela
tions to such diverse fields as inorganic (1) and metallorganic chemistry (2), 
physical chemistry (3,4), surface science (5) and catalysis (6). Their electronic 
structure, both the intermetallic bonds and the bonding between metal atoms 
and 'ligands' provides one of the strongest challenges for experimentalists and 
theoreticians alike (7,8). 

N O T E : LCGTO is an abbreviation for linear combination of Gaussian-type orbitals. 

0097-6156/89/0394-0180S06.00/0 
© 1989 American Chemical Society 
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13. RÔSCHETAL LCG ΤΟ·Χα Method and Transition Metal Model Ousters 181 

Chemisorption cluster models 

Cluster models have been quite popular for some time now as a basis for the 
discussion of chemisorption systems ( 9 - 1 1 ) , especially among quantum 
chemists who were able to contribute with their methods and tools to surface 
science via these constructs. (The references of this paragraph are intended to 
provide examples only since an exhaustive list would be too lengthy to be 
appropriate here.] Transition metal clusters have been the most intensively 
studied systems from the beginning due to the interesting chemisorptive and 
catalytic properties of such surfaces. At first one-electron aspects dominated 
cluster model applications (12,13), photoelectron spectra providing the bridge 
between theory and experiment (14). The simpler quantum chemical methods 

iExtended Huckel (9), Χα Scattered Wave (15), semiempirical SCF methods 
16)) gave way to more sophisticated treatments, based both on ab initio 
Hartree-Fock SCF (17), CI (18 - 20)) and on local density methods ( D V M - X a 
21,22), L C G T O - X a (23), L C G T O - L S D - M P (24)). These more elaborate 

studies furnish structural and energetic information on chemisorption bonds -
within the restriction of a local cluster model (9), of course. 

However, from calculations on transition metal complexes whose structural 
and electronic properties are known with higher accuracy it became evident that 
ab initio treatments have to be carried to the level of configuration interaction 
(25,26), at least for the late transition elements (iron group and beyond). A 
useful computational method for such systems must be able to deal with the 
quite diffuse valence s orbitals and the rather localized valence d orbitals with 
their characteristic directional properties in a balanced manner in order to 
achieve a proper description of transition metal ligand bonds (25). 

Taking transition metal carbonyl complexes, like Ni(COj4 and Fe(CO)5, 
as benchmark systems (27,28) for 'surface molecules' because much has been 
determined about them, one observes that the local density method underesti
mates the metal carbon bond distance and overestimates the corresponding 
binding energy whereas ab initio treatments exhibit the opposite trends for both 
observables. The results obtained from the Hartree-Fock method are particular
ly disconcerting (29) since with increasing quality of the basis used, they show 
unusually large and, especially for the case of FefCO)5, quite uneven deviations 
from the experimental bond lengths. More troublesome is the fact that a nega
tive binding energy for the carbonyl metal bond was found. From a detailed 
comparison of various computational methods for Ni(CO)4 and for the Ni atom 
it has been argued (27) that the errors of the various methods correlate with 
their accuracy of reproducing the relative energies of relevant configurations of 
the transition metal atom, d9s*, d 8s 2 or d 1 0 s° in the case of nickel. These find
ings severely limit the value of chemisorption model calculations for transition 
metal systems at the Hartree-Fock level and caution against conclusions drawn 
from them. On the other hand, we must mention that Targe overbinding (23,27, 
28,30) is often observed in local density functional calculations. A very promis
ing extension of the L D F method that uses the gradient of the density reduced 
the deviation of the dissociation energies from experiment for fifteen homonuc-
lear diatomic molecules from 1.2 eV to 0.3 eV (31)· 

Quite a few studies of transition metal systems have been carried out with 
rather small clusters of five or less atoms (17,20,32) modeling the chemisorption 
site, CI studies often being restricted to one or two transition metal atoms repre
senting the surface (19). The shortcomings of such small cluster models are 
apparent. Application of two-dimensional periodic boundary conditions (33>34) 
provides one way to improve the realism of the computational model, another 
one would be to increase the size of the cluster to include several shells of neigh
bors of the adsorption site (Rôsch, N . ; Sandl, P.; Gorling, Α.; Knappe, P. Int. J . 
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182 THE CHALLENGE OF d AND f ELECTRONS 

Quantum Chem. 1988, S22, in press (RSGK),(35))> embedding the cluster would 
be yet another possibility (3(Q. A l l these improvements entail significantly 
larger computational efforts. For ab initio methods large cluster models have 
been feasible only by introducing some effective core approximation. 

The two-dimensional supercéll method and large cluster model ultimately 
complement each other since they aim at opposite experimental situations (espe
cially, if the computing requirements are to stay within manageable bounds). 
The high coverage limit of chemisorption giving rise to small unit cells is least 
demanding to model when using the slab approach (which then also offers a 
chance to study lateral interactions within the adsorbed layer). The low cove
rage limit, on the other hand, remains the proper domain of the cluster approach 
to chemisorption. At any given level of methodological sophistication the latter 
procedure is by far less challenging computationally and at present still seems to 
be the method of choice if information on bond distances and energies is desired. 
Both these extensions of the small cluster approach to chemisorption have been 
implemented in the framework of local density theory taking advantage of the 
computational economy of this method. 

Gas phase clusters 

Despite all the merits and successes of the chemisorption cluster approach its 
fundamental approximation - modeling an infinite system by a finite one - is 
self-evident and a major source of concern. Nevertheless the demands of surface 
science have stimulated the development of electronic structure methods capable 
of handling reasonably large transition metal systems with good accuracy. A 
new field of application for these computational techniques has recently opened 
up due to a tremendous progress, now allowing almost routine generation and 
mass selection of beams of clusters of almost any element, including transition 
metals (37,38)· Combining the two applications in a sense, chemisorption of 
atoms and small molecules on such clusters of transition metal atoms has been 
studied experimentally (39,40). It is fair to say, however, that the most chal
lenging problems in the study of gas phase clusters, the 'magic numbers' ob
served in mass spectra of ionized cluster, predicting reaction paths, and the 
question of cluster isomers calls for even further improvement of existing quan
tum chemical methods. Undoubtedly these challenges will spur increasing 
sophistication of the local density implementations, such as the use of energy 
gradient techniques to facilitate the determination of the ground-state geometric 
structure of a cluster (41,42). Such methodological improvements would be 
highly desirable for tackling additional questions even within the cluster 
approach to chemisorption, like the structural response of a transition metal 
surface to the interaction with an adsorbate. The structure problem presents a 
formidable task (4) even for smaller gas phase clusters (i.e. 5 to 8 atoms). It 
may be simplified by additional assumptions concerning the symmetry of the 
cluster under study, a common procedure which while often plausible is funda
mentally incomplete without the computation of second order gradients. 

In the following we shall illustrate the present status of the local density 
method as implemented in the L C G T O - Χα approach by applying it to transi
tion metal clusters in both fields mentioned above. The examples will deal with 
nickel clusters of up to 17 atoms, but larger clusters seem to be within the reach 
of today's computational possibilities. 
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13. RÔSCHETAL. LCGTO-Xct Method and Transition Metal Model Clusters 183 

The LCGTO-Χα method 

The linear combination of Gaussian-type orbitals (LCGTO) Χα method (43) is 
based on the local density functional (LDF) method using the Χα variant tor the 
exchange potential: 

tfcc (Γ) = - α § φ ΐ ' 3 ρ ( ι ) ΐ ' 3 . 

where ρ(τ) designates the electronic density of the system. This approach can be 
generalized in a straightforward manner to allow for spin-polarization in systems 
where one-electron levels are not completely filled. In the work presented here α 
has been set to 0.7, a value close to the one for the exchange only which is 2/3 
(44). Other approximations for the exchange-correlation functional (45,46) may 
be treated in a similar fashion. (For a recent review of problems related to the 
different choices for this functional see (47)). A fundamental characteristic of 
the LCGTO-Χα approach is the use of two oasis sets in addition to the one used 
to construct the usual one-electron wavefunctions (molecular orbitals). These 
auxiliary basis sets (43,48) are used to expand the total charge density 

p ( r )«p ( r ) = E a i / 1 ( r ) > 

and the exchange-correlation potential 

Vxc(r) « î)ic(r) = Σ &i 0i(r), 

in single-center expansions, taking advantage of the smooth and positive definite 
nature of ρ and pv 3 . The method also takes advantage of the relatively easy way 
integrals involving Gaussian-type functions may be now evaluated given the 
vast amount of ab initio work on this problem. The resulting method features 
considerable computational economy due to the smaller number of required 
integrals (approximately N 3 ) in contrast to ab initio methods ( N 4 or higher). A l l 
three basis sets are chosen as linear combinations of solid harmonics augmented 
by a Gaussian type radial dependence (49, Dunlap, B.I., unpublished) and are 
symmetry adapted. 

Four types of functions are used to generate the fitting bases (50). s-type 
functions are derived from the the s-exponents of the orbital basis by proper 
scaling (2 in the case of the charge and 2/3 in the case of the exchange). Similar
ly d(r2V-type functions (also radially symmetric about a nucleus) are constructed 
from tne p-exponents of the orbital basis. To allow for larger flexibility these 
sets are augmented by polarization functions ( ρ - , d - , f-type) or by bond cen
tered functions (normally of s-type). Bond-centered s-type fitting functions 
may provide an efficient alternative to polarization-type fitting functions (50), 
especially for fitting the nodeless exchange potential. However, they are most 
practical for homonuclear bonds. Using contraction schemes for the orbital basis 
and for the two fit bases it is possible to reduce the computational effort while 
still maintaining reasonable accuracy. In this way it is possible to treat all elec
trons explicitly. 

The total energy is calculated in a method that is stationary apart from 
the need to numerically fit the exchange potential (43). 

The expansion coefficients ai for the charge density ρ are determined varia
tional^ by minimizing the coulomb self-interaction energy of the difference 
between the fitted and the exact charge density (43). (One can also fit the cou
lomb potential itself variational^ (51)). Because the electron-electron repulsion 
which provides the largest part of the fitted potential is treated variationally, 
one has, as a rule, a lower total energy the worse the fitting basis. Although a 
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184 THE CHALLENGE OF d AND f ELECTRONS 

variational principle has been suggested (52) to evaluate the expansion coeffi
cients b\ of the exchange potential, a least square fit procedure is used over a 
moderate size sample grid (typically about 1000 points per inequivalent transi
tion metal atom). The molecular grid is a superposition of 'atomic* parts con
fined to a 'Wigner-Seitz' cell about each nucleus. Each atomic grid has a loga
rithmic radial dependence, the 26 node angular mesh consisting of points alter
nately placed on the cartesian axes, the corners of a cube and the corners of an 
icosahedron (53). A possible geometric preference for certain directions may be 
efficaciously countered by independently randomizing the orientation of the 
angular mesh at each radial distance (Jones, R.S.; Mintmire, J.W.; Dunlap, B.I. 
Int. J . Quantum Chem. 1988, S22, in press). 

While the point group symmetry of the molecule can be efficiently used in 
the evaluation of the integrals, the handling of the exchange potential takes up 
about half of the computational effort in a LCGTO-Χα calculation. To reduce 
this effort an analytic fitting procedure is currently being implemented requiring 
an additional number of integrals (order N 3 ) , however (52). The convergence of 
the SCF process is sped up by a perturbational scheme (§4) in conjunction with 
dynamical damping (Knappe, P.; Rôsch, N . , unpublished). 

The LCGTO-Χα approach described so far has been successfully applied 
to a large variety of systems, including main group molecules (50,52,53), transi
tion metal compounds, e.g. carbonyl complexes (27,28,55,5e) and ferrocene (57), 
and a number of transition metal dimers (47). Besides these investigations on 
ground state properties useful information has also been obtained for selected 
problems involving excited states (52), such as the photolysis of Ni(CO)4 (58,59) 
and localized excitons in alkali halides (60) and in other ionic crystals (61). 

A crucial problem of the cluster approach to chemisorption is connected to 
the fact that transition metal clusters (especially those of late transition ele
ments) show a high density of states around the cluster 'Fermi' level, i.e. near 
the highest occupied molecular orbital. The resulting small gap in the energy 
spectrum of the cluster may lead to problems in the determination of the ground 
state energy surface. This finite size effect may lead to artifacts in chemisorp
tion models where a variation of the adsorbate geometry is to be investigated. 
This quasi-degeneracy of states also impedes the SCF process due to occupation 
number changes. The interaction of a chemisorption cluster with the energy 
bands of the substrate leads to a broadening of the discrete cluster levels and, as 
a consequence thereof, to effective partial occupation numbers. (A further conse
quence of this 'embedding' would be a possible charge transfer between the 
chemisorption cluster and the remaining solid.) 

These considerations lead one to suggest a modified cluster model that 
takes advantage of the fact that local density models admit partial occupation 
numbers (RSGK). We formally broaden in energy each level by σ and apply 
'Fermi statistics' to this continuous system. We add infinitesimal fractions of an 
electron to the broadened levels in order, until all the electrons are used up, 
yielding a precise Fermi energy, cf, and the various occupation numbers 

Here, mi designates the degeneracy of the level and σ the standard deviation of 
the Gaussian. The cluster Fermi energy ef is determined self-consistently equat
ing the sum of the occupations to the total number of electrons in the cluster. 
This procedure essentially defines an average over low lying one-electron confi
gurations and results in a well-behaved SCF process. Any results determined 
through this scheme will depend on the level broadening parameter σ. For 
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13. RÔSCHETAL. LCGTO-Χα Method and Transition Metal Model Clusters 185 

transition metal clusters this dependence is found to be weak (see below) for a 
reasonable range of parameters, a result not unexpected in view of the rather 
similar spatial character of the orbitals around the cluster Fermi level, especially 
when symmetry is used. This Gaussian form of broadening leads to an averaging 
over much fewer configurations than would a Fermi distribution of the same 
width, the tails of which extend much further. 

Basis sets 

The use of three types of basis sets is a unique feature of the LCGTO-Χα 
method. It therefore seems warranted to elaborate on the arguments involved in 
their selection. Due to their intricate interdependence these basis sets have to be 
chosen judiciously and well balanced amone each other. This has to be done 
separately for the chemisorption clusters and for the gas phase clusters in order 
to account for the two rather different physical situations without sacrificing 
basis set flexibility and computational efficiency. 

Since the geometry of each nickel cluster was not to be varied during the 
investigation of alkali adsorption stronger contracted basis sets should be accep
table than in a geometry optimization of a transition metal complex. This 
should be especially true for nickel atoms not in the immediate neighborhood of 
the adsorption site. Properties such as bond distance, binding energy and fre
quency of the totally symmetric stretching vibration for the tetrahedral cluster 
N14, as well as similar observables for a prototypical chemisorption cluster 
N i 4 N a , were computed. Comparisons were made between naked Ni , Ni2, Ni3 and 
N14 clusters. We focus our discussion on the tetrahedral cluster N14 since it 
reflects the consequences of various basis set modifications in a typical manner. 
Also some effects of orbital basis set contractions on the one-electron eigen
values of tetrahedral N14 have been studied and compared to effects of technical 
variations within the scattered-wave Χα approach (62). 

The interatomic distance, the binding energy per atom and the frequency 
of the totally symmetric motion for a tetrahedral N14 cluster are summarized in 
Table I for different choices of the molecular orbital basis and the two auxiliary 
basis sets. The starting point was basis set no. 1, a (15s,llp,6d) molecular orbi
tal basis (63). It was derived from an atomic basis (64) by adding one s-expo-

Table I. Comparison of various contraction schemes for a tetrahedral N14 cluster 

Basis set EBb 

No. 10 Charge 
(s/p/d) (s /d r 2 / P ) 

Exchange 
(s/d r Jp) [i] [eV] [cm-i] 

1 (15/11/6) (15,11,5) (15,11,5) 2.25 2.99 1445 
2 (11/ 8/4) (15,11,5) (15,11,5) 2.25 2.99 1445 
3 ( 9/ 5/3) (15,11,5) (15,11,5) 2.26 2.93 1445 
4 ( 6/ 3/2) (15,11,5) (15,11,5) 2.26 2.75 1350 
5 (11/ 8/4) (10, 5,5) (10,11,5) 2.25 2.99 1445 
6 ( 9/ 5/3) ( 6, 3,5) (10, 6,5) 2.23 2.64 1230 
7 ( 9/ 5/3) ( 6, 3,0) (10, 6,0) 2.35 2.99 1200 

N i - N i distance. b ) Binding energy per atom. 
Frequency of the totally symmetric vibration. 
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nent (0.346 atomic units) to smooth this series of exponents, two diffuse p-expo-
nents (0.364, 0.104) to allow 4p participation in the bonding and one d-exponent 
(0.1316). The s-type and d(r2)-type charge and exchange fitting functions were 
constructed as described above by proper scaling of the exponents of the s- and 
p-type orbital basis functions. This set was supplemented by five polarization 
functions of p-type (50) leading to fitting basis sets that will be denoted by 
(15,11,5). This basis set combination is the most extensive one used in the pre
sent study and will therefore be used as reference. 

Basis sets no. 2 to 4 in Table I were derived by segmented contractions 
while performing an atomic calculation. A very modest contraction (11,8,4) 
which essentially fixes the Is and 2p parts of the orbitals has essentially no effect 
on all displayed properties. Slight deviations are observed when the stronger 
contraction (9,5,3) is used where the binding energy is clearly a more sensitive 
indicator of the quality of a basis than the bond distance. The deviation from 
the reference are quite large for basis no. 4, not unexpected considering its near 
minimal quality (6,3,2). But even in this case the bond energy deviates less 
than 10 percent from the reference result. 

Basis sets no. 5 to 7 in Table I are those actually used in the present 
chemisorption cluster study where the first one was intended for atoms directly 
at the adsorption site, the second one for first nearest neighbors and the last one 
at the edges of large clusters. They differ from the basis sets no. 2 to 4 by an 
additional contraction of the fitting bases, basis set no. 7 being without any 
polarization functions in the auxiliary bases. While slight contractions of the 
fitting bases (no. 5) produce no significant loss of accuracy reducing the number 
of fitting functions by a factor of two entails noticeable deviations, with the 
bond distance being again relatively less sensitive than the binding energy and 
the vibrational frequency. The intermetallic bond distance is affected by the 
very small basis set no. 7, however, which uses only spherical atom-centered 
fitting functions. 

Since the charge density is variationally fit in our method, one finds surpri
singly little effect on the total energy if no polarization functions are included to 
directly fit the bonding charge (43)· Even in nonvariational methods, the fact 
that such functions are not critical has lead to the self-consistent charge method 
(65)· Properly fitting this bonding charge density is crucial, however, if accurate 
potential surfaces are desired (66). 

For sodium, the same (12,7,1) basis was employed as used previously 
(RSGK,60). It was derived from a (12,6,0) basis (67) by adding one p-type ex
ponent (0.143647) and one d-type exponent (0.122). Only the orbital basis was 
contracted, to (9,7,1). 

Since potassium belongs to the same period as the first row of transition 
metals the basis sets may be constructed similarly to the approach taken for 
nickel. Starting with a (14,9,0) basis (64) the s-type exponent series was 
smoothed by replacing one exponent (0.035668) by two others (0.120408, 
0.045301). Again two diffuse p-type exponents were added (0.084744, 0.031408) 
and the resulting (15,11,0) basis was augmented with one polarization function 
of d-type (exponent 0.078). 

In all chemisorption cluster investigations the Gaussian level broadening 
parameter σ was fixed at 0.3 eV. At least for our nickel clusters this seems a 
reasonable choice as orbitals near the Fermi levels are of similar spatial charac
ter. The results shown in Table II below support this view. 

A slightly different strategy lead to the basis sets for the study of gas 
phase clusters, N i i 3 . Here, a (14,9,5) basis (64) was augmented with diffuse ρ 
and d orbital functions of exponent 0.1. Since in ab initio work it was sometimes 
found necessary (19,26) to add f-type polarization functions to the orbital basis 
this possibility was investigated here, too. However, when a significantly larger 
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than minimal basis of s-, ρ- , and d-type functions is used it appears impossible 
to add an f-type polarization function that is diffuse enough to allow f-type 
contributions to bonding. In any such attempt a numerically singular set of 
combined functions resulted in at least one irreducible representation. This 
result also holds for the larger 4d transition metal niobium, leading one to 
suspect that f-type polarization function cannot be used effectively in any 
compact metal cluster, unless special numerical provisions are taken. The 
orbital set finally used consisted of the minimal basis plus the four most diffuse 
s-type, the two most diffuse p-type and three most diffuse d-type Gaussians, 
leading to a (6,4,3) orbital basis. 

The polarization part of the fitting basis sets was tested in calculations 
where a minimal orbital basis was used. Sets of five p - and five d-type fitting 
functions with exponents 0.04, 0.2, 0.6, 2.0 and 10.0 were used. The cluster 
symmetries are such that d exponents produce 5 Ih and and 10 Oh fitting 
functions on the surface atoms only. The effect of fitting functions beyond 
p-type polarization functions was negligible judged both from the cohesive 
energy and the radial bond length. This statement holds true also for the case 
were the p-type set was augmented by two sets of bond-centered functions 
(exponents 0.125 and 0.5). Nevertheless, auxiliary basis sets containing the full 
set of p-type and d-type polarization functions plus one set of s-type 
bond-centered functions (exponent 0.3) were used in the following calculations. 

The Ni i3 cluster exnibit virtually no energy gap between the highest occu
pied and the lowest unoccupied one-electron level (less than 0.1 eV for Ih). The 
density of states in this range is so high that conventional SCF procedures 
cannot easily be used to give the energy of a single electronic configuration. 
Instead, the formal level broadening described above to model the embedding of 
a surface cluster had to be used here as a device to generate convergence, turning 
the present set of gas phase cluster calculations into a model study, too. The 
effect of reducing the Gaussian level broadening parameter σ will be discussed 
below in further detail (see Table II). 

The gas phase clusters Niia 

The structure of crystalline nickel is face-centered cubic (fee). The most com
pact 13-atom cluster that results from the constraint that each atom occupy an 
fee lattice site is the cuboctahedron formed by the central atom and its 12 equi
valent nearest neighbors (see Figure la). For this Oh symmetric cluster the 
radial bond distance, from the central atom to any surface atom, is identical to 
the tangential bond distance between any two nearest neighbors on the cluster 
surface. One could easily expect this cluster to be the ground state of the 
13-atom nickel cluster. Experimentally the shape of the 13-atom cluster of rare 
gas atoms is an icosahedron (68) (see Figure lb), however. Icosahedral sym
metry is also found as the ground state structure of 13 atoms interacting via 
many different kinds of pair potentials (69). For such a cluster of Ih symmetry 
the tangential bond distance is five percent larger than the radial bond distance. 
Because these two clusters represent reasonable candidates for the ground state 
of the gas phase cluster, N i i 3 , their Χα geometries have been optimized on the 
basis of spinpolarized calculations. The results are presented in Table II. 

Of particular interest are the predicted magnetic moments and the ques
tion of whether or not isomers of transition metal clusters can be separated using 
inhomogeneous magnetic fields. To date, cluster isomers have only been detec
ted via their different chemical reactivity (70-73). One would expect abnor
mally large magnetic moments for the Ih clusters if they had unusually high 
density of states at the Fermi level, as has been postulated for aluminum (74). 
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188 THE CHALLENGE OF d AND f ELECTRONS 

Figure 1. Nickel clusters used in the present study. Gas phase clusters: Ni 13 
Oh (a) and Ih (b); surface model clusters representing various adsorption 
sites on Ni(100): on-top position on Nig (c), fourfold-hollow position on Nig 
(d) and on N i i 7 (e); and on N i ( l l l ) : threefold-hollow position on Niio (f) 
and on-top position on Niio (f, upside down). 
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Table II. Comparison of the icosahedral and octrahedral N i i 3 isomers 
and study of the Gaussian level broadening 

[eV] 
Spin-polarized 

Calculat ion 
Ih 

db 

[ A ] π Oh 

V 
[eV] 

Ih Oh Ih Oh 

0.5 no 2.26 2.33 3.22 3.08 _ _ 
0.5 yes 2.29 2.35 3.28 3.15 8.48 8.77 
0.25 yes 2.28 2.34 3.46 3.29 8.18 8.28 
0.125 yes 2.29 2.34 3.50 3.33 8.00 7.87 
0.0625 yes 2.29 2.34 3.51 3.34 8.00 7.99 

a J Gaussian broadening parameter. b ) Bond distance to the central atom. 
c ) Binding energy per atom, <*) Spin-polarization. 

A spin-polarization of s = 6 electrons has been found in an Χα-SW study of a 
Ni i3 cuboctahedron (75) due to a comparable high density of one-electron levels 
near the cluster Fermi energy. But in another study using this computational 
approach s = 8 was calculated (76). 

It has been argued (47) that the Xa approximation for the local exchange 
potential overestimates the tendency towards spin-polarization. The results for 
another local density functional will be presented later, elsewhere, but for the 
moment these Χα calculations (with α = 0.7) seem appropriate because we 
would like to determine an upper limit on the effect of isomerization on the 
magnetic moment of this hopefully representative cluster of magnetic atoms. 

Reducing the Gaussian level broadening parameter σ eventually leads to 
an integral difference in the number of electrons for each spin (see Table II). 
Remarkably that difference, s = 8, is the same for both isomers - and it is iden
tical to the value that had been chosen previously (77) in a serm-empirical study 
of the relative stability of four Ni 13 clusters. In that case, the argument had 
been based on the fact that a spin-polarization of s = 8 leads to a net magnetic 
moment of 0.62 μΒ per atom which is as close as possible to the bulk value 
0.56 μΒ. It was also predicted that the icosahedral cluster lies lowest in energy 
(77). Judging from a figure (77), however, it would appear that the radial Ih 
bond distance was the same or slightly larger than the bulk nearest-neighbor 
distance 2.49 Â . Ours is eight percent smaller. While s = 8 is the result of the 
limiting process σ -> 0 for a wide variation of the Ih bond distances, reducing the 
Oh bond distance by 0.3 Bohr yields s = 6. Still at the smallest value of σ con
sidered, 0.0625 eV, which is much smaller than the overall accuracy of the calcu
lation within the Χα model, does not come close to yielding a pure state. For 
this value of a and the icosahedron there are eight levels above the highest fully 
occupied majority-spin t2g orbital, and all of them are partially occupied. For 
the cuboctahedron, only three of the eight levels above the highest fully occupied 
majority spin level, a i u , are partially occupied. Due to the dense level structure 
and the partial occupation of levels near the Fermi level of the icosahedral clus
ter a distortion away from perfect symmetry may be expected for this cluster. 

A cluster density of states of N i i 3 , literally (not just formally) broadened 
by 0.2 eV, is presented in Figure 2a for the icosahedral geometry near the equi
librium structure. The general features are roughly similar to that derived from 
a spin-polarized band structure calculation of bulk nickel. Near the Fermi level 
a very high density of states of the minority spin is found, the d 'band* of the 
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190 THE CHALLENGE OF d AND f ELECTRONS 

Figure 2. Cluster density of states (in arbitrary units) generated by 
Gaussian broadening of the one-electron energies and cluster Fermi energy 
6f: a) icosahedral Ni 13 (spin-polarized calculation, majority spin above the 
axis; σ = 0.2 eV). b) N i i 7 N a (solid line; σ = 0.3 eV). Also shown are the 
sum of the contributions from the s and ρ populations of the nickel atoms 
(dashed line) and the population of the sodium atom (dotted line). 
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majority spin being completely filled. The exchange splitting of the one-electron 
levels near the Fermi energy is about 0.75 eV, a value 0.1 eV larger than found 
in a bulk band structure (78,79). The cohesive energy of 5.70 eV obtained in a 
bulk calculation (79) is significantly larger than that found in the present cluster 
study. A direct comparison has to be postponed until the present work has been 
extended to the same local density functional. 

If the octahedral and icosahedral 13-atom nickel clusters are representa
tive, an inhomogeneous magnetic field is not a good tool for separating isomers 
of transition metal clusters. This result is reminiscent of the fact that geometry 
plays no strong role in the ionization potential variation of alkali clusters (80). 
However, many calculations must be made before we can be definitive here. 

Alkali Chemisorption on Nickel Surfaces: Energy and Geometry 

Alkali adsorption on other metals has been the subject of many experimental 
and theoretical studies (18,81-84), the first investigation dating back to the 
early thirties (85)· The interest in this field is motivated by possible consequen
ces for technological applications such as heterogeneous catalysis or electroche
mistry. In recent years many investigations have focused on the 'promoting' of 
catalysts by alkali coadsorption. Coadsorption of alkali atoms and carbon mon
oxide on various transition metal surfaces serves as a prototype system to under
stand these phenomena (for a recent review, see (86))· One of the most con
spicuous effects of alkali coadsorption is the lowering of the CO stretching fre
quency by up to 700 cm - 1 (86). Several differing explanations have been sug
gested for the latter observations involving electrostatic effects, indirect charge 
transfer and direct orbital interaction (86). In order to build a realistic, but 
economical cluster model suitable for the study of alkali coadsorption some infor
mation on various properties of alkali chemisorption would be useful. However, 
despite many investigations in this field little seems to be known about the 
length of the alkali surface bond. The results for alkali chemisorption on nickel 
surfaces presented in the following will address this question, thus serving as an 
important first step towards a more complete modeling of alkali/carbon mon
oxide coadsorption. 

The nickel clusters that have been used to model various sites on (100) and 
(111) surfaces are listed in the first column of Table III. The larger ones are 
shown in Figure l c to If. A l l these clusters preserve the local symmetry, C4 V or 
C3V, of the corresponding alkali chemisorption problem. Figure le shows the 
cluster that is used to model a fourfold-hollow position for an alkali atom on 
Ni(100) with 17 nickel atoms. The corresponding cluster with nine nickel atoms 
(see Figure Id) is obtained from the former by omitting eight symmetry equiva
lent nuclei in the top lattice plane, deleting four more nickel atoms in the second 
lattice plane leads to the corresponding N i 5 cluster. Figure l c shows the N i 9 

cluster (actually the N i 9 cluster of Figure Id upside down) which is used to 
model on-top adsorption on Ni(100). The Niio cluster of Figure If represents a 
threefold-hollow site on N i ( l l l ) and, again upside down, an on-top site on the 
same surface. The (111) clusters with three and four nickel atoms are obtained 
by omitting the appropriate atoms in the second plane of the Niio cluster. The 
cluster of six nickel atoms models the other threefold-hollow site that exists on a 
(111) surface, i.e. the one with no substrate atom situated directly under the 
adsorption position. The cluster is an octahedron lying on one of its triangular 
faces. For all systems at least seven calculations have been performed, one for 
the bare substrate cluster, five with varying alkali surface distance and one at 
the interpolated optimum geometry. The results for various clusters are collec
ted in Table III. 
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Table III. Comparison of calculated results for various N i n M (M = Na, K) 
surface clusters modeling adsorption of the alkali atoms on various surfaces 

n d» r b A c f

d ωe μίη^ 
[ i ] [ i ] [eV] [eV] [cm-*] [Debye] 

Ni(100)/Na hollow 5 2.11 1.50 1.68 0.32 180 3.94 
Ni(l00)/Na hollow 9 2.27 1.63 1.92 0.25 175 4.21 
Ni(100)/Na hollow 17 2.22 1.59 1.87 0.06 175 4.74 
Ni(100)/Na top 9 2.49 1.25 1.72 0.33 210 4.92 
N i ( l l l ) / N a hollow 3 2.23 1.41 1.38 0.56 225 4.37 
N i ( l l l ) / N a hollow 4 2.37 1.52 1.09 0.13 170 4.01 
N i ( l l l ) / N a hollow 6 2.46 1.60 1.50 0.31 175 4.62 
N i ( l l l ) / N a hollow 10 2.46 1.60 1.78 0.41 170 5.19 
Ni(100)/K hollow 9 2.76 2.03 2.16 0.47 115 7.15 
Ni(100)/K hollow 17 2.67 1.95 2.25 0.18 115 6.98 

a | Distance of adsorbate above first lattice plane. b ) Effective radius of 
alkali atom, c) Binding energy of alkali atom. <*) Change of cluster Fermi 
energy with respect to the bare cluster, «) Vibrational frequency of the 
adsorbate. f ) Change of cluster dipole moment with respect to bare metal 
cluster. 

The calculated binding energy for sodium on Ni(100) clusters in fourfold-
hollow position range from 1.68 eV to 1.87 eV. This is in fair agreement with 
the corresponding experimental value, 2.52 eV, for sodium on NiQOO) extrapo
lated to the limit of zero coverage (81). Not unexpectedly, one finas a somewhat 
lower binding energy for the corresponding on-top position (0.20 eV difference 
for Nig, see Figures l c and Id). This is still an order of magnitude larger than 
the estimated activation energy for the surface diffusion of sodium (86)· How
ever, the transition state for that motion is most probably situated in a twofold-
bridging position. The binding energies for the two Nig clusters are also com
pared in Figure 3. For the surface N i ( l l l ) the calculated values for the binding 
energy range up to 1.78 eV, deviating somewhat more from the corresponding 
experimental value of 2.54 eV (86)· As expected, the calculated binding energy 
for potassium is higher (by about 0.4 eV) than for sodium. Available experimen
tal data (81) for Ni(110) show a difference of 0.38 eV between Na and Κ chemi
sorption energies. 

It is worth noting that no overbinding seems to occur in the local density 
description of alkali chemisorption on nickel clusters, in contrast to findings for 
carbon transition metal bonds (23,27,28). At present, it would be premature to 
correlate this difference with the character of the various bonds (covalent vs. 
ionic). Clearly, density gradient corrections to the energy functional (31) would 
be highly useful in deciding this question. 

The frequency for the vibrational motion of the sodium atom perpendi
cular to the substrate is calculated to about 175 c m - 1 for the hollow positions 
both on the (100) and on the (111) surface. The corresponding value for the 
larger potassium atom lies clearly lower (115 c m - 1 for N117). 

The calculated bond distances of 2.11 À to 2.46 A for sodium chemisorp
tion on nickel are considerably shorter than the value of 2.7 À found in an ab 
initio calculation (18). The resulting surface bond distance is best appreciated 
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-* »J ι 
1.5 2.0 2.5 3.0 3.5 

Distance [Â] 

Figure 3. Binding energy (in eV) of Na in fourfold-hollow and on-top posi
tion on N i 9 as function of the distance (in A) of the adsorbate above the 
first lattice plane. 
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by converting it into an effective atomic radius of the alkali atom, i.e. by sub
tracting the metallic radius of nickel (1.245 Â) from the shortest alkali-nickel 
bond distance. These radii are about 1.6 Â for sodium and about 2.0 A for 
potassium, lying between the corresponding ionic and metallic radii (Na: 0.98 / 
1.82 À; K : 1.33 / 2.26 Â (87)), as one would expect. But the values are sur
prisingly close to the metallic side. For all investigated adsorption sites geo
metric considerations thus suggest a rather strong covalent contribution to the 
chemisorptive bond of alkali atoms to nickel surfaces. We hope to elaborate on 
this topic by extending the present study of alkali adsorption to other metal 
surfaces. 

In our model the dipole moments induced through adsorption are derived 
by subtracting the value for the bare substrate cluster from that of the chemi
sorption model cluster. The calculated induced dipole moment for the largest 
clusters representing the (100) and (111) surface are 4.74 and 5.19 Debye, respec
tively. Both values are considerably smaller than the corresponding experimen
tal values (7.2 and 7.4 Debye (81)). However to appreciate this comparison one 
has to keep in mind that the 'experimental' values are deduced from the change 
of the workfunction at zero coverage limit via a rather simple model (88) based 
on the classical image charge concept. From this point of view the results ob
tained from model clusters agree quite satisfactorily. 

More detailed information on the electronic structure of the model cluster 
and on the corresponding chemisorptive bond may be obtained from the cluster 
density of states (13,74,RSGK). In Figure 2b, as a representative example, the 
density of states for the N i ^ N a cluster is presented. Besides the total density of 
states, the contributions of the nickel sp 'band' and of sodium are also shown in 
Figure 2b. The density of states is dominated by the contribution from the 
nickel d band (width about 4 eV) peaking near the Fermi energy and exhibiting 
a behavior similar to that known from band structure calculations of bulk nickel 
(28,79) and from photoemission experiments (89). The sp 'band* (width about 
8 eV) extends to both sides of this peak, just like in the bulk band structure. 
The Na density of states consists of two structures. The larger one above the 
Fermi level at -1.2 eV has the form of a Na 3s resonance (82), the smaller and 
broader one below the Fermi level represents the covalent contribution to the 
sodium surface bond. Altogether, the sodium density of states resembles very 
much the form found in density functional calculations with a semi-infinite 
jellium half-space modeling the metal substrate (82,83)· 

In Table IV the changes in the Mulliken populations due to chemisorption 
of sodium (or potassium) are shown for the Ni 17 cluster. Starting with the 
sodium cluster we note that the alkali atom has given up 0.72 of its valence 
electron charge which matches the increase of the ρ and d population of the four 
nearest nickel atoms. Essentially the same conclusions have been drawn pre
viously from a population analysis for the cluster NigNa (RSGK). The jellium 
model (82,83) also leads to a charge transfer from the alkali atom into the 
bonding region. The LCGTO-Χα results for the analogous potassium cluster 
N117K are actually rather similar to that for sodium, including the alkali valence 
s population. Two significant exceptions are the changes in the charge of the 
potassium atom and of its nearest neighbors. The increase in the potassium 4p 
and 4d populations is partially balanced by a concomitant decrease in the 4s 
population of the nearest neighbor Ni atoms. Therefore one is lead to conclude 
that these population differences do not represent a true change in the spatial 
charge distribution, but rather have to be taken as an artifact of the Mulliken 
population analysis caused by the very diffuse nickel and potassium basis func
tions. This well-known shortcoming of the Mulliken procedure may also be 
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responsible for the apparent contradiction between the high ionicity and the 
large effective radius of the alkali atom determined in the geometry optimization 
(see Table III). It seems that the alkali s population underestimates the charge 
in the adsorbate region of space, since diffuse nickel basis functions are certainly 
able to contribute. 

Table IV. Changes in the Mulliken populations of the valence orbitals 
(relative to the bare Ni 17 cluster) and resulting atomic charges 

due to the formation of the chemisorption clusters N i ^ N a and N117K 

Change of Population 
Atom a Charge/Atom 

Na -0 .73 -0 .01 0.02 0.72 
Κ -0 .76 0.11 0.11 0.54 

N i 4 ( l ) (Na) -0 .02 0.14 0.06 -0 .18 
-0 .24 0.15 0.06 0.03 !NK1 

N i 8 ( l ) (Na) 0.01 0.01 0.00 -0 .02 
( K) 0.05 0.03 0.01 -0 .09 

Nij(2) (Na) 0.02 -0 .01 -0 .03 0.02 
0.00 0.04 -0 .00 -0 .04 

Ni 4 (2) (Na) -0 .03 -0 .01 -0 .01 0.05 
( K) -0 .01 0.00 0.00 0.01 

a ) Numbers in parentheses indicate the lattice plane, subscripts indicate the 
number of equivalent atoms. 

Table V . Mulliken populations η and spin polarization s of the valence orbitals 
of N i ^ N a obtained from a spin polarized calculation 

Orbi ta l type 
Atom a Charge/Atom 

Na η 0.29 -0 .02 0.00 0.73 
s -0 .01 0.00 0.00 

N i 4 ( l ) η 0.37 0.99 8.93 -0 .29 N i 4 ( l ) 
s -0 .05 -0 .03 0.69 

N i 8 ( l ) η 0.70 0.24 8.92 0.14 N i 8 ( l ) 
s 0.02 0.00 0.86 

Nii(2) η 0.25 1.19 9.00 -0 .44 Nii(2) 
s -0 .05 -0 .05 0.78 

Ni 4 (2) η 0.56 0.62 8.88 -0 .06 Ni 4 (2) 
s 0.00 0.00 0.84 

a ) Numbers in parentheses indicate the lattice plane, subscripts indicate the 
number of equivalent atoms. 
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Inspection of Table IV also reveals that the chemisorption interaction for 
both adsorbates is confined essentially to the nearest neighbor substrate atoms, a 
finding that may be taken as an a posteriori justification of the cluster approach. 

In conclusion, we briefly summarize our cluster calculations. For Ni^Na 
the binding energy (1.90 eV) and the induced dipole moment (4.43 Debye) agree 
with those for the non-spinpolarized case within the accuracy of the method. 
The Mulliken populations displayed in Table V are rather similar to those of the 
nonspinpolarized case, exhibiting an almost pure d 9 configuration for each type 
of nickel atom. The spin-polarization of the nickel atoms which averages to 
0.79 μΒ per atom is due mainly to the d electrons. This value is somewhat larger 
than that found for the gas phase Ni 13 clusters discussed above (0.62 μΒ). Of 
special interest are the changes in the magnetic moments of the substrate and 
the fate of the unpaired electron of the adsorbate, the latter being completely 
quenched upon chemisorption (see Table V). One finds again that charge and 
spin transfer are almost exclusively confined to the nearest neighbor atoms of the 
adsorbate whose magnetic moment is reduced by 0.08 μΒ each. 

The chemisorption cluster studies presented here seem quite encouraging. 
Cluster investigations are currently under way which address the alkali/carbon 
monoxide coadsorption problem. 
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Chapter 14 

Photoelectron Spectroscopy and Chemical 
Bonding 

Valence Bond Model Viewpoint 

R. P. Messmer1,2, P. A. Schultz1, S. H. Lamson2, C. H. Patterson1, 
and H. Wang1 

1Department of Physics, University of Pennsylvania, Philadelphia, 
PA 19104 

2General Electric Corporate Research and Development, Schenectady, 
NY 12301 

Recent valence bond studies of multiple bonds in molecules 
with only s, p-orbitals indicate that "bent bonds" are preferred 
to the usual σ and π bonds. This has potentially important 
implications for the description of multiple metal-metal bonds. 
However, the description of Σ, Π and Δ ion states in photoem-
ission from a ground state of "bent bonds" is not so obvious as 
in the σ, π, δ-molecular orbital model. We examine these issues 
in the present contribution. 

In the course of investigating multiple bonds in molecules and complexes by 
the valence bond approach, we have recently found that such multiple bonds 
are more accurately described as "bent bonds" rather than as σ and π bonds 
(2-5). In order to understand the potential implications of these results for 
multiple metal-metal bonds, it is important to briefly review the basic assump
tions of the valence bond model and compare them to those of the more fami
liar molecular orbital model of bonding. 

There are many expansions of the total many-electron wave function 
which may be used in discussing the properties of an electronic system. For the 
present discussion, we assume a resonating valence bond expansion, which is 
represented by 

where = det 

In this expansion, each of the are separate valence bond orbital (VBO) 
structures in which the orbitals are non-orthogonal. Each such VBO structure 

0097-6156/89/0394-0199$06.00/0 
© 1989 American Chemical Society 
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200 THE CHALLENGE OF d AND f ELECTRONS 

can be thought of as being made up of valence bond spin (VBS) structures, 
which describe the various allowed spin pairings. Such a description will be 
useful if the wave function can be approximated by a small number of VBO 
structures and a few spin couplings. See Fig. 1 for a schematic representation 
of VBO structures of CO and VBS structures of C H 4 . 

If we assume a situation where one term (one VBO structure) dom
inates (Le., we can neglect resonance), then the wave function can be approxi
mated as 

Φ ~ Φ ν Β = det {core} Π φ{ Θ (2) 

where the electrons not being correlated by the valence bond description are 
denoted as {core}. If the φ[ are determined self-consistently then the wave 
function is the basis of the generalized valence bond (GVB) model (6). If in 
addition, for the system of interest, there is one dominant bonding spin-pairing, 
then the perfect-pairing approximation is a good approximation to the full 
GVB model and only one term in the expansion of Θ need be considered. 
Thus, we arrive at the "perfect-pairing" (PP) approximation 

Φ s φΡΡ = det {core} ϊίφ{θ , with Θ = (αβ-βα)(αβ-βα) (3) 

The further assumption that the orbitals φ{ are orthogonal except for those 
which are singlet paired (the strong orthogonality approximation), leads to the 
strongly orthogonal, perfect pairing (SOPP) wave function 

~ * s o p p _ Ψ ~ Φ = det 
N/2 

{core} Π îâ ib ' (4) 

which is the basis of the GVB-PP model of Hay et al. (7). Finally, if the orbi
tals of a pair, Φ& and Vto, are assumed to be identical, then we arrive at an 
approximate wave function which is the basis of the molecular orbital (MO) 
model, ie., 

N/2 
{core} Π fa a fa β (5) 

GVB Model of Multiple Bonds 

To begin, we discuss the results of calculations using the GVB-PP model, Le., 
results based on the use of the SOPP restrictions on the wave function, Eq. (4). 
GVB-PP calculations for C 0 2 (7), C 2 F 2 (2) and benzene (3) have given 
descriptions of the multiple bonds in these molecules as being made up of bent 
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14. M E S S M E R E T A L . Photoelectron Spectroscopy andChemical Bonding 201 

bonds (Ω-bonds) rather than the traditional σ and π bonds normally attributed 
to these molecules. Figure 2 shows a schematic representation of the calcu
lated bonding in these molecules. 

There has been some recent concern (8,9) however, that this bent bond 
description of multiple bonds derived from the GVB-PP model may be an 
artifact of the model. The concern takes two forms: first, that the SOPP res
trictions on the GVB wave function are the source of the bent bonds and the 
full GVB model will produce the usual σ,π-bond description; and second, if an 
MCSCF or CI wave function which is more general than GVB is used, this will 
give back the σ,π descriptioa 

With regard to the second point, it is important to note that an approxi
mate wave function which is more general than those of Eqs. (2)-(5) cannot be 
described in terms of either bent bonds or σ,π bonds. Such a wave function 
(general MCSCF, GVB-CI or CI) will be a complicated combination of these 
two descriptions (as well as others, e.g, the atoms-in-molecule picture (10)) or 
in certain approximate wave functions the descriptions are related by a 
transformation and are thus in some sense equivalent (70). Hence the best one 
can do is decide on a criterion to measure the extent to which a particular pic
ture is contained in the general wave function. One possible measure would be 
the overlap of a unique σ,π or unique bent bond description with the general 
wave function. 

Thus the issue reduces to whether the SOPP restrictions on the GVB 
wave function are introducing bent bonds as artifacts. It should be noted that 
the earliest applications of the GVB-PP model (7) included ethylene and ace
tylene as examples and that the authors of the work concluded that the σ,π 
bond description of these molecules was lower in energy than the bent bond 
description. Since that time many additional examples of molecules with multi
ple bonds have been considered within the GVB-PP model, but none seem to 
have bent bonds as the lower energy description of the bonding. Furthermore, 
in our studies of multiple bonds (4,5) (involving more than 15 cases of double, 
triple and conjugated systems) a large majority is found to have the σ,π descrip
tion as the lower energy wave function. 

Thus, there is legitimate cause for concern that our few examples of 
bent bonds within the GVB-PP model may not reflect the situation for the full 
GVB model. In order to resolve this issue on the interpretation of multiple 
bonds within the valence bond framework it is necessary to perform full GVB 
calculations on a series of molecules to remove the strong orthogonality and 
perfect pairing restrictions of the GVB-PP model. This is essential in order to 
assess the validity of the bent bond concept for multiple bonds. Full GVB cal
culations have in fact been carried out and the details will be presented else
where (5). Here we provide a brief summary of the results. 

The general picture which emerges from the large number of calcula
tions performed is the following: (1) those cases (e.g, C 0 2 and C 2 F 2 ) which 
were found to prefer bent bonds within the GVB-PP model are found to retain 
the bent bond description when the SO and PP restrictions are removed from 
the wave function, le., full GVB model is used to evaluate the nature of the 
multiple bonds; (2) in those cases (e.g., C 2 H 2 and C 2 H 4 ) for which the σ,π 
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202 THE CHALLENGE OF d AND f ELECTRONS 

Figure 2. Bent bond representation of double and triple bonds to carbon 
in (a) C 0 2 , (b) C 2 F 2 and (c) C 6 H 6 . 
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14. MESSMER ET AL. Photoelectron Spectroscopy and Chemical Bonding 203 

description was found to be lower in energy within the GVB-PP approxima
tion, the situation is reversed using the full GVB model and bent bonds are 
found to be more stable than σ,π bonds. Hence, the conclusion based on exten
sive calculations for a group of typical multiple bonded molecules is that bent 
bonds are more stable at the full GVB level of approximation. Further, the 
SOPP restrictions are biased against the bent bond description rather than 
biased toward this description as previously suggested (8,9). Our results on 
multiple bonds using the full GVB model are the first of their kind. We 
believe they are significant because they represent the full implementation of 
the GVB model without the usual approximations and they give a non-
traditional picture of multiple bonds. 

Valence Bond Description of Photoelectron Spectroscopy 

Certainly one of the first conceptual problems which arises if one describes the 
ground state of a molecule in terms of Ω-bonds is how to obtain a compatible 
description of the excited states and ion states which may have Σ, Π, or Δ sym
metries. A discussion of how a compatible description is obtained has been 
given recently (11). However, since it is important for later discussions in this 
work, especially with respect to the connection between valence bond theory, 
localized molecular orbitals (LMOs) and canonical molecular orbitals 
(CMOs), a brief account is provided here. 

In a time-dependent picture, one can imagine an electron being annihi
lated from a specific valence bond orbital φ{ at time t=0. This is obviously not 
a stationary state of the ion and hence one must follow the time dependent 
evolution of the system from this initial condition. This requires solving the 
time-dependent Schrôdinger equation which may be written as the following 
set of coupled equations for the time dependent probability amplitudes, aj (t): 

Ν da;(t) Ν 
* Σ S K J = S a j ( t ) H k j (6) 

with Skj = < <&k I Φj > and Hkj = < Φι< | Η | Φj >, where Q>k is the (N-l)-
electron wave function with the electron missing from the VB orbital φ^. If we 
assume the Φι̂  are not explicitly time dependent but may include electronic 
relaxation, then the time dependent VB description of the ion state is 

* f f i ( t ) = E a j ( t ) * j - ( 7) 
j 

If we define the autocorrelation function as the overlap of ΦΧ5 for the 
various initial states at time t = 0 with Φ^( ί ) , then the Fourier transform of 
this correlation function gives the photoelectron spectrum. 

To make the connection with MO theory, consider the SOPP approxi
mation of valence bond theory and write the ground state wave function as in 
Eq. (4). For the MO approximation φ{Ά and φ^ are the same and this leads to 
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204 THE CHALLENGE OF d AND f ELECTRONS 

Eq. (5) where the fa are localized molecular orbitals (LMOs) which are related 
to the familiar CMOs by a unitary transformatioa Because of the orthogonal
ity of molecular orbitals the autocorrelation function for the MO approxima
tion is simply the sum of the time-dependent probability amplitudes for the 
hole to be in the various LMOs, fa: 

C M O (0,t)=Sa!(t). (8) 
ι 

Thus the spectrum which arises when Eq. (8) is Fourier transformed consists of 
a set of -̂functions at the energies corresponding to the stationary states of the 
ion (which via the theorem of Koopmans) are the one-electron eigenvalues of 
the Hartree-Fock equations). The valence bond description of photoelectron 
spectroscopy provides a novel perspective of the origin of the canonical molec
ular orbitals of a molecule. The CMOs are seen to arise as a linear combina
tion of LMOs (which can be considered as uncorrelated VB pairs) and 
coefficients in this combination are the probability amplitudes for a hole to be 
found in the various LMOs of the molecule. 

With this development in mind it is now quite straightforward to 
describe the Σ, Π and Δ ion states of a molecule. As an example we study the 
Σ and Π ion states of acetylene. Consider the description of C 2 H 2 shown 
schematically in Fig. 3. The stationary states of the ion may be written in an 
approximate valence bond form as 

* î £ = Σ ( C ia*ia + C i b * i b ) . (9) 
i=l 

But considering the large overlap within pairs that usually results from calcula
tions, this expression can be further approximated by 

= Σ d* i , (10) 
i=l 

in order to illustrate the essential aspects of the argument, where the Φ{ are 
constructed from an in-phase combination of the orbitals Vfo and ifo. It should 
be clear that basis states of the proper symmetry can be obtained by the follow
ing combinations of the ΦΪ: 

E g : c m (Φχ + Φ 2 + Φ 3); c i c h ($4 + $s) 

E u : c 2 ch ($4-$5) 

I W C2n (2Φι - Φ 2 - Φ3) 

ΠαΥ: c 3 n (Φ2 - Φ 3), 
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which, for the many-electron wave function, is exactly analogous to the forma
tion of symmetry adapted molecular orbitals from atomic orbital basis func
tions in the one-electron case. Thus it is seen that the description of Σ and Π 
ion states is easily accommodated within a valence bond framework based on a 
ground state described in terms of bent multiple bonds (Fig. 3). This is also 
true for more general valence bond approximations to the wave function. As a 
consequence we realize that it is not at all necessary to have σ, π and δ orbitals 
in order to be able to describe Σ, Π and Δ ion states. 

Transition Metals Molecules 

To what extent is the insight gained from valence bond calculations on 
molecules which have only s, /7-orbitals applicable to those which have d-
orbitals as well? This is the topic we wish to explore in the present section. 
Although we intend to carry out full GVB calculations for multiple metal-
metal bonds to learn if the experience of the s, p-aioms is confirmed for d~ 
electron systems, no such calculations are available at present. Hence our dis
cussion will focus on recent valence bond results for Ni(CO)4, Cr(CO)6, PtCO 
and ReHp". We will explore briefly, however, the potential advantages of a 
conceptual framework based on multiple bent bonds and bent metal-metal 
bonds in general. 

Consider the Cr(CO)6 molecule (12). In the canonical molecular orbi
tal (CMO) approach there are 33 doubly occupied delocalized valence orbitals. 
To obtain a bonding description from CMOs is rather tedious as there can be 
several CMOs contributing to a single covalent bond. By contrast, if the 
CMOs are transformed into localized molecular orbitals (LMOs) by the 
Foster-Boys (13) or Edminston-Ruedenberg (14) procedures only four unique 
orbitals are obtained. These are shown in Fig. 4 and can easily be identified as: 
(a) a carbon lone pair orbital representing the dative bond between a carbon 
and the Cr atom; (b) a lone pair orbital on the oxygen atom of CO; (c) a bent 
CO bond orbital (one of three equivalent orbitals for a CO molecule) and (d) a 
^-orbital which delocalizes slightly onto the bonding CO molecules. There are 
six orbitals of type (a), six of type (b), 18 of type (c) and three (d^d^d^) of 
type (d), accounting for the 33 occupied valence orbitals. 

It will be recalled that the transformation to localized orbitals leaves the 
molecular orbital wave function, charge density and all other ground state pro
perties completely unchanged. The relationship between LMOs, which are 
convenient for describing bonding and the CMOs, which give a zeroth order 
description of the one-electron ion states, was described in the last section. 

If we allow for correlation effects within each pair using the GVB-PP 
method we obtain the SOPP orbitals also shown in Fig. 4. The close relation
ship between the SOPP orbitals and the LMOs is apparent. Each pair in an 
LMO is either "left-right" correlated in the case of a bond or "in-out" corre
lated in the case of lone pairs. The dxy LMO or the corresponding pair from 
the GVB-PP calculation are the only orbitals to exhibit considerable dereali
zation. In the MO case, this behavior is referred to as back-bonding from the 
metal to the CO, but in the valence bond situation, our experience is that all 
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Figure 4. Unique orbitals of Cr(CO)6 obtained by localization of 
Hartree-Fock molecular orbitals (left) or introduction of correlation into 
the wave function (GVB-SOPP) (right). 
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occurrences of such derealization are an indication of the importance of reso
nance. We will investigate this shortly for the example of PtCO. In passing we 
remark that for Ni(CO)4 the extent of derealization of the LMOs and SOPP 
orbitals is less for than for the Cr(CO)6 molecule. 

Turning to the bonding in PtCO, we observe that thus far it has been a 
reasonable approximation to assume only one resonance structure (or one 
term in Eq. (1)) is necessary to describe the wave function. Due to the dereal
ization of the LMOs and SOPP orbitals noted above for Cr(CO) 6 it is unlikely 
that one term (Le., the GVB-PP method or the MO method) is adequate to 
describe this molecule. However, rather than explore the consequences of 
resonance in describing metal-CO bonds for a large molecule such as 
Cr(CO) 6, we will consider the situation for the simpler case of PtCO bonding 
(15). 

As mentioned in the introduction, the wave function of CO may be 
approximated as a superposition of three resonance structures (see Fig. la). 
In the example of Cr(CO)6, we discussed the bonding on the basis of structure 
I. The only orbitals which seem to incorporate structures II and III are the 
delocalized d-orbitals. This latter situation suggests that M=CO double bond 
resonance structures may be important in describing the bonding in such 
molecules. In our recent study of the PtCO molecule we have found that 
besides the Pt-CO dative bond VBO structure, the Pt=CO structures shown 
schematically in Fig. 5a contribute quite significantly. The SOPP orbitals for 
one of the double bond resonance structures are shown in Fig. 5. The bonds 
between the d,s,p-hybnas on Pt and the hybrids on the carbon atom are seen to 
be bent. 

In general, the relative importance in the total wave function of the 
dative bond VBO structure and the double bond VBO structures will vary from 
molecule to molecule. A mean-field description of resonance such as molecu
lar orbital theory or GVB-PP for one VBO structure, averages over the reso
nance structures to yield some delocalized LMOs or SOPP orbitals. This is the 
origin of the back-bonding description of mean-field theory. Mean-field theory 
always overestimates the charge fluctuations in a system and provides for no 
correlation among them. The GVB model reduces local charge fluctuations 
(e.g., within bonds and lone pairs) and resonance provides a convenient pic
torial way to understand the correlations among the charge fluctuations. 

Transition metals have the potential to form many different hybrids by 
combining s, ρ and d atomic orbitals. In the discussion of molecules with only 
s and ρ orbitals, we have found that approximate sp3-hybrids arise in the 
description of single, double and triple bonded molecules, as well as in conju
gated systems. In the course of investigating the utility of the polyhedral hybrid 
concept (16), we have considered the bonding of ReHç'. The ReHç" molecule 
is a prototype for covalent bonding to a transition metal, in much the same way 
as H 2 and C H 4 are for bonding to atoms with s-orbitals and s, /?-orbitals. 
Thus, qualitatively nine covalent bonds are expected between the Re atom and 
the H atoms. The geometrical structure of the molecule is shown in Fig. 6a. 
The H atoms form a tri-capped trigonal prism with six atoms at the vertices of 
a trigonal prism and three others capping in three rectangular faces of the 
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Figure 6. (a) Structure of the ReH^ ion. Covalent bonds are indicated by 
dark lines and the triangonal prism by light lines. (b,c) GVB orbitals of 
the axial and equatorial ReH bonds. 
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prism. The capping H atoms we will refer to as equatorial atoms and the six 
others as axial H atoms. In Figs. 6b and 6c we show orbital contour plots of 
one of the six equivalent Re-Η axial bond-pairs and one of the three equivalent 
Re-Η equatorial bond-pairs respectively. These are SOPP orbitals obtained 
using the GVB-PP method. 

The covalent bonds of ReHç" look very much like those of methane: a 
hydrogen orbital overlapping with a hybrid orbitals of Re instead of C to form 
a bond. This suggests that metal-metal covalent bonds might be formed much 
the same way as in carbon-carbon multiple bonds - namely by overlap of hybrid 
atomic orbitals. To make the analogy clearer, consider Fig. 7. If two methane 
molecules are oriented as in Fig. 7a and the four hydrogen atoms between the 
carbon atoms are removed, then the resulting hybrids on the carbons can over
lap to form the bent double bonds of C 2 H 4 . Likewise, if the methane 
molecules are oriented as in Fig. 7b, the hydrogen atoms between the carbon 
are removed, and the carbon hybrids allowed to overlap, we can understand the 
origin of the bent triple bonds of acetylene. 

This same procedure can be applied to ReHç" to give some insight 
regarding the valence bond description of Re-Re multiple bonds. Referring 
back to Fig. 6a, if we imagine this molecule being reflected through a vertical 
plane and a mirror image appearing to the right, then we may perform the 
same "Gedanken" experiment discussed for the molecules in Fig. 7. That is, 
we remove the eight H atoms between the two Re atoms, this allowing one to 
see how Re-Re quadruple bonds could be formed. Then, if an H" is removed 
from the left equatorial position of the molecule in Fig. 6a and from the right 
equatorial position of its mirror image molecule, and the two resulting moieties 
are brought together, we could have an Re2Hg" molecule. Next if the H atoms 
in the eight axial bonds (Fig. 6a and its mirror image) are replaced by CI 
atoms, we obtain Re2Cli". The formally empty hybrid orbitals (arising from 
the removal of an H" from the two equatorial position along the Re-Re inter-
nuclear axis) will be shared by the lone pair electrons of the CI atoms. Thus 
one obtains a simple qualitative picture of the bonding in Re2Cli" and of its 
relationship to ReH^'. Calculations presently being carried out will determine 
whether this qualitative picture is retained when put to a quantitative test. 

Another qualitative applications of polyhedral hybrids illustrates bent 
single metal-metal bonds in the polynuclear molecules Os3(CO)i2 and 
Ir 4(CO)i 2. In these molecules Os and Ir atoms may be thought of as having 
three doubly occupied ^-orbitals, which do not participate in bonding, and six 
octahedral hybrids for bonding. Figure 8a shows the octahedral hybrids of Os 
and Ir in a schematic form in which the dark lines indicate positions where 
dative bonds to CO can be formed and the light lines terminated with a dot 
indicate hybrids which are occupied by a single electron and therefore are 
available to form covalent bonds. Figures 8b and 8c illustrate how the 
geometries of Os3(CO)i2 and Ir^CO)^ respectively can be understood on the 
basis of polyhedral hybrids overlapping to form bent metal-metal bonds. There 
are, in fact, a vast number of molecules and their structures which can be 
rationalized on this basis. 
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(a) 

~4 ^ 
(b) 

Figure 7. Methane molecules oriented so that their bonds point in 
appropriate directions for (a) ethylene or (b) acetylene molecule forma
tion. 

(a) 

(b) 

(c) 

Figure 8. Polyhedral hybrid representation of Osmium and Iridium car-
bonyl clusters. 
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Summary 

The major conclusions of the studies described in this contribution are the fol
lowing: (1) the full GVB model for sp-molecules gives bent multiple bonds for 
the molecules studied thus far, which is in contrast to the results of the GVB-
PP model where most of the molecules are found to have σ and π bonds; (2) 
the localized molecular orbital (LMO) model, using either the Foster-Boys or 
Edminston-Ruedenberg methods also gives bent multiple bonds; (3) the canon
ical molecular orbitals can be interpreted as the time-independent probability 
amplitudes for a hole hopping among the LMOs, which also provides an 
interpretation consistent with the valence bond model; (4) bonding in transition 
metal molecules can be interpreted with a model which makes use of 
polyhedral hybrids and either localized molecular orbitals or valence bond 
theory - this should be a useful complement to familiar molecular orbital 
approaches; (5) although it is yet to be determined whether metal-metal multi
ple bonds are bent in transition metal molecules using the full GVB model, 
bent bonds may provide a convenient conceptual framework for interpreting 
bonding in such molecules. 

Finally, if it is not entirely obvious, we should like to make clear that the 
concepts of bent bonds, resonance, hybrids, etc. have been known for over fifty 
years. Our contribution has been in testing and evaluating these concepts 
through computational studies and attempting to synthesize them into a more 
coherent framework. We believe that having alternative frameworks for dis
cussing electronic structure not only can contribute to the intellectual vitality of 
the field but also will allow for novel applications and insights. 
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Chapter 15 

Transition Metal Diatomic and Monocarbonyl 
Molecules 

An Experimental Viewpoint 

W. Weltner, Jr., and R. J. Van Zee 

Department of Chemistry, University of Florida, Gainesville, FL 32611 

Recent experimental data on the transition-metal 
diatomics is used to test the "isoelectronic" principle 
as applied to molecules with the same number of d + s 
valence electrons. Electron configurations and ground 
states in the first-row transition-metal monocarbonyl 
molecules (MCO) are examined on the basis of their CO 
stretching frequencies, ESR evidence, and theoretical 
calculations. 

Our objective i s to discuss two of the simplest classes of transi
tion-metal molecules of mutual interest to theorists and experi
mentalists and basic to the understanding of clusters. Our desire 
is to f i l l in the many gaps among their ground states by extrapo
lating from the present data. 

Reviews of the status of information on the diatomics have been 
made by us {V), by Shim (2), by Morse (3), by Koutecky and Fantucci 
(4), and by Salahub (5)· Morse's review is recommended here since 
i t considers rather thoroughly both the heteronuclear and 
homonuclear diatomics. Apparently there is no review of the MCO 
molecules, and we hope to provide a very brief one here. A more 
thorough discussion w i l l s t i l l be needed of the sophistications in 
the many theoretical calculations that have been made. 

Gas-phase preparation and spectroscopic investigations of these 
molecules are d i f f i c u l t not only because of the need for reasonable 
concentrations and low temperature spectra, but also because of the 
analysis problems. High multiplicities, large masses, large spin-
orbit constants, and large nuclear moments contribute to produce 
low-lying electronic states, second-order spin orbit effects (zero 
f i e l d splittings), small vibrational frequencies, and large hyper-
fine interactions. Among the diatomic metals only C r 2 lj>r2)' C r M o 

(10), Mo2 (6, V\), V 2 02_), Fe 2 (JLi) N i2 ^lâ)' C u2 (±L' 1Ê) ' CaA^ 
(17), CuAu ( 18) and Ag2, Au 2 ( 19) have been investigated in the gas 
phase. A l l have been found to have the simpler 1 ground state, 
except V2, Fe 2, and N i 2 . The ground states of Fe 2 and N i 2 have not 
been definitely established, but V 2 demonstrates some of the compli
cations mentioned above in having 3 Σ ~ ground state and an 

0097-6156/89/0394-0213$06.00/0 
o 1989 American Chemical Society 
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extraordinarily large Σ - Z<\q spacing of 75 cm" · Recently 
Morse, et al. , have found°NiCu to nave a 2Δ$/2 ground state (20) and 
have also studied Pt 2 spectroscopically in tne gas phase (21 ) · (NbO 
is an example of a "simple" molecule exhibiting many of the compli
cations referred to here; the study by Merer and co-workers repre
sents a real tour de force of spectroscopic analysis (22)]· Except 
for determinations of bond strength there are no gas-phase spec
troscopic studies of the MCO molecules. 

Almost a l l of the experimental data on these two classes of 
molecules has been obtained in rare-gas matrices. It i s , in 
general, a reliable source since these matrices do not produce 
significant perturbations (23 ). Vibrational frequencies and 
electronic transitions can be observed, but no knowledge of bond 
distances can be obtained. Most of the electronic and magnetic 
properties have been obtained from electron-spin-resonance (ESR) 
spectroscopy of the trapped molecules (24, 25). Mossbauer spectra 
have also contributed in the case of Fe-containing species (26, 27). 

Because of our reliance here on ESR results, i t is perhaps 
worthwhile to briefly summarize their benefits and limitations: The 
spectra of randomly-oriented molecules (the general case) in matri
ces can provide the total spin (S), the g tensor components, the 
hyperfine tensor components with magnetic nuclei, and sometimes 
quadrupole coupling constants. Hyperfine splittings can serve to 
identify the molecule being observed (thus eliminating an objection 
sometimes made to matrix studies). The spin-rotation contant(s) can 
be obtained from the g components via Curl's relationship (28). If 
linear, only Σ states can be observed since orbital angular momentum 
so broadens the spectrum as to make i t undetectable (29, 24). 
Another reason for undetectability, i f S > 1, is a large zero-field 
splitting parameter (D) relative to X-band quanta; this usually 
occurs for molecules with large spin-orbit constants and/or through 
coupling to low-lying electronic states. (V2, with a 3Σ ground 
state but D = 75 cm-1 , is therefore undetectable in matrix ESR. ) 
These two conditions for not observing an ESR spectrum, even though 
there is good reason to believe that a magnetic molecule has been 
matrix isolated (29), w i l l be used as circumstantial evidence 
supporting some of the ground states to be suggested here. 

Transition-Metal Diatomic Molecules 

Figure 1 shows the array of a l l possible diatomics derived from the 
first-row transition metals (except Zn). Ground states are not 
reliably derived from Mossbauer data (30, 31 ) so that those given 
for the seven molecules containing Fe must be considered as 
suspect. To an earlier version of this Figure (32 ) we have added a 
designation of the number of valence 3d + 4s electrons in the 
isoelectronic molecules occurring in blocks perpendicular to the 
principal diagonal of homonuclear molecules. Thus, Cr 2, VMn, TiFe, 
and ScCo a l l have 12 valence electrons. Cr 2 i s known experimentally 
(as a l l the bold borders indicate) to have a 1 Σg ground state. Can 
we then presume that the other three isoelectronic diatomics also 
have that ground state? (TiFe and ScCo in that series have been 
"inferred from experiment" to be Χ 1Σ; that w i l l be discussed below.) 

Similar groups of isoelectronic molecules are listed in Table 
I, including those involving Zn. 
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TRANSITION METAL DIATOMICS 

11 GAS PHASE 
ES ESR/MATRIX 

0 MOSSBAUER/MATRIX 1θ ' / 

H INFERRED FROM EXPT. \ 
THEORY 

VALENCE 
ELECTRONS 

Figure 1. The ground states of possible diatomics formed from 
the first-row transition metals, excluding Zn. Those in bold 
borders are definitely established, the others are derived as 
indicated. "Inferred from experiment" and "valence electrons" 
are explained in the text. 
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Table I. First-Row Transit!on-Metal Diatomics 

Experi Experi
mentally mental 

Valence Studied Ground Isoelectronic 
Electrons Molecules State Molecules 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Sc 0 

T i2 TiV 

Cr 0 

TiCo, ScNi 
Mn2 

VNi 

CrCu 
CrZn 

NiCu 
Cu 2 

CuZn 
Zn 0 

1*î 
4 Σ 9 

g 

2 z g 

4 E g 

1r+ 

ScTi 
ScV 
ScCr 
TiCr, 
VCr, 
VMn, 
CrMn 
CrFe 
MnFe 
F e2' FeCo 
Λ * Co2, 
CoNi 
. * 

N i 2 ' 
CoZn 
NiZn 

, ScMn 
TiMn, ScFe 
TiFet, ScCot 
, VFe 
\ VCot, TiNit, ScCu 
c, CrCo, TiCu, ScZn 
MnCo*, CrNi*, VCu, TiZn 
MnNi*, VZn 

FeNi , MnCu 
, FeCu*, MnZn 
CoCu , FeZn 

. * 

J Ground state inferred from experiment - see text. 
Not detected in ESR but believed to have been prepared. 

Table II. Mixed-Row Transition-Metal Diatomics 

Experi Expéri
mentally menta 1 

Valence Studied Ground Isovalent 
Electrons Molecules State Molecules 

13 YNi, 
15 VPd, 
17 CrAg, 
18 MnAg 
19 
20 
21 
22 CuAg, 
23 CuCd, 

AgZn, 
AuZn, 

ScPt, YPt 
VPt, NbPd, NbPt 

MnAu 
FeAg* 
CoAg 
NiAg* 

CrCd 

In Table II our definition of "isoelectronic" has been broadened to 
just requiring the same number of d + s electrons (regardless of 
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principal quantum numbers), so that mixed-row diatomic molecules can 
be included, and a more appropriate designation is "isovalent". 
Table II l i s t s only experimentally-studied molecules and their 
"isovalent" counterparts, but there are, of course, a large number 
(465!) of possible transition-metal diatomics. [In these Tables an 
asterisk (*) indicates a molecule not observed in the ESR but 
believed to have been prepared (29), while a dagger (t) indicates 
that the ground state of the molecule was "inferred from experi
ment", as discussed below.] 

Four molecules in column 4 of Table I, TiFe, ScCo with 12 
valence electrons and VCo, TiNi with 14 valence electrons (see 
Figure 1) have been inferred to have 1Σ ground state (33 ). The 
reasoning is that the addition or subtraction of one electron in the 
dïr 4d6 4da 2sa 2sa 2 configuration of TiCo, ScNi would probably lead to 
closed shell molecules. ScCu, although also in that category, was 
considered more doubtful because of the reluctance of Cu to form 
multiple bonds (however, see below). As Figure 1 indicates, there 
are no experimental, or theoretical, data on any of these putative 
1Σ molecules, but the "inferences" are in accord with the known 
ground states of Cr 2 and Mn2. 

Pursuing the "Isovalent" Principle. The question, admittedly naive, 
is whether the "isoelectronic" principle of simple MO theory applies 
among these electronically-complex transition-metal molecules. It 
seems that exact adherrence to such a rule might be surprising in 
these cases, but i f there is a commonality among the lowest-lying 
states, i t is worth pursuing. 

We have already considered two first-row metal series contain
ing 12 and 14 valence electrons where there are hints of adherence 
to the principle. However, there is a more definite example of 
"isoelectronic" behavior where the ground states of four 13-electron 
molecules have been established to be 2Σ· These molecules are also 
in the class of what have been referred to, after Gingerich, et a l . 
(34-36), as Brewer-Engel molecules (37); each involves two elements 
from opposite ends of the periodic table, in this case Groups IIIB 
and VIII. Such molecules are expected to form strong multiple bonds 
and therefore to be of low spin. 4 5ScNi, 4 5 S c 1 0 5 P d , 8 9YNi, 8 9 Y 1 0 5 P d 
not only a l l have S = 1/2 but the unpaired spin has similar charac
teristics in the four molecules, as derived from hyperfine inter
action with the indicated nuclei (38). The spin is largely (~70%) 
on the lighter atom and has about 30% s character throughout. Shim 
and Gingerich (36 ) have made an all-electron Hartree-Fock calcula
tion for YPd and find a 2Δ ground state, not in agreement with the 
ESR result, but 2 Σ + and 2Π states l i e only about 0.2 eV higher in 
energy. It is likely that improvement in the calculation could 
change the ordering of these levels. The resulting bonding is 
unusual (and reminiscent of that in metal carbonyls) in that the d-
rich Pd donates electrons to the d-poor Y and Y back donates s 
electrons. Their similarities indicate that this type of bonding 
prevails in a l l four molecules. Extension of the experimental 
studies to La and Pt would be interesting, and a more extensive ab 
i n i t i o calculation, perhaps on ScNi, would be worthwhile. 

More recently in our laboratory, Cheeseman has extended the 
earlier study of VNi (39) with 15 electrons to VPd, VPt, and NbNi to 
find that they also have 4Σ ground states (40). 
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"Isoelectronic" Sc 2 (Χ Σ") and Y2 are bothersome, since only 
the former has an X-band ESR spectrum (41, 42) and theory finds the 
same ground state for both (43, 44). Walch and Bauschlicher (44) 
suggest that a more extensive calculation may lower the strongly-
bonded 1Σ+ state below the 5 Σ ~ in the case of Y2, but ESR cannot 
distinguish between that choice and the possibility of large zfs in 
a 5 Σ ~ ground state. 

Surprisingly, the binding of Cu has been puzzling in the two 
diatomics CrCu and MnCu. CrCu does not appear to have a Σ ground 
state, as do CrAg and CrAu, and after considerable agonizing, the 
spectrum has been interpreted as 4Σ (45). Thus i t is probably 
triply bonded with properties intermediate between Cr 2 and Cu2* An 
exceptionally large electric f i e l d gradient at the Cu nucleus in 
CrCu supports its anomalous ground state. 

The situation in the 18 valence electron series MnCu, MnAg, 
MnAu is similar but different. Whereas MnAg is easily formed and 
characterized as a 7 Σ molecule, MnCu (and MnAu) remains undetected 
in the ESR (29). Other evidence for a preference for 7Σ ground 
states among this isoelectronic class is that CrZn also has Χ 7Σ 
(29); however Co2, even after many t r i a l s , was not observed via ESR. 

In summarizing this section, one can say that the present 
meager experimental data are in encouraging support of the applica
tion of the "isoelectronic" principle to these diatomics. Both 
first-row and/or mixed-row diatomics containing 12, 13, 14, 15, and 
18 valence electrons show indications of having 1Σ, 2Σ, 1 Σ, 4Σ, and 
7Σ ground states, respectively. At present there are no definite 
discrepancies except in the CrCu, CrAg, CrAu series. It is clear 
that theory has much to contribute here. 

Transition-Metal Monocarbonyls, M-CO Molecules 

The experimental ground states of most of these molecules are un
known. ESR has established VCO as 6Σ and CuCO as 2Σ, and recently 
also ScCO as 4Σ, but i t has failed to detect FeCO, which theory i n 
dicates has a 5 Σ ~ (or 3Σ~) ground state. CrCO(^) has also appar
ently been detected via ESR. The present state of affairs is sum
marized simply in Figure 2, where the origin of a given ground state 
is indicated as experimental (E), theoretical (T), or suggested (?), 
usually from ESR evidence. The general scheme of bonding i s shown 
in Figure 3 for VCO (46). The classic Dewar-Chatt-Duncanson model 
(47,48) involves donation by the CO 3σ orbital into the metal 3da + 
4sa + 4ρσ orbital to form the 3σ VCO orbital and back donation by 
the metal an orbitals into the antibonding 2π orbital to form the 2π 
MO, weakening the CO bond. Experimentally, the effects of the 
metal-CO interaction are evidenced by lowering of the C-0 stretching 
frequency, v c o , below 2143 cm"1, the value in the free CO mole
cule. The trend in the CO stretching frequency varies as shown in 
Figure 4 for first-row transition metals (49). An unknown frequency 
in this Figure is that of MnCO (and perhaps ScCO) and i t is proposed 
to be high, i.e., the bonding of Mn to CO to be weak. (This remains 
to be established by some other experiment.) The variation in v c o, 
taken equivalent here to CO bond strength, may also be considered as 
inversely proportional to the M-C bond strength. 

Qualitatively, one can account for the bonding in these MCO 
molecules by considering the 4s 23d n~ 2 ·• 4s 13d n~ 1 promotion energy of 
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ScCO 

5 σ 

4 σ 

16 

2 π 

4 Σ ( Τ , Ε ) 

TiCO 

'Φ(τ) 

VCO 

5 Σ ( Ε ) 

CrCO 

7 Σ ( Ε ) 

MnCQFeCOCoCO 

5Σ(?) 5Σ(τ) »Δ(?) 

NiCO 

•Σ(τ) 

CuCO 

-ff: 
~ 4 s 

- 3 d 

2 Σ ( Ε , Τ ) 

Figure 2. Molecular orbital schemes and ground states of MCO 
molecules (M = first-row transition metal). Boxes here 
emphasize the only molecules with experimentally established 
ground states. Ground states are indicated as: theoretically 
calculated (T); experimentally determined (E); or suggested 
(?), based on absence of an ESR spectrum. 
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Vatom 

4—H \ 

-H 

Figure 3. 
(46). 

Molecular orbital scheme for the °Σ VCO molecule 

ο 
ο 3 

Se Ti V Cr Mn Fe Co Ni Cu 

Figure 4. Plot of the CO stretching frequencies, v c o, in the 
first-row transition-metal monocarbonyl molecules MCO (circled 
points are tentative) (49). Ρ gives the variation of the 
atomic energy of promotion corresponding to 4s 23d n~ 2 

4s 13d n~ 1, where η i s the number of valence electrons. Curve Β 
is a crude indication of the expected trend in CO bonding 
strength due to decreasing di\ backbonding from Sc to Cu. 
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the metal atom, the απ backbonding involved in the DCD theory, and 
hybridization. The former yields the extreme variations (trace P) 
shown in Figure 4 and provides a barrier to σ-bond formation. Pro
motion and/or hybridization of the 4s electrons relieves the anti-
bonding between these metal electrons and the CO 3σ orbital, result
ing in a shorter M-C bond and stronger Mdïï back donation. Back 
donation is expected to generally decrease as one proceeds from l e f t 
to right because the 3d orbital shrinks in size (44, 50) · This 
effect tends to strengthen the CO bond as one moves across the tran
sition series from left to right, as depicted roughly (trace B) in 
Figure 4. Then the sum of Β + Ρ should have the contours of v c o, 
which is approximately true. 

What about the ground states? We w i l l consider each of the 
carbonyls as the 3d shell is f i l l e d up, beginning with ScCO. 

1 "λ 
ScCO. In the IR ScCO was presumably formed since a proper JCO 
shift was observed, but the bands were uncomfortably broad (49) · 
Then, although not firm, v C Q = 1950 cm"1 , as given in Figure 4, 
indicating a bound MCO molecule. Jeung and Kouteck^ (51) have made 
a MRD SDCI pseudopotential calculation and found a strongly bound 
4 Σ ~ lowest state corresponding to the configuration 2π 24σ 1 shown in 
Figure 2. A repulsive Π state is next highest and then a strongly 
bound 4Π state (2Π 11θ 14σ 1) about 0.2 eV higher. In these two bound 
states the Sc 4s electron is polarized away from the CO in the 4σ 
orbital. Also in both states there is a net electron transfer from 
Sc to CO. 

ESR experiments, after several t r i a l s , were successful in 
detecting ScCO in an argon matrix at 4 Κ (52). The ground state was 
found to be 4Σ, as predicted by theory, with the zero-field s p l i t 
ting parameter |D | > 1 cm"1. Hyperfine interaction with the 4 5 S c 
nucleus was observed but substitution of 1 3C0 produced no s p l i t 
tings, indicating only a small spin density on the C atom of that 
ligand. The s character at the Sc atom is estimated to be about 60% 
from the hyperfine parameters, and the very large g shift i s 
reasonably accounted for by the low lying 4Π state founa by Jeung 
and Kouteck? (51). 
TiCO. GVB theory (perhaps the oldest theoretical treatment of an 
MCO molecule) finds the classical σ donation of the CO nonbonding 
orbital to Ti da and derealization of Ti απ to acquire CO π* 
character (53). Nonbonding Ti electrons are polarized away from the 
CO in 4s-Xdp orbitals. In our symbolism the ground state is 3 Φ 
(4σ 22π 11δ 1) where 2π is mainly 4ρπ rather than 3άπ. (It is stated 
that this inducing of 4p character into the valence orbitals should 
be enhanced in Sc and decrease rapidly in proceeding past V. ) Ex
perimentally, v c o has not been established; in Figure 4 i t has been 
assumed to l i e along the line joining v c o for ScCO and VCO. An ESR 
spectrum for TiCO was not detected which is in accord with a 3 Φ 
ground state. 

VCO. 5 1V and 1 3C hyperfine structure (hfs) in the ESR spectrum 
established the molecule as VCO and yielded a complete electronic 
and magnetic picture of a S = 5/2 ground state molecule including g 
tensor, hf parameters and zero-field-splitting parameter |D| (46). 
The distribution of the five unpaired electrons is in approximate 
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accord with the (2π) (1δ) (4σ)Ί configuration in Figure 3. The σ 
electron has about 30% s character, the remainder being 3da and 
4ρσ. The spin density on the CO is quite small. There is the 
interesting observation of two conformations of VCO; both were 
observed in argon matrices, one in neon, and the other in krypton. 
It is reasoned that one of these is bent and that i t is most likely 
the gas-phase form. Earlier infrared studies by Hanlan, et a l . 
(54), had suggested that VCO might be bent, and extended Htlckel 
theory (assuming low spin) indicated that there was a monotonie 
decrease in energy of the molecule as the angle decreased. Thus, an 
ab i n i t i o calculation would be of real interest. A strong M-CO bond 
is indicated by a decrease of 240 cm"1 (in solid argon) in v c o ( 5 4) 
(see Figure 4). 

CrCO. The CO stretching frequency was observed at 1977 cnT1 (49), 
but there appear to be no other data on CrCO. Unpublished ESR 
spectra in our laboratory showed uncharacteristic very broad lines 
when chromium metal was trapped in an argon matrix containing CO in 
various concentrations. A tentative analysis indicated a 7 Σ mole
cule, the reason for the extraordinary breadth of the lines was not 
understood. In Figure 2, the ground state is tentatively given as 
7Σ (2π 21δ 24σ 15σ 1 ), in agreement with the addition of one electron to 
the known VCO configuration. 

MnCO. Two sets of authors agreed on the infrared spectrum of Mn + 
CO in matrices (55,49), but the firm identification of a MnCO signal 
was in doubt. It was suggested by us that the molecule is essen
t i a l l y nonbonded and therefore that v c o = 2 1 4 0 cm"1. This was 
rationalized, as indicated in Figure 4, by the high promotion energy 
of the Mn atom, implying that the 4s electrons provide a repulsive 
interaction with CO. There is evidence of the existence of MnCO in 
the gas phase, at least with a lifetime long enough to allow ioniza
tion to form MnCO+, i f the suggested mechanism for its preparation 
is correct. That ion and Mn+, Mn2 were observed during photofrag
mentation of Mn 2(CO) 1 0 and believed to be produced by multiphoton 
ionization of the neutral MnCO (and Mn, Mn2) photoproducts (56). 
The signal shows first-order dependence upon the sample pressure. 
(Note that Mn2 is proposed to be formed from Mn2, which is a van der 
Waals molecule as proposed for MnCO.) 

FeCO. Experimentally, IR in matrices finds v c o - 1 8 9 8 cm"1 (57,58), 
indicating a relatively strong Fe-C bond, but EngeIking and 
Lineberger (59) estimate the bond energy as 1.0 ± 0.3 eV. Also the 
Mossbauer isomer shift of -0.60 mm/s is close to that of the free 
atom, -0.75 mm/s (59). Theory has not quite decided whether the 
ground state is 3Σ~ or 5Σ~ and is finding i t d i f f i c u l t to account 
for the isomer shift (50,60-65). Thus, Guenzberger, et a l . (62), 
employing the discrete variational method with the Χα local approxi
mation, place the 6 orbital below the σ and, on an aufbau basis, 
obtain a dir 4d6 24a 2, 3 Σ ~ ground state. The calculated isomer shift 
is -0.12 mm/s, in disagreement with experiment. A recent calcula
tion by Marathe, et a l . (65 ) (using SCF + MP4SDTQ) derived a spin-
quintet (d-?r4do 4σ 15σ 1, 5Σ") ground state rather than a spin-
t r i p l e t . 5Π states (such as π 3δ 24σ 25σ) are calculated to l i e at 
least 1.4 eV higher in energy. However, with the 5 Σ " ground state 
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the calculated isomer shift is -0.11 mm/s, s t i l l in poor agreement 
with experiment, although the calculated C-0 stretching force 
constant is in good agreement with that derived from the experi
mental frequency. It is suggested that perhaps the matrix effects 
are large, which is not consistent with the vibrational results. 
However, another recent calculation by Daoudi, et a l . (66) [using 
SCF with (CIPSI)] finds the 3 Σ ~ state to be lower than the"5!*" state 
by 0.4 eV, the Fe-C bond energy to be 1.34 eV and v c o

 = 1 9 8 6 c m ~ · 
It is disappointing that an ESR spectrum for FeCO was not observed 
since i t could resolve the multiplicity problem in the ground state, 
but i f Σ states are lowest, a large zero-field-splitting is implied. 

CoCO. v c o in this molecule has been determined to be 1953 cm"1 in 
solid argon, but its ESR spectrum was not detected at the time even 
though there was no question that Co atoms and CO were present in 
the matrix (67 ). It is probable that the molecule contains at least 
one unpaired electron whether one reasons from FeCO or NiCO, so that 
i t s undetectability in powder ESR spectra is due either to orbital 
angular momentum or large zfs in the ground state. The former seems 
more likely so that the 4Δ state suggested in Figure 2 is 
reasonable. 

NiCO. The dissociation energy has been determined but with rather 
large uncertainty, 29 ± 15 kcal/mole (68, see also 69), and the CO 
stretching frequency found to be 1996 cm""1 (70,68). The electron 
affinity has been measured (68). That is essentially the extent of 
the experimental data except for observation of NiCO over the nickel 
surface under special conditions (71,72). Early theory predicted 
a 3 Δ ground state, (73,74,75-81) but Rives and Fenske (82) were the 
f i r s t to show, using a many configuration wavefunction, that the 1Σ 
state is slightly lower (0.15 eV) than the 3Δ, but the bond distance 
is much shorter in the singlet (1.70 Â) and the binding energy (2.7 
eV) and Ni-C vibrational frequency (505 cm*"1 ) much larger. The most 
recent theoretical studies (83,84,50,85,86-96) have indicated that π 
bonding is much more important than σ bonding, which is in fact 
repulsive. This is "softened" by sda hybridization. The nickel 
atom is close to d 9 rather than d 1 0 , expected for zero valent Ni 
because the promotion to the 1S(d 1^) state is energetic whereas the 
sd 9 state is almost degenerate with the ground state. 

CuCO. Kasai and Jones (97) proved that CuCO has a 2Σ ground state 
and observed Cu and 1 3C hfs. The CO stretching frequency is 2010 
cm"*1 in an argon matrix (98-100). Theory does not predict a bound 
complex (50,73,74,83-85,101-103 ) or at least only a "possible weak 
van der Waals interaction for the 2 Σ + state" (104). However, the 
ESR hf data indicate that the spin density distribution i s p(4S) C u = 
+0.67, p(4pa) C u = +0.08, p(2sa) c = +0.05 with the appreciable 
fraction remaining probably in the C(2pa) orbital. Thus, although 
weakly bound, the spin on Cu is polarized, and more important, 
perhaps 20% of the spin is on the CO ligand. 
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Chapter 16 

Spin Density Functional Approach 
to the Chemistry of Transition Metal 

Clusters 
Gaussian-Type Orbital Implementation 

J. Andzelm1, E. Wimmer1, and Dennis R. Salahub2 

1Cray Research, Inc., 1333 Northland Drive, Mendota Heights, MN 55120 
2Département de Chimie, Université de Montréal, Montréal, Québec 

H3C 3J7, Canada 

In this contribution we review the accuracy and computational 
efficiency of the local spin density functional (LSDF) approach us
ing linear combinations of Gaussian-type orbitals (LCGTO) for the 
calculation of the electronic structures, ground-state geometries, 
and vibrational properties of transition metal compounds and clus
ters. Specifically this is demonstrated for (1) bis(π-allyl) nickel 
where this approach gives an excellent qualitative and quantitative 
interpretation of the observed photoemission spectrum; (2) chem-
isorption of C atoms on a Ni(100) surface, where the present com
putational approach determines the adsorption site of C as the four 
fold-hollow position above the surface with a calculated C-Ni 
bond length of 1.79 Å (exp.: 1.75 ± 0.05 Å) and a vibrational fre
quency of 407 cm-1, (exp.: 410 cm -1); (3) vibrational frequencies 
of CO on Pd: the calculations reveal that inclusion of surface/sub
surface Pd-Pd motions couple significantly to the CO-Pd vibration 
leading to a reduction of the vibrational frequency by about 20% 
compared with a rigid substrate model. Inclusion of an external 
electrical field shows a stiffening of the C-O vibration with in
creased positive potential of the electrode; and (4) the electronic 
structure of Zn clusters where it is found that properties such as 
the first (s-electron) ionization potential converge rather slowly to
wards the value of the extended system requiring at least 20 tran
sition metal atoms for an accurate description of the surface elec
tronic structure. It is demonstrated that the computation of three-
index two-electron integrals can be achieved with a highly 
efficient vector/parallel algorithm based on recursive integral for
mulas recently published by Obara and Saika. Furthermore, we 
present the theoretical framework for LCGTO-LSDF gradient cal
culations. 

0097-6156/89/0394-0228$06.00/0 
© 1989 American Chemical Society 
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16. ANDZELM ET A L Spin Density Functional Approach 229 

There is growing evidence that local spin density functional (LSDF) theory (1) 
provides a unified theoretical framework for the study of electronic, geometric, and 
vibrational structures of solids, surfaces, interfaces, clusters and molecular systems (2,3) 
encompassing metallic as well as covalent bonding. Although widely used in solid state 
physics, including semiconductors, transition metals, lanthanides and actinides, density 
functional methods are still rather rarely applied to problems in chemistry. One of the 
reasons appears to be the lack of experience with this method in addressing typical 
chemical questions such as molecular conformations, vibrations, and reactivity. Such 
investigations require the capability to calculate accurate analytical derivatives of the total 
energy with respect to displacements of the atomic nuclei. Evidently, the potential of 
L S D F gradient calculations has not yet been fully developed. However, i f such a goal 
could be achieved for molecules and large clusters including transition metals, one would 
not only have an additional theoretical/computational tool to investigate large molecules 
with first and second row atoms (which is the current domain of Hartree-Fock 
calculations) but one could also study organometallic compounds, investigate reactions on 
metallic surfaces, and simulate large and complex systems such as zeolites and enzyme 
catalysts at an unprecedented level of detail. 

In this paper, we present results obtained with a particular molecular orbital 
implementation of local spin density functional theory using a linear combination of 
Gaussian-type orbitals (LCGTO's). The results, derived from single-point total energy 
calculations, illustrate the applicability of the L C G T O - L S D F approach to questions of 
electronic structure, vibrational properties, and geometries of transition metal clusters and 
compounds and, in addition, shed light on the computational issues encountered in this 
kind of large-scale molecular simulation. Furthermore, we demonstrate that the L C G T O 
implementation allows a compact analytical formulation of energy gradients thus setting 
the stage for future exploitations of this chemically important feature. 

The paper is organized in the following way. First the key features of the L C G T O -
L S D F method are reviewed (3); for a more detailed description of L S D F calculations, the 
reader is referred to recent reviews (2,3). Four examples, discussed next, highlight the 
performance of the L C G T O - L S D F approach to predict (1) the electronic structure 
(photoelectron spectrum) of a transition metal complex, bis(TC-allyl) nickel; (2) 
chemisorption geometries of carbon atoms on the Ni(100) surface; (3) the vibrational 
properties of CO on Pd including the influence of an external electric field; and (4) 
electronic properties of Zn clusters as a function of cluster size. The last example also 
illustrates the dependence of computational requirements on the size of the system. 

The Linear Combination of Gaussian-Type Orbitals (LCGTO) Implementation 

Basis Sets. Since the suggestion of Boys (4), Gaussian-type basis functions have become 
the standard in quantum chemical ab initio methods. In the Hartree-Fock theory the 
occurence of four-center two-electron integrals makes this choice a computational 
necessity. In local density functional theory, on the other hand, a conceptually simpler 
Hamiltonian gives greater freedom in selecting the variational basis set. For example, in 
many solid state calculations it has become common practice to use plane waves and 
augmented plane waves (5) with numerically generated radial functions in a linearized 
form (6). A n elegant alternative consists in the use of numerically generated atomic 
orbitals as basis for molecular orbitals (7). Both approaches using numerical basis 
functions, the solid state linearized augmented plane wave (LAPW) method (6,8) and the 
molecular/cluster approach (7,9) have proven extremely useful in carrying out high-
precision local spin density functional calculations for solids, surfaces, clusters, and 
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230 THE CHALLENGE OF d AND f ELECTRONS 

molecules (2). On the other hand, the accurate evaluation of analytic energy derivatives 
within these implementations turns out to be a considerable challenge (10). 

In the present studies, we use Gaussian-type basis functions for the molecular orbitals 
to solve the local density functional equations (11). This choice offers several advantages: 
(i) there is a wealth of experience from numerous ab initio Hartree-Fock calculations in 
using GTO's for molecular calculations (12), (ii) computationally, this approach can be 
implemented in a highly efficient way, as will be discussed below, (iii) the analytic nature 
of the basis functions opens the possibility for accurate analytic calculations of energy 
gradients for geometry optimizations and density gradients for non-local corrections (13), 
and (iv) effective core potentials or model potentials can be readily incorporated (14). 

Besides the Gaussian basis set for the wavefunctions, there are two other sets of 
Gaussian expansions used in the present approach, one for the electron density and one 
for the exchange-correlation potential. The expansion of the electron density is used in the 
evaluation of Coulomb integrals. Hence the expansion coefficients of the electron density 
are chosen (lib) such as to minimize the error in the Coulomb energy arising from the 
difference between the "exact" electron density (i.e. the density originating directly from 
the wavefunctions) and the fitted electron density. A l l necessary steps to obtain the 
expansion coefficients of the electron density can be carried out analytically. On the other 
hand, the expansion coefficients for the exchange-correlation potential have to be obtained 
numerically by generating the values of the exchange-correlation potential on a grid, 
which are then used to fit a Gaussian expansioa After this numerical step, the matrix 
elements of the exchange-correlation potential operator are calculated analytically. 

Integral Evaluation. In contrast to Hartree-Fock methods, the L C G T O - L S D F approach 
requires evaluation of only three-index integrals, thus representing an N 3 algorithm (with 
Ν being the number of basis functions). A l l examples discussed below, except the Zn 
clusters, were calculated using the Hermite Gaussian basis originally implemented by 
Sambe and Felton (11a) and further developed by Dunlap, Connolly and Sabin (lib). In 
contrast, Cartesian, not Hermite, Gaussians are the most widely used choice in ab initio 
quantum chemistry. The scheme of recursive computation of four-index cartesian 
Gaussian integrals, originally developed by Obara and Saika (15) for the Hartree Fock 
method, has now been reformulated for the three-index integrals needed in the present 
method. As shown below, a computationally highly efficient scheme results from this 
approach. 

Two kinds of three-index integrals are needed, Coulomb integrals of the form 
(adopting the notation of Obara and Saika (15)) 

where "II" refers to the l / r 1 2 operator, and overlap-like integrals to calculate exchange-
correlation potentials and energies of the form 

Here a and b stand for orbital basis functions and c denotes Gaussian functions used in 
the fitting of the electron density or the exchange-correlation potential. Most of the time 
is spent in the computation of I c . We can rewrite the original Obara and Saika formula 
(15) in a form suitable for computation of three-index integrals: 

I c = [a(l)b(l)llc(2)] (1) 

I x c = [a(l)b(l)c(l)] (2) 
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16. A N D Z E L M ET AL. Spin Density Functional Approach 231 

[àblICc+lj)]^ = [abllc] ( m + 1 ) 

+ Vi η N^c) {[ablKc-lj)]^ - (ρ/η) [abll(c-l.)](m+1>} 
+ ^ ( ζ+η) ) {N.(a) [(a-lj)bllc]<m> + N.(b) [a(b-ipilc]^n+1>) (3) 

Here, l i is a short-hand notation for a p x , D or p z function and function c+lj has an 
angular momentum one order higher than c. The recursive nature of Equation 3 allows to 
build, for example, integrals with d-functions from integrals with only s- and p- functions. 
The superscript (m) refers to the order of the incomplete Γ function. W. and Q{ are 
related to geometries and values of exponents of Gaussian functions; η , ζ and ρ depend 
on these exponents and N{(c) is a generalized Kronecker delta. For details the reader is 
referred to the original paper by Obara and Saika (15), Equation 39. 

Expansion of the integral with a single function c, instead of a (or b) already cuts the 
number of arithmetic operations by as much as 30% for d-type integrals. Substantial 
savings in the time of integral evaluation occur i f we calculate entire groups of integrals 
with shared exponents in various symmetries. Particularly, we can design basis sets for 
the electron density and exchange-correlation potential with shared exponents without 
loosing accuracy in the fitting process (16,17). Hegarty and van der Velde (18) analyzed 
the number of arithmetic operations necessary to calculate 4-index integrals. The best 
algorithm (18) requires about 22 operations per integral with d functions. In contrast, the 
present method requires about 8 operations per 3-index integral. The new formulas for the 
integral calculations can be efficiently programmed on a vector computer and the 
algorithm is amenable to parallelization as will be shown below. 

As for Hartree-Fock calculations, storage of integrals becomes the computational 
bottleneck for systems with a large number of basis functions. In this case, a "direct 
S C F ' (19) scheme can be adopted (20). For the L C G T O - L S D F method we deal with a 
smaller number of integrals (of the order N 3 rather than N 4 as in Hartree-Fock 
calculations) and therefore we may use the standard approach for up to about N=1000, as 
discussed below for the case of large Zn clusters. There is an additional advantage in the 
direct scheme as we have to calculate the full Hamiltonian matrix only once and then, in 
each iteration, add the changes to the matrix which correspond to modifications in the 
density and the exchange-correlation potential, but only for those matrix elements where 
this change is greater then a threshhold. During the course of iterations towards self-
consistency, a smaller and smaller number of matrix elements needs to be updated. 

Gradients. The calculation of energy gradients within the L S D F method using localized 
basis sets has been investigated by a number of researchers (10,21). However, there has 
been no published formulation for the case of the L C G T O - L S D F method. We will now 
give an outline of the formulas that have recently been implemented (22). Full details will 
be published in due course. In this method, both Coulomb and exchange-correlation 
energies are calculated analytically once the fitting coefficients for the electron density, p r 

with ρ = e, and exchange-correlation energy-density, e s, and potential, μ 8, are 
obtained (11). The total energy ( E ^ p ) can then be expressed as 

ELSDF = Σ

Ν

 Ppq ί h p , + *r Pr ^ + Σ , £ , ^ > " * Σ « Pr P, + U » <4> 

Here Ρ denotes the density matrix, h contains kinetic energy and electron-nuclear 
attraction operators; [pqllr] and [rllt] are Coulomb repulsion integrals with 3 and 2 indices, 
respectively, [pqs] denote one-electron 3-index integrals and U n is the nuclear-nuclear 
repulsion term. The form of Equation 4 ensures (lib) that the Coulomb energies are 
accurate up to second order in the difference between the fitted density and the "exact" 
density obtained directly from the wavefunction. 
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232 THE CHALLENGE OF d AND f ELECTRONS 

In order to obtain the energy gradient of E ^ p by differentiation of Equation 4 with 
respect to a nuclear coordinate, x, one can, in the first step, closely follow the procedure 
used in Hartree-Fock theory (23). In addition, derivatives of the density fitting coefficients 
occur in the present approach. These terms can be eliminated using the equation for the 
density fitting together with the normalization condition of the total density. At this point, 
the intermediate gradient formula is given by 

a E L S D p / a x = ς μ ρ ν { a t y a x + ς γ P r a[pqiir]/ax+ ς 8 e s aipqsi/ax j 
- vt ςα P r P t atriiti/ax + auyax - ς ^ w m atpqi/ax 

+ ZPq
 a V a x

 { Σ* (es - Vs) [pqs]} + Σ Ν P M Σ , Βεβχ [pqs] (5) 

Here, W is an energy-weighted density matrix element as in the Hartree-Fock gradient 
formula {23). Equation 5 contains two "difficult" terms (the last two), the derivative of 
density matrix elements and the fitting coefficients es. It turns out that these terms can be 
eliminated by using the relationship 

a p / a x ^ x c - e x c ) = p ae x c /ax (6) 

which can be obtained by differentiation of the fundamental L S D F formula (1) 

= d < £xc Ρ > / a P = £xc + Ρ a Exc / d Ρ <7> 

after multiplying both sides by p. In practice, μ and e x c are obtained through a fitting 
procedure. The fitted quantities do not correspond strictly to the original density and eq. 
(6) no longer holds exactly. However, with the fitting basis sets currently used, this 
approximation appears to be reasonable (22). Assuming therefore the validity of Equation 
6, we obtain the following L S D F energy gradient formula which is valid also for the 
spin-polarized case and in the presence of non-local corrections to the Hamiltonian (20)) 

a E L S D F ^ X = FHFB + F D ( 8) 

with 

FHFB = Spq Ppq { + Σγ Pr U<PU0*W + Σ

8 MM)®* S]} 
+ au n/ax - ς μ wM atpq]/ax (9) 

and 

F D = Σγ Pr PfrVa*" ^ Ppq Ρ ^ " S t Pt 1 1 ( 1 0> 

F R F B is the Hellman-Feynman force plus the correction for the orbital basis set 
dependence on the nuclear coordinate, x. The term F D is specific to the present L C G T O -
L S D F implementation. Equation 10 is equivalent to 

F D = ^ p r [ a ( r ) / a x l l ( p - p f ) ] (11) 

with ρ being the "exact" density and p f the fitted density. Qearly, in the case of a 
perfect fit F D vanishes. It is important to realize that within the L C G T O implementation, 
evaluation of L S D F gradients boils down to computations of 2 and 3 index integrals 
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16. A N D Z E L M E T A L . Spin Density Functional Approach 233 

which can be accomplished by the same efficient technique of integral calculation as 
described above. 

Illustrative Examples 

Electronic Structure and Photoelectron Spectrum of bis(TC-allyl) nickel. The 
photoelectron (PE) spectrum of bis(TC-allyl) nickel has attracted considerable attention 
since it was first measured in 1972 by LLoyd and Lynaugh (24). Later experiments (25) 
established an accurate basis for comparisons with theory. The first theoretical 
investigation by Veillard et al. (26) using the Hartree Fock approach (cf. Table I) revealed 
that the interaction between d orbitals of N i and π* orbitals of the allyl group is 
responsible for most of the bonding. Koopmans* theorem was found to be invalid in this 
case and total energy ASCF calculations are required. However, even large-scale CI 
calculations (27) could not correctly identify the first band as ionization from the ligand 
π-type orbital (7au orbital assuming symmetry of the molecule). A semi-empirical 
Green function approach (28) (cf. Table I) provided an efficient calculation of all of the 
ionization potentials (IP's) and gave satisfactory assignment for most of the PE bands. 
Hancock et al. (29) performed scattered-wave (SW-Xot) calculations of IP's applying the 
transition state method. Compared with experiment, the calculated spectra are shifted 
considerably towards lower energies and especially ionizations out of π-type orbitals seem 
to be in error. 

The present calculations were performed with an all electron version of the L C G T O -
L S D F method. Triple zeta basis sets for nickel and carbon atoms including polarization 
functions were employed. Details of basis sets and the method of their optimization are 
given in Ref. 16. A recent neutron diffraction study (30) revealed a pronounced bending 
of the anti-hydrogen atoms (by 30°), as a result of their strong repulsion from the nickel 
atom. First we discuss results obtained assuming planar geometry of the allyl groups as 
this allows a direct comparisons with the other theoretical calculations of the PE spectra 
performed so far. 

The interaction diagram between the 3d and 4s orbitals of N i and the ( C 3 H p 2 

fragment together with the resulting orbital levels of bis(TC-allyl) nickel are shown in Fig. 
1. The basis set superposition error (BSSE) (17) is corrected for by using the same basis 
set in all calculations except for the isolated N i atom. This accounts for the splitting in the 
N i ( C 2 h ) case. 

Bonding is caused by the interaction between d-electrons of N i and the π* electrons of 
the ( C 3 H 5 ) 2 fragment. By symmetry, bonding is allowed within the b g and a g manifolds. 
The donation of electrons from occupied 2b g orbitals of the metal atom to the unoccupied 
5b g orbital of the ( C 3 H 5 ) 2 fragment results in the bonding molecular orbital, 5b . Another 
bonding orbital, 10ag is formed as a combination of 7a g and 6a g orbitals of Dis(TC-allyl) 
and nickel, respectively. This bonding effect is, however, largely cancelled by the 
antibonding partner, the 13a orbital. Close to the H O M O (6b ) there are levels of mainly 

Mulliken charges reveals that the corresponding molecular orbitals (7au and l l b u ) have 
some admixture of metal 4p states. The coupling with 4p states causes a transfer of the 
ligand*s charge to originally unoccupied 4p orbitals of the metal. This "back donation" 
mechanism was first discovered in SW-Χα calculations (29) and is confirmed by the 
present L C G T O - L S D F study. 
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234 THE CHALLENGE OF d AND f ELECTRONS 

Table I. Experimental and theoretical results for the photoelectron spectrum of 
bis(TC-allyl) nickel (in eV) 

The principal orbital character of the ionized electron is added in parenthesis 

band exp. ASCF ASCF-CI G F SW-Xcc 
(a) (b) (c) (d) (e) 

LCGTO-LSDF(f) 
planar bent 

1 7.8 (π) 5.5 6.4 8.7 2.5 7.8 
2 8.2 (d) 5.6 6.6 8.9 4.5 8.0 

6.8 6.7 9.2 8.2 
3 8.6 (d) 9.2 5.0 8.4 

9.5 5.1 
4 9.4 (d, π) 10.0 5.5 9.2 

5.6 9.5 
5 10.4 (π) 11.0 10.8 10.9 6.6 10.7 
6 11.6 (π) 12.2 7.9-8.2 11.9 
7 12.7 13.0- 9.0- 12.1-

13.2 9.2 12.5 
8 14.2 15.4 13.6 

15.6 13.8 

8.1 (π, 7au) 
8.1 (d, 13aJ 
8.4 (d, 12ap 
8.4 (d, 6bJ 

9.4 (d, l i a ) 
9.9 (d, π, Aj 
10.3 (π, l ib*) 
11.2 (π A 10a ) 
11.8- (σ) 
13.3 
14.3 (σ) 
14.6 

(a) experimental data : Batich, Réf. 25 
(b) Veillard; Rohmer et al., Réf. 26 
(c) Moncrieft et al.; Hillier, Réf. 27 
(d) semi-empirical Green Function calculation: Bohm and Gleiter, Réf. 28 
(e) scattered-wave Χ α calculation: Hancock et al., Réf. 29 
(f) present calculations: allyl groups are planar or hydrogen atoms are bent 
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Using a planar geometry for the H atoms, the calculated L S D F ASCF values for the 
PE agree rather well (within 0.2 eV) with experiment (cf. Table I). Using a bent geometry 
(30), the total energy of the transition metal complex is lowered by 0.9 eV. The 
corresponding calculated photoelectron spectrum agrees less convincingly with experiment. 
The main bonding mechanism, i.e. donation from N i 3d to allyl π*, and back donation 
from allyl π to Ni-4p, remains, however unchanged. The d orbitals of N i are barely 
affected by this geometry change, and the important shifts are found in the ionizations 
from ligand π and σ orbitals. It should be noted that the experimental P E was taken in 
the gas phase while the "bent" structure was deduced from measurements on the 
crystalline solid (30). Clearly, a full geometry optimization of the isolated complex would 
settle the question of crystal packing effects and clarify the details of the photoelectron 
spectrum. 

Chemisorption of Carbon Atoms on the Ni(100) Surface. The next example 
demonstrates the capability of the L C G T O - L S D F method to predict the geometrical 
structures and vibrational frequencies of carbon atoms chemisorbed on the Ni(100) 
surface. The C/Ni system is of fundamental importance in catalytic petrochemical 
processes and thus has been the subject of many experimental and theoretical studies. 
Despite these efforts, many aspects such as the equilibrium position of the C atoms (above 
or below the surface N i atoms) remained unsettled. Recently, a joint experimental and 
theoretical study of the chemisorption of carbon on Ni(100) led to a clearer understanding 
of this system (31). It was found that in the ground state, C is adsorbed in four-fold 
hollow sites above the surface with a Ni -C distance of 1.79 Â, in agreement with the 
experimental value of 1.75 ± 0.05 Â, obtained from surface extended energy loss fine 
structure (SEELFS) measurements. Furthermore, the calculated vibrational frequency of 
the perpendicular mode of the adsorbed C atom, 407 cm _ 1 is in excellent agreement with 
the experimental value of 410 c m _ 1 . 

Vibrational Frequency of CO Adsorbed on Pd Clusters. In the next example, we 
present results for the vibrational properties of a CO molecule on a Pd surface, modelled 
by a cluster of 14 transition metal atoms (32,33). Furthermore, the influence of an external 
electric field is investigated using a smaller cluster, Pd 2 CO (33,34). In both cases, CO is 
assumed to be bonded in the bridge position. The chemically inactive Pd core electrons 
are described by a relativistic model potential as described in detail in Ref. 14. 

Two coupling modes are considered: for the P d 1 4 C O cluster the first mode (denoted as 
h) represents vibration of the rigid CO molecule with respect to the transition metal 
surface. The second mode is either the Pd-Pd vibration within the plane of Pd surface 
atoms (r) or out-of-plane stretch of the surface/sub-surface Pd-Pd bond (z). The total 
energy surfaces (h,r) and (h,z) are calculated for discrete points and then fitted to a fourth 
order polynomial. Variational and Quantum Monte Carlo (QMC) methods were 
subsequently applied to calculate the ground and first excited vibrational states of each 
two-dimensional potential surfaces. The results of the vibrational frequences ω using both 
the variational and Q M C approach are displayed in Table II. 

If one assumes a rigid substrate which, at first, seems reasonable because of the high 
mass of Pd compared with the CO molecule, a frequency of almost 500 cm"1 is obtained 
for the vibration of the entire (rigid) CO molecule perpendicular to the surface. This value 
is in significant disagreement with the experimental value of 340 cm"1 (35). As can be 
seen from Table II, a substantial lowering of this "beating" mode occurs due to 
anharmonic effects in the coupling of the ζ and h modes. In other words, the vibration of 
the surface/sub-surface Pd-Pd bond stretching couples to the CO beating mode and lowers 
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Table II. Vibrational frequencies (cm'1) of the two coupled modes (h,r) and (h,z) obtained 
from a harmonic (Har), variational (Var) and Quantum Monte Carlo ( Q M Q approach 

mode Har Var Q M C 

(h,r): 
ωΓ 240 192 192 

<°h 498 521 521 
(h,z): 

ω ζ 196 65 66 
498 402 397 

its frequency by about 20%. Taking into account the approximations involved in the 
present model (movement only of the nearest neighbours of CO, lack of direct coupling 
between r,h,z modes, and finite cluster effects) we feel that the calculated frequency of 
about 400 cm"1 is in reasonable agreement with experiment. Further investigations of the 
coupling between the CO stretch and the CO-cluster vibration (h) reveal that this coupling 
appears to be negligible. 

In a model study of Pd 2 CO, the coupling of the h mode (which is the same as in the 
14-atom cluster) and the d mode (CO bond stretching) was investigated in the presence of 
an external electric field (33,34). In this case, the calculated points on the energy 
hypersurface extend further away from equilibrium so as to allow the inclusion of second 
excited vibrational levels. The differences between Variational and Q M C approaches are 
now small, but on the other hand the electric field induced frequency shifts are small as 
well and therefore a high accuracy of the potential is nedeed . It turns out that the Q M C 
method is less sensitive to the fitting of the potential and thus is preferable. In Table III 
we present the CO stretching frequency (d) vs. electric field calculated for values of an 
external electric field appropriate for an electrochemical situation. 

Table III. CO stretching frequency (cm"1) vs. electric field (V/cm xlO 7 ) 

<%) Δ ω α ο / Δ Ε 
Electric Field Var Q M C Var Q M C 

-5.0 1833 1833 
-2.5 1859 1855 26 22 
0.0 1873 1878 14 23 
2.5 1908 1900 35 22 
5.0 1927 1920 19 20 
10.0 1961 1949 17 14.5 
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Both the variational and the Q M C approach show the same qualitative trend: the 
vibrational frequency of the CO bond-stretching mode increases with the electric field, i.e. 
when the electrode becomes more positively charged. However, these changes are nearly 
symmetrical for positive and negative fields only in the case of the Q M C treatment It is 
interesting to note that the experimental electrochemical curve (36) has a symmetrical 
sigmoid shape. 

A comparison with the calculations of the interaction of the electric field with the 
dipole moment of the isolated CO molecule shows that the Stark effect is clearly dominant 
and the chemical contributions account for about 25% of the total shift. This fraction is 
significantly larger than the chemical contributions found by Miller and Bagus (37) for 
CO adsorption on Cu. 

Electronic Structures of Z n Clusters. In the last example of this short review, we 
examine the electronic structures of Zn clusters as a function of increasing cluster size 
starting with the dimer and expanding the size to a total of 61 atoms. In these calculations, 
symmetry was not used to simplify the problem and all electrons are included in the SCF 
calculations. This systematic study also provides an opportunity to assess the 
computational requirements as a function of cluster size. 

Dimers. The Zr^ dimer is the subject of controversy because theoretical calculations 
performed so far (38,39) yielded no bound ground state, whereas experimental data 
suggest a weak van der Waals bond (40) with a dissociation energy of about 0.17eV (41) 
or 0.06eV (42) and a bond distance of 2.35±0.08 Â (41). In Table IV we summarize the 
results of the present calculations with a (43321/4211*/311+) orbital basis set (16), a 
(11/5/5) expansion for density and exchange-correlation fit and 4500 grid points per atom 
using the "best" local spin density potential of Vosko et al. (VWN) (43). 

Table IV. Optimized bond distances, R(Â), vibrational frequencies, coicm"1), 
and binding energies, AE(eV), for Zr^ and Z n / 

molecule R(A) û^cm" 1) AE(eV) 

Zn , 
Z n / 

2.6 
2.5 

207 
229 

0.3 
2.1 

The present results were corrected for basis set superposition error (BSSE) (17) which 
is equal to 0.09 eV at the equilibrium distance of Z ^ . We studied the sensitivity of the 
results to the choice of basis set. The most compact set (43321/431*/5) + (11/1/2; 11/2/1) 
(see Ref. (16,17) for explanation of the symbols) which we used resulted in a binding 
energy of 0.2 eV and a bond distance of 2.55 Â. Due to the rather flat potential curve we 
noticed larger variations of equilibrium distance then in binding energy. We expect our 
results to be within 0.1 Â and 0.1 eV of the L S D F limit. The d-orbitals of Zn do not 
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participate in the bond and the attraction is a result of a polarization of the 4s orbital. 
Thus, the inclusion of 4p orbitals is crucial and the dimer would not be bound without 
them. In fact, inspection of the wavefuction reveals a strong mixing of 4p and 4s states. 
The Z n / ion was optimized at the same level of accuracy as the neutral dimer (cf. Table 
IV). We predict the bond distance to shrink and the bonding to be much stonger than in 
the case of Z i ^ . The reason for this behavior lies in the fact that upon ionization an 
electron is removed from an antibonding 4σ level. The hole in the valence sp shell is 
equally shared between two Zn atoms. There remains a discrepancy between calculated 
(2.5Â) and experimental bond distances (3.0Â) and binding energies (exp.:0.1eV, theory: 
2.1eV). Given the bond strengthening upon ionization, Z n / is expected to have a shorter 
bond length, larger binding energy and higher vibrational frequency compared with the 
neutral dimer, as was found by the calculation. Thus, the experimental values for Z n / 
deduced indirectly using crude approximations (44) should be reexamined. 

Large Clusters. Metal clusters play an important role in the understanding of various 
aspects of chemisorption and catalysis, but they are interesting species in their own right 
as well since they bridge the gap between individual atoms and the condensed phase. The 
following preliminary study provides insight into the convergence of cluster properties to 
those of surfaces and bulk solids. 

First we discuss the dependence of the ionization potential on the cluster size. Clearly, 
this quantity should convergence to the work function of Zn, known experimentally to be 
4.33 eV for a polycrystalline sample and 4.9 eV for the (0001) surface (45), with the 
Fermi energy falling in the the sp-band. The ionization energy of the isolated Zn atom is 
9.8 eV (46). Somewhere between, small clusters of Zn start to resemble the bulk. Earlier 
Hartree-Fock calculations by Tomonari et al. (39) seemed to indicate that Zn clusters as 
small as 5 and 6 atoms approach bulk-like properties. This finding is in contrast to recent 
experiments (40) using ultraviolet photoemission spectroscopy (UPS) which clearly 
indicate a behavior of small Zn clusters distinct from the bulk material. This experimental 
result is consistent with our theoretical finding of a rather slow convergence of the 
ionization potential towards the work function of the extended system. 

In the present calculations, the geometries of the Zn clusters up to Z n 6 were taken 
from Ref. (39). The larger clusters are assumed to have simple hexagonal symmetry (hex) 
or hexagonal close-packed symmetry (hep) with the same bond distances as in the bulk 
(45). We performed self consistent calculations on both neutral and ionized clusters 
(ASCF) in order to account properly for relaxation energies. In the case of ions the 
calculations were carried out using the spin polarized approach. 

From Table V one can see a rather good agreement of ionization potentials (IP's) for 
the atom and dimer compared with the experimental values. The recent value of 9.0 eV 
(44) for the Zr^ dimer was estimated from reactions of Z n / with alkenes and alcohols. A 
direct measurement of the ionization potentials should resolve the controversy between the 
present theoretical and the indirect experimental results (44). The calculated work function 
decreases gradually as the cluster size increases and it slowly approaches the value of the 
extended system. The IP's calculated with L S D F theory are much larger then HF results 
and even for a 6 atom cluster they differ from the bulk value by as much as 2.5 eV. 
Clusters with at least 20 atoms are necessary to come close to the IP of the extended 
system indicating the necessity for transition metal clusters in this size range to accurately 
reproduce the electronic structure on a transition metal surface. This is particularly true for 
properties involving the sp-band, such as the IP's of zinc clusters. The difference between 
orbital energies and ASCF results (see Table V) should not, of course, be interpreted as a 
relaxation effect, since the Koopmans' theorem is not valid in L S D F theory (1). 
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Computational Aspects for Large Transition Metal Clusters. The study of Zn clusters 
of increasing size provides an opportunity to assess practical computational aspects in the 
simulations of transition metal systems using the L C G T O - L S D F method. Table VI gives 
the time in central processor unit (CPU) seconds for the computation of all three-index 
integrals for various Zn clusters, obtained on one processor of a C R A Y X-MP/416 
supercomputer (8.5ns clock cycle time). In the first test we used a D Z basis set 
(43321/431*/41+) for the Zn atom and an (11/3/2) expansion for the density fit. The total 
number of orbitals and fitting functions per atom was 26 and 32, respectively. No 
symmetry was employed in the calculations. In the first test we assumed the clusters to 
have the geometry of a simple hexagonal lattice (hex) . This created a much more open 
structure then the actual structure of Zn, which is hexagonal close-packed (hep). In the 
second test we grew the clusters within hep symmetry. Now the number of non-zero 
integrals is much larger and we have to use a direct version of the program already for the 
43-atom cluster. A n SZ type basis set (43321/431*/5) + (11/2/3; 11/0/3) was employed in 
the second test. 

It can be seen from Table VI that for the (hex) geometry the number of significant 
integrals (larger than our threshold, 10"9) increases quadratically rather than as the third 
power of the number of orbital basis functions, N b . The C P U time closely follows this 
pattern. For the case of a densely packed geometry (hep) the time of calculation is 
significant and it scales more as the third power. Analysis of the C P U time shows that 
about 30% of the time is spent in the routine which compresses primitive integrals into 
contracted ones and writes them onto external storage (disk or solid state storage device). 
The formation of the contracted integrals is a bottleneck of the computations, since in 
general it requires gather and scatter operations simultaneously, which is not vectorized. 
Using an unrolling technique, this problem can be solved, resulting in a sustained average 
speed of the integral package of about 80 MFLOPS per processor. This value may 
increase with the size of the basis set. The same integral routine running in the direct 
scheme delivers about 110 MFLOPS per processor. Obviously, one can form the 
Hamiltonian matrix within an unconnected basis set first and at the end (once) couple 
contributions from integrals over primitive Gaussians. 

A n important aspect of an efficient implementation of any program on current and 
future high-performance computers is the level of parallelism. Our tests show that for the 
Z n 1 4 cluster 96% of the code is parallel and for larger clusters this ratio increases. Taking 
into account Amdahl's law (48) we can expect a factor of at least 3.5 improvement in 
performance (total time) on a four procesor machine. In the last column of Table VI the 
expected wall clock time is presented. 

In view of these improvements it now appears that integral evaluation (in standard or 
direct mode) no longer represents the bottleneck for systems in the size range of about 
one-hundred transition metal atoms. 

Summary and Conclusions 

In this contribution we have reviewed the applicability, accuracy and computational 
efficiency of the local spin density functional approach to the chemistry of transition metal 
complexes and clusters using a linear combination of Gaussian-type orbital basis set for 
the calculation of electronic structures, ground state geometries and vibrational properties. 

This has been demonstrated for bis(TC-allyl) nickel, where the current approach 
provides a detailed understanding of the ligand-transition metal interactions (in the form of 
Ni-d to allyl-π* donation and allyl-π to Ni-p backdonation) as well as a quantitative 
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Table V . Ionization Potentials of Zn Clusters (in eV) 

241 

Cluster Size Orbital Energy Δ SCF experiment HF(d) 

1 -6.2 9.8 9.8(a) 7.6 
2" -5.2 7.9 8.4(b) - 9.0(c) 6.0 
3 -5.5 8.1 6.5 
4 -4.2 6.5 4.6 
5 -4.3 7.6 4.6 
6 -3.3 6.9 4.9 
9 hex -3.6 5.7 
14 hex -3.6 5.3 
21 hex -3.5 5.2 
13 hep -4.0 5.7 
25 hep -3.8 5.1 
43 hep -3.8 5.0 

polycrystalline 4.3(e) 
(0001) surface 4.9(e) 

(a) Ref. 46; (b) Ref. 47; (c) Ref. 44; (d) Ref. 39; (e) Ref. 45. 

Table VI . Time (in C P U seconds of one processor of a C R A Y X - M P supercomputer) 
of Coulomb integral calculations (I c) 

vs. number of integrals (Nj) and size of the orbital basis set ( N ^ 

Cluster N b Nj 10 6 Computing time (seconds) 
Size total nonzero CPU(a) CPU(b) 

hex:(c) 
7 182 4 1 2 

14 364 30 12 11 3 
19 494 74 18 21 
37 962 548 82 91 24 

hcp:(d) 
13 260 14 9 12 
25 500 100 41 54 
43 860 509 210 238(168) 64(45) 
61 1220 1453 416 601(391) 158(103) 

(a) the time of an integral run in direct scheme is given in parenthesis 
(b) the theoretical wall clock time on a 4 processor machine 
(c) (43321/431*/41+) + (11/2/3; 11/3/2) 
(d) (43321/431*/5) + (11/2/3; 11/3/0) 
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account of the photoelectron spectrum. In contrast to earlier approaches using Hartree-
Fock, CI and scattered-wave Χ α theories, the current L S D F calculations yield all observed 
photoemission lines to within about 0.2 eV. 

Chemisorption bond lengths such as those of C atoms on a Ni(100) surface are 
reproduced with the experimental error bar, i.e. to within a few percent. In addition, the 
calculation allow a determination of adsorption sites: in the case of C on Ni(100) it is 
found that C is adsorbed above the N i surface in four-fold hollow sites settling a 
controversy of C being above or below the N i surface atoms. 

The study of vibrational frequencies of CO molecules on a Pd(100) surface reveals a 
rather intriguing lowering of the CO/Pd frequency due to the coupling of surface/sub
surface Pd-Pd vibrations to the CO/Pd beating mode. In addition, an electric field causes 
an increase of the C-0 stretching frequency when the potential of the electrode becomes 
positive and the calculated shift rate (assuming an inner layer thickness of 5*10"8 cm ) of 
32 cm' 1 per volt is in reasonable agreement with experimental value of about 37 c m ' W 
(36). 

A systematic study of the first ionization potentials of Zn clusters as a function of 
cluster size with up to 43 atoms reveals that at least 20 transition metals are needed to 
approach surface (bulk) electronic structure properties. In addition, for the first time LSDF 
theory predicts a stable Zn dimer with a realistic bond length and binding energy. 

The investigation of computational requirements and their dependence on cluster size 
show the L C G T O implementation as highly efficient, particularly i f the integrals are 
calculated using a method based on the recursive formulas of Obara and Saika (15). For 
example, on a C R A Y X - M P supercomputer integrals can be calculated at a rate of 1 
million integrals per second per processor with a high level of vectorization and 
parallelism. In addition to the integral evaluation, three other parts needed in the L C G T O -
L S D F approach, namely density fit, exchange-correlation fit and diagonalization, have 
been implemented here in an efficient manner resulting in a balanced program, as wil l be 
discussed elsewhere (49). Cluster sizes of 50 transition metal atoms (without symmetry 
and with all electrons) are thus readily tractable with present technologies. Inclusion of 
pseudopotentials and/or symmetry and progress in computational hardware (faster clock, 
more processors) wil l enable the treatment of systems with 100 transition metal atoms or 
more. 

In this paper, we presented explicit formulas for L C G T O - L S D F gradient calculations 
which require just the calculation of integral derivatives. Hence, the same highly efficient 
integral package can be applied. 

In conclusion, the L C G T O - L S D F method promises to be an accurate and efficient 
approach for the study of the chemistry of complex systems including transition metal 
compounds and surfaces. 
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Chapter 17 

f Electron States in Condensed Matter 

Jaime Keller and Carmen de Teresa 

Division de Ciencias Básicas, Facultad de Química, Universidad Nacional 
Autónoma de México, Apartado 70-528, 04510 México D.F., Mexico 

In condensed matter the d and f electron states give 
rise to a large variety of properties due to their 
possibility of being either atomic-like states or 
band-like states with small changes in chemical com
position, temperature, pressure, etc. Both types 
of states are discussed both from the theoretical 
(and computational) point of view and from the ob
served spectroscopic, electric and magnetic properties 
point of view with special emphasis in f electrons. 
Electron-electron correlation is shown to play a 
dominant role in these series of phenomena. 

Atomic-like f electron states in condensed matter were f i r s t 
studied in rare-earth and actinide metallic or non metallic com
pounds. There the multiplicity of the f states and related pro
perties like magnetic moment, Curie-Weiss susceptibilities and 
spectra (where the crystal f i e l d splitting i s measured) indicate 
that for most of the rare-earth series (RE) i t i s a good ap
proximation indeed to consider those f electrons as atomic-like 
states. Then for the calculation of properties we can treat the 
f electrons in those compounds within the same approximations 
as for the core electrons and assume that the interaction between 
f electrons in different sites i s carried through the conduction 
or the valence electrons. 

The magnetic interaction between the ions in the magnetic 
metals for example, can then be considered as carried by the con
duction electrons in the well known Rudermann-Kittel-Kasuya-
Yoshida (JJ interaction. The physical origin of this interaction 
i s a point like polarization of the conduction electrons (CE), 
at the atomic sites, by the magnetic moments of the f electrons, 
resulting in an oscillation of the spin density of the CE. The 
point like approximation i s useful because the maxima of the f 
wave functions are found well inside the atomic core, in rad i i 
smaller than 0.7 atomic units. This polarization i s carried from 
ion to ion by the generated polarization oscillation of the con
duction electron spins, which has a wave length λ £ = 2π/ε£/ζ (e f = 

0097-6156/89/0394-0246$06.00/0 
o 1989 American Chemical Society 
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17. K E L L E R & D E T E R E S A f Electron States in Condensed Matter 247 

Fermi energy relative to the bottom of the CB). The Fermi level 
wave lengths are in general incommensurable with the crystal's 
interatomic or interplanar distances; as a result, the magnetic 
ground states of the rare-earth intermetallics and pure metals 
have complicated spatial distributions, ferromagnetic, antiferro-
magnetic, hel i c a l , etc. 

There are, nevertheless, non metallic or metallic elements 
and compounds containing rare-earths or actinides, where the f 
electrons are clearly not properly described as localized atomic-
like states. A wide range of special properties are found as
sociated with phenomena like electronically induced phase tran
sitions, va&ch£« f ] u^iturations, mixed valency (MV), disappearance of 
Kondo res i s t i v i t y and heavy electron behaviour. As we w i l l see 
below, there i s a common origin to a l l these properties which 
arise from the f electrons forming f bands which are highly hybri
dized with the s, ρ and d valence or conduction electrons, pre
senting new types of correlation between the f electrons them
selves, between the f electrons and the conduction electrons and 
between f electrons in different atomic states. As a result we 
find a whole series of new electronic ground states. A further 
complication arises at high temperatures, because i t i s usually 
the case that the peculiar electronic ground state, which gave 
rise to the special properties, i s destroyed and the materials 
behave again as i f the f electrons were localized, atomic-like 
states. The main reason for this electronic transition i s that 
the correlations are weakened by the thermal disorder and that 
the entropy AS a of the localized, disordered, atomic like magnetic 
moments adds a term AF a = -ASaT to the free energy F. 

At low temperatures, there are at least two ways in which 
the f electrons, and their magnetic moments, behave: either they 
order spontaneously in ferromagnetic, antiferromagnetic or com
plicated magnetic structures, or the f electrons can form a heavy 
fermion state, strongly correlated with the conduction electrons. 

Some of these materials change again their ground state, 
at temperatures very close to absolute zero, to a non conventional 
superconducting state. 

The f i r s t example of a heavy electron system CeAl3 , i s a 
good material to study the heavy fermion systems because i t pre
sents an extreme case of these properties ( i t does not become 
superconducting at low temperatures). Then i t should be useful 
to study the basic properties of these materials. 

There i s a series of materials with very interesting pro
perties showing large qualitative and quantitative changes in 
their electronic structure arising from small composition, tem
perature or pressure changes. Among them the rare earth and 
actinide mixed valence compounds are currently the subject of 
extense experimental and theoretical studies (2-5). Boppart and 
Wachter (3) have presented a very clear example of this behaviour 
in their studies of the moment formation in TmSe-^_xTex under pres
sure where both mixed valency, or intermediate valence (IV), and 
semiconductor to metal transition are found. The particular i n 
terest of this case i s not only that these materials have been 
extensively characterized, but also because they show, from com
parison of valences determined by two different experimental 
methods, that a unique picture which considers only one type of 
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248 THE CHALLENGE OF d AND f ELECTRONS 

electronic structure change, cannot, at the same time, explain 
the volume and the magnetic properties change as a function of 
composition or pressure. The substitution of Te by Se i s of course 
a "compositional" pressure, to be added to the external pressure 
inducing the valence i n s t a b i l i t i e s . The valence of a material 
ν =v - n | t o m i c , the difference between the number ν of electrons 
outside the core and the number n | t o m i c of localized f electrons 
i s determined from the analysis of two different experimental 
properties, say the change in the latt i c e constant and the change 
of the molar Curie constant (see Fig. 4 of Ref. (3) and i t has 
been found that they do not coincide for a given set of com
positions and external conditions. In fact, a linear interpolation 
of the lattice constant and the Curie constant between those of 
Tm3+ and Tm2+ give different valences. This can be understood 
i f one realizes that the Curie constant reflects more the orbital 
character, while the lattice constant reflects also the real space 
extension of charges. As has been pointed out by Schoenes (6), 
the degree of derealization of the f states can be correlated 
with the oscillator strength of the f •> d transition. Table 1 
in ref. (7) gives a selection of optically determined f d o s c i l 
lator strengths for various Ce and U compounds. 

I. Real Space Wave Functions of f Electrons in Condensed Matter. 

The total wave function of a material can be written as a sum 
of fixed configuration ( f n ) states which w i l l be mixed by the 
actual electronic correlation. This procedure i s usually known 
as configuration interaction (CI), being a standard method in 
many body techniques (8-10) where i t i s usual that each confi
guration i s represented by one determinant constructed from ap
propriate single particle wave functions of the different angular 
momenta. Each single particle wave function ψ i s , on the other 
hand, constructed as a linear combination of (usually) an atomic 
like and a series of polarization wave functions. This LCAO pro
cedure i s suitable to construct a given single particle wave 
function for the actual geometry of the material. 

The calculation of the single particle 4f-electron wave 
functions in atomic problems shows that even i f these states are 
occupied only after the 5s, 5p and 6s orbitals, the charge d i s t r i 
bution of the 4f i s such that most of i t i s inside the sphere 
of maximum charge density of the 5s and 5p. This i s also the 
case for the 5f electrons, in the actinides, relative to the 6s 
and 6p states. The physical reason for this behaviour i s the 
dominant role played by the effective f potential V£ =3(r), a radial 
potential well confining the f-wave function to a small region 
of space, see Figure 1. The resultant f-wave function should be 
appropriately called atomic-like. When the rare earth or actinide 
atom i s in condensed matter, the boundary conditions and the 
potential well changes drastically, mainly in the outermost part 
of the Wigner-Seitz c e l l , through the superposition of the atomic 
potential wells, with a lower potential in the i n t e r s t i t i a l region. 
The change in the potential makes i t necessary to include an extra 
contribution ψ£ ι , in the bonding region to construct an appro
priate f wave function Ψ£ in this material as: 
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\p£ «(ε^ψ^ + / l - a^ ψ£ΐ)Α where in general: 

J |Ψ £ f| 2dT = ι, I |ψ£i 2dx = 1 (1) 

RCa.u. ) 
1.0 2̂ 0 3̂ 0 4̂2 

Figure 1. The radial potential well V£_g (r) for f-electrons in 
solid γ-cerium and the resulting bottom of the band f-wave func
tion. Note the deviation from atomic character at the Wigner-
Seitz radius giving rise to a wide f-band in these materials. 
Correlation w i l l contract the f wave function to an atomic like 
distribution reducing the band character even to the extent of 
producing atomic-like behaviour. 

The auxiliary Ψί' wave function i s not of atomic character, 
on the contrary i t must have contributions outside the sphere 
where the 5s, 5p and 5d (or 6s, 6p and 6d for actinides) have 
their maxima. The ψ£» i s usually taken to be orthogonal to 
ψ£. The angular part i s of course the same as the 4f (or 5f); 
but in molecular and solid state calculations the t could also be 
termed "polarization" wave functions. Because the two components 
ψ£ and\l^t are orthogonal, the normalization integral 

A J | | ( a n i | ; f + ν Τ ^ ψ £ ) ) | ° < 1 τ = a ' J O ; | ψ £ | 2 d x + ( l - a ; ) | < U f t | ' d O 

(2) 
= c » ; + d-a;)_i= ι 

w i l l have two main contributions: the atomic-like part a^ and 
the delocalized part (1 - a^). For the complex constant A we 
require A2 = 1. 

The coefficient a n i s given the subscript η because i t 
strongly depends on the total amount of f-character for a given 
configuration f n being considered. The lower the average energy 
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of the f-electron band in the f n configuration for that atom in 
condensed matter, the larger the average a n i s expected to be 
(a^ ~ 1). But in general a n = a n (E) with a^(E^ ) < a^(E2 ) i f 
Ει < E2 and Έ>ι , E2 within an f band, that i s bonding states at 
the bottom of the band are less localized than the antibonding 
states at the end of the band. If the average eigenvalue 
ε , the center of the f-band, i s close or above the fermi energy 
tne set a n w i l l decrease i t s value. Because the f-electrons eigen
values are found to be highly occupation dependent, shifting by 
1.5 to 5 eV with a unit change in occupation, ε^ η < ε^ η +χ and 
and a^ > a j ^ , thus the average amount of atomic like character, 
per electron, in the f n + l state should in general be taken to 
be smaller than in the f n configuration. 

Equation 1 i s an example of the expansion of one type of 
orbital into a linear combination of other sets, or LCAO procedure. 
A discussion of the real space wave functions for RE and actinides, 
showing the large differences with the atomic like wave functions 
can be found, for example, in Freeman's introductory paper to 
the Physics of Actinides and Related 4f Materials (11), (especially 
Figure 8 of that paper for γ - U). See also (12). In our analysis 
here we have concentrated on the rare earths. 

Here i t should be stressed that for condensed matter a con
venient analysis of the wave functions i s made in the form of 
cellular orbitals, these are defined inside the Wigner-Seitz cell s 
around each atom, a band can be formed for each angular momentum 
beginning at the energy at which these wave functions have zero 
slope at the surfaces of the Wigner-Seitz cells up to the energies 
where the wave functions have zero value at the same points. 
In a sense we are speaking of a linear combination of cellular 
orbitals (LCCO) procedure. 

The real space wave functions ψ£ are the solutions of a 
Schrodinger like equation 

where the MC wave function Ψ i s a linear combination of determi-

when the Ε i s minimized subject to the constraint 

(5) 

nants of the φ 1· Then 

δ ( ί Π { ψ * } , { ψ } ] - ε ( ) | ψ | " d x 1 d x N - l ) )= 0 (6) 

contains a set of equations, one of which, defining , 

(7) 
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ffEquation 7" reduces to the_ Hartree Fock and CI i f only one determi
nant i s used and Ε Ε^|_{ψ*},{ψ} |. But in highly correlated sys
tems the use of Equation 7 i s mandatory because correlation 
largely changes the from the Hartree-Fock value, then 

|Φ. - Ψ ? Γ ι 
"""mv 1 « f i ( r ) with f-^(r) » 0.0 in a range of r. 

II. Configuration Space Wave Functions. 

In configuration space the wave function for a given η occupancy 
of the f band w i l l be | f n> , usually a determinant with η single 
f-states. The actual wave function for a particular experimental 
situation h, for example an i n i t i a l state h = i or a f i n a l state 
h = f, i s 

|h>=EC n h|f n> (8) 

this being the so called configuration interaction (CI) or multi-
configuration (MC) schemes (see, for example (8-10), where the 
total number of f electrons n f w i l l not, in general, be an integer 
value. 

The configuration wave function |f n> is usually represented by a 
determinant for the "active" space where only the ν valence elec
trons contribute to one column each: η columns for the f electrons, 
v-n-1 columns for the d electrons and one column for the (s-p) 
conduction electrons for each RE atom η - nf. 

In this case the amount of atomic-like f-character: 

atomic v n 2 2 , / 0\ n^ = ZnC, a < n £ (9) f hn η — f η 
There should be some additional contributions to n ^ t o m i c in 
Equation 9 , from the cross terms in <h|h> which can be important, 

mostly i f several C n n are of the same order of magnitude and at 
least two of these terms have η > 0. 

For a given h the parameter n | t o m : L C i s a suitable quantity 
to measure the amount of very localized, atomic-like f-character, 
and i t s relation to the properties of the system. 

natomic i s n o t unique because i t depends on the choice of 
and ψ£» , but a consistent scheme w i l l lead to avoid this, well 

known, shortcoming of population analysis. 
The configuration interaction (in the MC scheme) wave function 

|h> i s needed in the condensed matter problem because the reduced 
symmetry of the crystal and, mainly, the effect of the scattering 
wave boundary conditions for energies above the i n t e r s t i t i a l po
tential or the existence of bonding states between the anions and 
the heavy metal ions, w i l l allow several types of coupling or cor
relation between the f level and the valence or conduction elec
trons. This coupling, usually denoted by Δ , i s in fact the sum 
of several contributions which are responsible for either MV, Kondo 
or other effects. In general there w i l l be a dominant configuration 
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η contribution (C n ~ 1.0) and then a second with lower amplitude 
Cn+1 (° r Cn-P - Δ ^ Ε η + 1 "~ Είΐ ) » Eî} b e i n 8 t h e total energy computed 
for a fixed f n configuration. 

For example in the different phases of the Ce problem the 
ground state i s usually described as in a f 1 configuration, but 
i f a core hole i s present or for the case of BIS spectroscopy the 
f 2 configuration w i l l then take a larger weight. In the ground 
state of α-Ce the increased interaction between the f electrons 
and the conduction band w i l l bring in the f° configuration because 
in this case the energy difference E ^ i c ^ a ^ g i - ̂ f ^ ^ o s 1 i s small; 
this being one of the reasons for the complicated behaviour of 
Ce metal and Ce compounds. For these materials the CI method has 
been extensively used by Gunnarson and Schonhammer (13) (and re
ferences therein). 

The coefficients Cjj w i l l in general depend on the hybridization 
of the f electron wave functions which i s the origin of the forma
tion of an f band. But, as already pointed out by Haldane (14), 
these materials tend to behave as "low density" or impurity like 
systems at intermediate temperature. This consideration i s import
ant because in a material such as CeAl3 , at intermediate tempera
tures, transport properties correspond to incoherent scattering 
by each RE atom at the maximum resonance scattering cross section 
(15), as expected from an impurity like Kondo-resonance, and the 
coherence between the RE atoms, although fundamental for the under
standing of the low temperature regime, can be introduced a poste
r i o r i . 

We can describe the process of pressure induced valence tran
sitions (as in Fig. 1 of Ref. (3)) as a three step phenomenon. The 
f i r s t , in the pressure range Ρ <. Ρχ only qualitative changes in 
the wave functions (as described by Equation 1 ) are induced, 
for a given ground state f n + ^ configuration, C n +^ * 1.0, because 
of the total electronic energy for that configuration E((n + 1),P) < 
E(n,P) and transitions to f n states are not favoured. The second, 
where on increasing P, for some range Ρχ<Ρ< Ρ 2 * t n e t o t a l energies, 
E(n,P) - E((n + 1),P), are similar and a real mixed valence regime 
i s set on with a corresponding decrease of the bulk modulus of 
the material which arises because the atomic r a d i i in the f n con
figuration are smaller (by some 6%) than in the f n + l states. After
wards, a third step, for a pressure Ρ > Ρ 2 where the dominant 
configuration w i l l be f n because now E(n,P) < E(n +1,P) or C n(P)-
1.0, and in general, for this pressure the center of the f n band 

would have dropped to (η) = Cf (η + 1) - τ^| η+ι /2 < E F a n d t h e 

wave functions recover some atomic character. Our calculations 
for the RE show that for a unit change in f-atomic-like character 
the r a d i i where the 5d wave functions have their maxima, change 
by 6% approximately. On the other hand a change in the real space 
distribution of the f wave function w i l l not change the magnetic 
moment but by the amount given by the change in hybridization. 

In terms of the Equation 7 above the correlation between 
the η and the n+1 states w i l l result in large attractive or repul
sive effective potentials arising from the kinetic energy of the 
d electrons, as far as terms like -/C* -, C ψ^ν^ψ, dx appear in the 

' η 4-1 η τ π 
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expression for the total energy ( Equation 4 ), which may even 
not contribute to the total energy but that w i l l contribute in 
Equation 7 with a term -C* + 1 CnV 'ψ^ = V d f as an effective at

tractive potential i f V^f i s "negative which w i l l induce a larger 
band character or as a repulsive potential i f V^f i s positive which 
w i l l induce a larger atomic like character. The reason for this 
can be seen in Figure 1 because i s "outside" of the atomic 
like part of the f wave function and there i s where V^f w i l l act. 

One particular example of the application of these ideas would 
be the analysis of CeO which from both band structure calculations 
(Koelling, Boring & Wood (1983) (16)) and core level spectroscopy, 
has about nf = 0.5, the f electron i s , however, bonded to the oxygen 
p-electrons. The real space analysis for these bonding, delocalized 
character, f-orbitals show that n a t o m i c ~ 0.4 nf ~ 0.2, a value 
too low to show intraatomic f f or f > d transitions with f i n a l 
state splittings. 

III. Considerations for the Analysis of the Heavy Fermions Systems. 

For normal metals most of the electronic and magnetic properties 
are dominated by the density of electronic states at the Fermi 
level N(Ep). One of the conclusions of the nearly free electron 
theory i s that at low temperatures, the ratio of the magnetic sus
cepti b i l i t y χ due to independent magnetic electrons, to the elec
tronic specific heat parameter γ, should be a constant (in principle 
universal) number 

R = ^ k 2
X / g } j ( J + l ) y 2 (10) 

An important feature of the heavy electron systems which have 
been discussed by Ott in the previous paper of this Symposium i s 
that, even i f the specific heat parameter and the paramagnetic 
susceptibility are both very large compared to the normal free 
electron metals, their ratio i s not very different from what i s 
found for normal metals (a review by Lee et a l . of the theories, 
and experimental facts, of heavy electron systems, can be found 
in (17)). 

There are at least two conclusions to be gained from this 
fact: the high specific heat parameter and the high magnetic sus
cepti b i l i t y at low temperatures should have their origin in a common 
feature of the electronic structure as in the case of the nearly 
free electron metals. Second, that either the concept of Fermi 
level should be modified from i t s usual formulation, or that there 
i s a new type of mechanism allowing that the Fermi level coincides 
with the high density of electronic states without the system be
coming unstable. That i s , i t could be that we should abandon the 
picture where the Fermi level corresponds (for a metal) to a series 
of an electron like quasiparticles. There i s another property 
which makes the study of these materials a series of exciting disco
veries: some of them form a superconducting state at very low 
temperatures, where the characteristics of these superconducting 
states should be considered unusual in the sense that the energy 
parameter i s not evidently related to the Debye temperature Tp 
of the solid but to an order of magnitude smaller energy parameter 
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Tu . In our study of these materials we have found some evidence 
that this temperature could be related to a spin f l i p scattering 
mechanism which i s also responsible for the Kondo re s i s t i v i t y ob
served in these materials. 

There are at least three types of materials presenting heavy 
electron properties: 
-Heavy fermion systems becoming superconductors at low temperatures, 
CeCu 2Si 2 , UBe 1 3 , U 2PtC 2. 
-Heavy fermion systems with a magnetic low temperature ground state 
UCd-Q , U2Zn-^y. 
-Heavy electron systems with a "normal" low temperature ground 
state CeAlg , UA12. 

It i s thought that the same electron-electron couplings which 
give rise to the heavy electron behaviour for the "normal" heavy 
electron systems, should be responsible for the magnetic or super
conducting ground states. Then i t i s important to analyze the 
properties of a material which remains "normal" at a l l temperatures, 
like CeAl3 . It should be stressed that the known examples of a 
low temperature magnetic ground state: UCd-Q, NpBei3, U2Zn^7 , 
Nplr 2, NpOs2 , correspond to actinide compounds and only one case of a 
cerium compound CeAl 2 , i s included in this l i s t ; this could be 
related to a stoichiometry and lattice parameter effect. 

The study of the elect r i c a l r e s i s t i v i t y ρ may be the f i r s t 
property where some conclusions can be drawn. In ordinary tran
sition or rare earth metals, the presence of the d and f bands 
i s clearly seen in the analysis of the re s i s t i v i t y (for example 
(18)). 

In many studies of the properties of valence and conduction 
electrons in the different materials, an approximate theoretical 
result to f i t experimental data i s obtained through the introduction 
of an effective mass m* using a nearly free electron picture and 
formulae with the mass m parametrized accordingly. In most metals, 
where the ratio m*/m varies in the range of 0.1 < m*m/m < 10, this 
value of the parameter m* can be explained considering an actual 
electron density of states N(E) modified from the free electron 
value N 0 (E) = aE^'2 f o r t w o m a i n reasons: resonant states cor
responding to s, p, d, f bands.of atomic origin and, second, s p l i t 
ting of those bands by crystal f i e l d or chemical bonding inter
actions (19). Each one of these contributions w i l l tend to create 
a sub-band, generally narrow, which w i l l change m*(E). A transition 
metal for example, (see reference (19)), w i l l have from resonant d 
atomic scattering a large N(E) in the energy range corresponding 
to the d band, that d band w i l l be s p l i t , in cubic crystals, into 
Eg and T 2g sub-bands, corresponding to the crystal f i e l d symmetry, 
and, f i n a l l y , each sub-band w i l l in turn be s p l i t into (a series 
of) bonding and antibonding sub-bands from the chemical bonding 
with the rest of the material, mainly the nearest neighbors. Never
theless the sharpest of those sub-bands w i l l not explain an e f f e c t i 
ve mass larger than say m* = 20 m. 

Heavy electron systems (see for example Ott, Rudigier, Fisk 
& Smith (20)) are known since the discovery of the unusual properties 
of CeAl3 , to show from measurements of the specific heat Cp , a 
large effective mass ranging from 150 m for UAI2 to 1180 m for 
UBei3; simultaneously a very large magnetic susceptibility ranging 
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from a spin fluctuation behaviour (where the susceptibility i s 
at least two orders of magnitude higher than the transition metal 
usual spin enhanced susceptibility) to a high temperature local 
moment behaviour, with a typical Curie-Weiss law and a localized 
moment corresponding to an orbital and spin parts very similar 
to the f electron atomic values, and f i n a l l y , a r e s i s t i v i t y maximum 
at low temperatures, suggesting a Kondo effect contribution (as 
mentioned above, i t was found that these heavy electron systems, 
being spin fluctuators, could become superconducting as in the 
case of CeCu2Si2» UPt^, UBe-^, URe2, showing unconventional super
conductivity; the experimental data suggesting from the very begin
ning the possibility of s = 1 and p-pairing. A theoretical discus
sion can be found, for example, in Ott, Rudigier, Rice, Ueda, Fisk 
and Smith (21), where the analogy suggested by Pines of a behaviour 
similar to superfluid liquid % e i s further analyzed). 

At this point we want to stress that the heavy fermion systems 
(22) are related to a very large spin enhanced susceptibility or 
localized magnetic moments, very narrow bands of elementary ex
citations at the Fermi level, and a new type of pairing, in the 
case where they become superconducting, at low temperatures even 
i f they were spin fluctuators above the c r i t i c a l superconducting 
transition temperature T s. 

As i t was presented in our studies of the f bands, in terms 
of the actual f-wave functions in the atomic and in the condensed 
matter case (7_) we found that the width of the band i s related 
to a distortion, in real space, of the radial part of the f-wave 
function to adapt to the condensed matter potential and boundary 
conditions: i f the distortion i s large, (a Ce for example) the 
band width i s also large, otherwise i f the f-wave function remains 
very close to atomic like the band width i s smaller (yCe, for exam
ple). Then i t i s possible that the peculiar behaviour of heavy 
fermion intermetallics i s related to a mechanism which w i l l contract 
the f-wave functions to an atomic, core like form. 

The question of these materials being spin fluctuators on 
the other hand, similar to the problem of the itinerant TiBe2 i s 
related to both a large conduction electron density of states 
at the Fermi level and to a large enhancement of the spin suscepti
b i l i t y . The approach we have followed for these materials i s to 
analyze the spin susceptibility density in real space to show those 
regions of the material with a large electron density of electrons 
at the Fermi level γ (r) and the local enhancements those electrons 
w i l l have in that point. The spin fluctuators are those materials 
for which 3 i s large either in an atomic c e l l (with localized moment 
behaviour) or in the i n t e r s t i t i a l region (with itinerant magnetism 
behaviour like in TiBe2 ). We have found that the rare earth and 
the actinides compounds of Ce and U present a large spin suscepti
b i l i t y in the boundary regions between atomic c e l l s , similar to 
early transition metals, but larger. 

Suppose now that some mechanism, which w i l l be explained in 
the self consistent approximation below, contracts the f-wave 
functions of the rare earth or actinides metals to the point where 
the orbital angular momentum i s not quenched, as in broad d-band 
transition metals, then the orbital magnetism w i l l act as a strong 
local magnetic moment H Q which w i l l induce a (local) spin magnetic 
moment on the enhanced susceptibility conduction band electrons. 
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256 THE CHALLENGE OF d AND f ELECTRONS 

This w i l l contribute an additional energy AE ) Q_ S = - 1/2XS H2 to 
the system, with the following consequences: f i r s t an additional, 
magnetic, scattering of the conduction electrons w i l l be found, 
increasing the re s i s t i v i t y in a Kondo like mechanism, second, 
the susceptibility to an external f i e l d w i l l have two contributions, 
one from the spin enhanced susceptibility and the second from the 
giant localized moments consisting of the f-electron moment and 
the induced local spin moment. Third, at low temperatures, the 
additional ion-conduction electrons magnetic scattering, for elec
trons of the same spin, w i l l add a p-pairing (because of the total 
spin s of the conduction electrons pair being S = 1) to the weak, 
normal, s-pairing of the Cooper mechanism. It i s known that when 
p-pairing i s present the s-pairing w i l l tend to be negligible. 
Then, a mechanism which changes the hybridized f-electron wave 
functions back into atomic like w i l l , in a high spin susceptibility 
material, induce the observed behaviour now known as heavy electrons 
in metals, i f at the same time the coupling, through magnetic inter
action, of the conduction electrons at the Fermi level and the 
electrons in the f-band, i s accounted for. 

Because of the coupling between Fermi level conduction elec
trons and the f-band (allowing the hopping between both types of 
states) i t could be thought that the one electron f band w i l l always 
be at the Fermi level, but i t i s known that this i s not the actual 
case because the occupation of the f-band cannot be deduced from 
the energy eigenvalue (because a removal of an f-electron w i l l 
drastically change the electronic structure and the relaxation 
corrections are large and cannot be neglected). Then, the narrowed 
f-band occupation has to be found from the study of the lowest 
total free energy configurations allowing for integer n^. 

The mechanism we propose in the present paper i s just a self 
consistent analysis of a l l the previous considerations and their 
introduction into the, otherwise typical, calculational procedure. 

The magnetic coupling between conducting electrons and f-elec-
trons as well as other correlation effects w i l l modify the kinetic 
energy of the f-electron. For this the conduction electrons have 
to be thought as the source of the magnetic f i e l d and the f i e l d 
momenta incorporated into the Schroedinger equation (P^ contains 
correlation effects of the type described in the previous section 
where terms like -CgCn_-|V 2 ψ α act as an additional kinetic energy): 

k ^ - t V - s F ' i α ϊ ) 
(here m+ i s a dynamic effective mass, not the heavy fermion mass). 

The effective magnetic f i e l d H Q , from the orbital part onto 
the conduction electrons, can be approximated from the spin orbit 
splitting but i t should also be remembered that the effective f i e l d 
could be larger because the forces between the f-electron spin 
and the conduction electron spins, w i l l add to the dipole f i e l d 
of the orbital moment. To ill u s t r a t e the effect of this dynamic 
effective mass m+ we present the change in the f-band width of 
Ce in YCe as a function of the effective mass, Figure 2 . Other 
calculations supporting this analysis w i l l be published elsewhere. 
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SSDOS Ρ 
700 h 

Figure 2. The change in the energy of the center of the 4f bands 
êf and in the band widths If as a function of the electron dynamic 
effective mass m+ in γ-cerium metal. Energy in Rydberg units. 
For m+./m > 1 the state becomes almost atomic l i k e , and the f bands 
for different J = L + S values do not overlap in energy, A E s l » T 

We found the contraction of the f-wave functions to an atomic 
like character. This has an important consequense, because we 
see the onset of a cooperative effect, the orbital magnetic moment 
to spin conduction band electrons interaction and other correlations 
w i l l generate an effective mass for the f-electrons which, in turn, 
w i l l , by contraction of the f-wave function, enhance the atomic 
like character and then enhance the f u l l process, hence the process 
w i l l not be smooth or show linear behaviour; the process w i l l 
tend to present a sudden change of the f-electrons from a band 
character to an almost atomic like behaviour. This many-body effect 
i s responsible for further scattering between the conduction elec
trons and the rare earth or actinide f electron states. 

IV. Correlation Among Localized States. 

Many materials can be studied within the Hartree-Fock scheme because 
the atomic, molecular or Bloch orbitals in the independent particle 
HF approximation are a very good f i r s t approximation to the actual 
electron-like quasiparticles of the system. The scheme breaks 
down in at least three special cases: 

Fi r s t , when the states are so localized that the Coulomb cor
relation i s larger than the separation of adjacent levels or the 
widths of the bands. In this case the main failure of the Hartree-
Fock scheme i s caused by the eigenvalues being strongly different 
from the ionization potentials (in an energy dependent way). This 
i s because two states of approximately the same eigenvalue have 
ionization potentials which are different among them by a quantity 
larger than their difference in energy to the Fermi level. As 
a result the sum of the eigenvalues i s largely different from the 
total energy and the states cannot be occupied in order of i n 
creasing energies. 
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Second, when sets of states of the occupied part of the spec
trum l i e very close to the Fermi level and other sets of empty 
states, also near the Fermi level, can be correlated with the f i r s t 
set through the Coulomb or other interactions. This i s the case 
of aromatic compounds in organic chemistry (correlation dominated 
properties, as opposed to the aliphatic compounds, molecular orbital 
dominated properties) and of the heavy fermion systems. 

Third, in cases similar to the previous one, when another 
source of correlation, like the electron phonon coupling, generates 
the large correlation between the occupied and the empty states. 
This i s the case of the vibronic . states in molecules or of the 
superconducting states in solids. Because i t i s not the Coulomb 
correlation alone the mechanism responsible for the behaviour, 
the correlation leads to an actual pairing of electrons and either 
boson states are formed or this boson states can condense into 
a boson liquid like in superconductors. 

Heavy fermion materials correspond to the second case. In 
CeAl 3 for example there i s a f5/2 band just below the Fermi level, 
the crystalline f i e l d s p l i t s this band into sub-bands of different 
symmetry and the interaction with the rest of the material further 
sp l i t s each symmetry sub-band into a bonding and antibonding part. 
In the cerium metal and i t s compounds only the bonding part of 
the lowest lying symmetry sub-band i s occupied. It can then corre
late both to the electron states at the Fermi level through a Kondo 
mechanism and to the lowest lying f empty states through a Coulomb 
correlation. When the temperature of the material i s decreased, 
pairs of f states sitting on different atoms form a very weak through 
bond (a through bond i s formed with the aluminum atoms as mediators 
in CeAl3). Then f electrons in adjacent cerium sites develop a π 
bond-like structure similar to that of graphite. An equivalent 
to an aromatic compound has been formed. There i s nevertheless 
a large difference with the case of graphite, because in graphite 
the energy of derealization i s very large and the bonding π states 
are separated of the antibonding π states by energies of the order 
of electron volts and, as a result, the correlation energy i s large 
but smaller than the difference between the eigenvalues of the 
π states and the Fermi level. In CeAl3 , on the other hand, the 
f levels constitute a very narrow, atomic-like, band which, when 
forming the extended delocalized states, has a very small splitting 
between the bonding and antibonding f electrons pair bands. As 
a result, as the Fermi level sits in the minimum between the sub-
bands, the Coulomb correlation i s very strong and a Fermi liquid 
can form at low enough temperatures, when the thermal disorder 
w i l l not destroy the extended state. 

Our conclusion i s in agreement with the measurement and the 
narrow band model for these series of compounds proposed by Wachter, 
Marabelli and Travaglini (23), and the conclusions of our analysis 
coincide with those of the splitted narrow band model of those 
authors. 
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Chapter 18 

Influence of Chemical Composition 
on Heavy-Electron Behavior 

H. R. Ott1 and Z. Fisk2 

1Laboratorium für Festkörperphysik, ETH-Hönggerberg, 8093 Zürich, 
Switzerland 

2Los Alamos National Laboratory, Los Alamos, NM 87545 

The drastic influence of small changes in chemical 
composition on the low-temperature properties of 
heavy-electron materials is demonstrated. Prevention 
of the heavy-electron state itself or suppression of 
phase transitions out of this state are among the most 
interesting experimental observations. 

The occurrence o f a heavy-e l ec t ron s t a t e i n metals i s most d i s t i n c t l y 
observed i n compounds where one of the chemical c o n s t i t u e n t s i s an 
element o f the r a r e - e a r t h (4f) or a c t i n i d e (5f) s e r i e s . W i t h i n these 
s e r i e s , i t i s the elements at the beginning or the end of the r e s -
8 e c t i v e row of the p e r i o d i c system that are most l i k e l y i n v o l v e d i n 
t h i s e f f e c t (Ce, Yb , U , Np) . 

The heavy-e l ec t ron s t a t e manifests i t s e l f at low temperatures by 
a l a rge and temperature-dependent r a t i o C J 5 V T , where c | * i s the 
s p e c i f i c heat due to c o n d u c t i o n - e l e c t r o n e x c i t a t i o n s . Th i s r a t i o 
i nc reases w i th decreas ing temperature and, for Τ + 0 K, reaches va 
lues that are one to three orders of magnitude l a r g e r than observed 
i n usua l meta l s . These l a rge r a t i o s imply a very h igh e f f e c t i v e den
s i t y o f e l e c t r o n i c s t a t e s at the Fermi energy N(Ep) due to a l a rge 
enhancement o f the e f f e c t i v e mass m* of the i t i n e r a n t e l e c t r o n s . Th i s 
i s c o n s i s t e n t w i t h the l a rge magnetic s u s c e p t i b i l i t i e s that are ob
served i n these m a t e r i a l s at low temperatures. 

Another d i s t i n c t feature of these m a t e r i a l s i s the temperature 
dependence of the e l e c t r i c a l r e s i s t i v i t y p(T) and a t y p i c a l example 
(CeAla) i s shown i n f i g . 1. C h a r a c t e r i s t i c i s a r e l a t i v e l y l a rge r e 
s i s t i v i t y at room temperature which s tays almost constant or even i n 
creases w i th decreas ing temperature, fo l lowed by a d i s t i n c t drop o f ρ 
i n a f a i r l y narrow temperature range and low values o f ρ at very low 
temperatures where a Τ v a r i a t i o n i s observed [see i n s e t of f i g . 1] . 

This k ind o f behaviour must be t raced back to s t rong i n t e r a 
c t i o n s i n the e l e c t r o n i c subsystem and hence these m a t e r i a l s are 
i d e a l l y s u i t e d to study many-body e f f e c t s among e l e c t r o n s which form 
some k ind of Fermi l i q u i d . There are not many general r u l e s to p re -

0097-6156/89/0394-O260$06.00/0 
ο 1989 American Chemical Society 
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diet the observation of a heavy-electron state. A favourable condi
tion is certainly a distinct separation of the f-electron carrying 
atoms within the crystal lattice, both in distance and with respect 
to the coordination of the ligands. It should be stressed, however, 
that this requirement only appears to be a necessary but by no means 
a sufficient condition. This paper is intended to show that changes 
in chemical composition may affect the formation of the heavy-elec
tron state i t s e l f or, i f i t is preserved, influence i t s ground-state 
properties drastically (J_). 

Chemical Composition, Crystal Structure and Heavy-Electron State 

In order to elucidate some of the points raised in the introduc
tion, we f i r s t mention a few interesting facts related to the che
mical composition and the crystal structure of compounds that show 
heavy-electron behaviour. Certain crystal structures seem to favour 
the formation of a heavy-electron state. We note that compounds 
adopting the cubic CU3AU structure have no strong tendency in this 
respect, with the exception of U(In]_ xSn x )3 where, with varying 
x, the low-temperature properties change quite drastically 02) and 
NpSn3 (3). URh3 and UIr3 , for example, show essentially non-magnetic 
behaviour because of a strong hybridization of the 5f wave functions 
with wave functions of other symmetries (4), but no features that are 
of interest here. If the anion is chosen from the neighbouring column 
of the periodic table, UPt3 crystallizes in the hexagonal stacking of 
the same structure, i.e., the Ni3Sn structure, and is an outstanding 
example of heavy-electron materials 05), just as is the aforemention
ed CeAl3(6) which adopts the same crystal structure. As a side remark 
we mention that UPd3 crystallizes in a combination of cubic and hexa
gonal crystal structure, the double-hexagonal closed-packed struc
ture, and undergoes structural phase transitions at low temperatures 
without any trace of heavy-electron behaviour (7). 

Another structure which seems favourable for the formation of 
the heavy-electron state is the cubic AuBes structure which is shown 
in f i g . 2. In this respect i t is instructive to discuss the proper
ties of some compounds of the form UM5, where M = Ni, Cu, Pd and Pt. 
With the exception of UPds, a l l members of this group of compounds 
crystallize in the AuBes structure. The crystal structure of UPds i s 
not clearly established because i t is d i f f i c u l t to prepare this com
pound in single phase form, confirming the view that Pd is an element 
that often plays an extraordinary role. With respect to the AuBes 
structure i t is important to realize that there are two inequivalent 
anion sites with a ratio of 1 : 4 and forming large and small tetra-
hedra respectively. One of the anion sites is crystallographically 
equivalent to the cation site. It is interesting to note that the 
occupation of a single element on these equivalent sites results in 
the cubic Laves-phase structure. UAI2, which crystallizes in this 
latter structure, is one of the earliest examples for which features 
of heavy-electron behaviour was discovered (9). 

A common feature of the compounds that we are discussing here is 
the large distance between the U atoms which ranges from 4.79 Â for 
UN15 to 5.29 Â for UPts . The physical properties of UNis are similar 
to those of the compounds with the CU3AU structure that were mention
ed above and in this sense not of interest here (10). UCU5, however, 
orders antiferromagnetically at T^ = 15 Κ and enters a heavy-elec-
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Figure 1. Temperature dependence of the electrical resistivity 
p(T) of CeAl3 below room temperature. (Reproduced with permission 
from réf. 1. Copyright 1987 Elsevier.) 

Figure 2. The AuBe4 structure. The large open circles denote Au 
sites; the dotted large circles and the small open circles denote 
Be sites (see also ref. 8) . (Reproduced with permission from ref. 
13. Copyright 1987 American Physical Society.) 
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tron state at temperatures far below Τ Ν (12) . With a further 
decrease in temperature, this state again becomes unstable and a 
further phase transition of s t i l l not well established nature occurs 
around 1 K. For our purposes i t is now interesting to mention how 
these features described for UCU5 are varying by manipulating the 
chemical composition. 

At f i r s t we note that small amounts of Ni replacing Cu are 
devastating for both the magnetic ordering and the formation of the 
heavy-electron state (1 ,13). This is shown in f i g . 3 where i t may be 
seen that the anomaly of the specific heat at TJ\J is quenched very 
effectively by replacing a few atomic % of the Cu atoms with Ni. The 
characteristic upturn of C § V T below 4 Κ that is observed in UCU5 is 
also wiped out with only 1% of Ni for Cu (see f i g . 4 ) . With a further 
increase in Ni content, a rather abrupt drop of the low-temperature 
c/j^T ratio is noted i f the Ni content exceeds 20% (10). This a l l 
occurs without any drastic changes in the lattice constants, not to 
mention the structure. While the drastic effects at low Ni concentra
tions are probably related with disorder effects on the Ni sublat-
tice, the loss in electronic specific heat at larger Ni concentra
tions might be due to band-structure effects. 

Quite different is the influence of substituting Cu with Ag. i f 
one Cu atom per formula unit is replaced by Ag, Τ Ν is raised to 
16 Κ and the formation of the heavy-electron state below 5 Κ per
sists (13). What is different now is that the low-temperature phase 
transition is quenched as is demonstrated in the Cp(T) plot of 
f i g . 5. The specific heat varies linearly with Τ down to the lowest 
temperatures investigated and γ = CJJVT is roughly one hundred times 
larger than that observed in the equivalent amount of Cu metal. This 
clearly demonstrates that Ni or Ag substitutions for Cu in UCU5 in
duce quite different changes in the low-temperature behaviour but the 
reasons for i t are not yet clear. 

In UPts , the shortest distance between U atoms was mentioned 
above and, at more than 5 Â, must be regarded as very large. Never
theless, the expected magnetic ordering among localized 5f-electron 
moments is not observed above 1.5 K. Indeed the temperature depen
dence of the magnetic susceptibility χ gives no evidence for well de
fined moments on the U ions. This compound again behaves more like a 
metal whose properties are dominated by electron energy bands of 
average width with a slight tendency to heavy-electron behaviour at 
the lowest temperatures (14). This tendency may now be grearjly en
hanced by replacing Pt with Au. This may be seen in f i g . 6 Where 
Cp/T versus Τ is shown for UPts and UAuPti*. The Cp/T ratio of 
UAuPtit increases dramatically at very low temperatures and reaches a 
value of more than 700 mJ/mole K 2 as Τ 0 Κ (see inset of f i g . 6) 
(13). Concomittantly, the low-temperature magnetic susceptibility χ 
of UAuPtit is distinctly larger than that of UPts . N o phase transition 
is observed above 0.1 K. A further enhancement of the Au content re
sults in a suppression of the specific-heat enhancement and the γ-
value of UAu2Pt3 is considerably lower than that of UPts (13). On the 
other hand, χ s t i l l increases with increasing Au concentration but no 
magnetic ordering is observed for UAu2Pt3 above 1.5 K. Again i t is 
not obvious what exactly causes these distinct changes in the low 
temperature behaviour. From band-structure calculations i t may be 
concluded that no drastic changes are induced in the electronic exci
tation spectrum (16) and therefore again, many-body effects that are 
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Figure 3. Temperature dependence of the specific heat of UCug and 
UCu1 Ni with small values of x. (Reproduced with permission from 
réf. I. Copyright 1987 Elsevier.) 
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Figure 4. c /T versus T 2 for UCu& and UCu4 9 5 N i 0 ^ between 1.5 and 
10 K. (Reproduced with permission from ref. 13. Copyright 1987 
American Physical Society.) 
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Figure 5. Temperature dependence of the specific heat of UCug and 
UAgCu4 below 2.5 K. (Reproduced with permission from ref. 12. 
Copyright 1985 American Physical Society.) 
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Figure 6. c /T versus T 2 for UPt and UAuPt. below 15 Κ. The inset 
is an expanded display of the data for UAuPt4 below 0.9 K. 
(Reproduced with permission from ref. 13. Copyright 1987 American 
Physical Society.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

01
8

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



266 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

evidently much less easy to identify are probably responsible for the 
experimental observations. It is somewhat surprising that in none of 
the compounds just discussed is any phase transition observed at low 
temperatures. We suspect that this is mainly due to disorder on the 
(Pt-Au) sublattice. For the higher Au concentrations, a well defined 
moment of more than 3 μβ per U ion is suggested by the Curie-Weiss 
temperature dependence of χ (13). 

A similarly interesting behaviour is observed in compounds that 
are based on CeCus. Unlike UCus, CeCus crystallizes in the hexagonal 
CaCus structure and is of interest, because CeCuô, an orthorhombic 
compound, is also a prototype heavy-electron material (17). CeCus, 
however, undergoes two phase transitions around 4 Κ but only about 
0.2 Κ apart (18). Neither above nor below these transitions does 
CeCus show any tendency to heavy-electron behaviour. Again, quite 
drastic changes may be induced by replacing Cu with other elements, 
without changing the crystal structure. 

The hexagonal crystal structure of CeCus contains two inequi-
valent Cu sites with a ratio of 2 : 3. It has been found that Al can 
be sub-stituted for Cu on the threefold site (19). Specific heat mea
surements have shown that replacing one Cu atom per formula unit by 
Al leads to an extreme heavy-electron state where the cj^/T ratio 
reaches 2.2 J/mole K2, so far a record value, and no phase transition 
is observed above 0.15 Κ (18) . The temperature dependence of the 
specific heat c p(T) below 1 Κ is shown in f i g . 7. Increasing the Al 
content to obtain CeCu3Al2 results in a decrease of this giant γ 
value by a factor of about two. 

It is also possible to sythesize the ordered compound CeCu2Zn3 
in the same crystal structure. Its physical properties are quite s i 
milar to those of CeCus and i t also orders magnetically, with only 
one phase transition at about 6 Κ (18). Again i t seems possible to 
introduce Al, in this case on the Zn sites. As before, the magnetic 
ordering in CeAlCu2Zn2 is suppressed and CJ^VT reaches values of more 
than 2 J/mole K 2 below 1 K. In this case, however, CJ5I/T passes over 
a maximum of about 2.4 J/mole K 2 at 0.4 Κ and the extrapolated γ 
value for Τ = 0 Κ is only about 1.4 J/mole K 2 (20). This type of 
behaviour is similar to that observed in other heavy-electron 
compounds, the prime example being CeAl3. 

It is quite surprising, that Al substitutions induce such dras
tic effects in both CeCus and CeZn3Cu2, because i t is certainly not 
to be expected that the electronic structure is the same in both com
pounds. Therefore i t is suspected that the Ce-Al interaction might be 
responsible for the formation of the heavy-electron ground state. 

With these few examples we intended to demonstrate how changes 
in the chemical composition may affect the low-temperature properties 
of materials that are likely to show heavy-electron behaviour, with
out severely affecting other parameters like the lattice constant or 
even changing the crystal structure. In the next section we concen
trate on changes of the ground state of heavy-electron systems that 
are induced by small variations of the chemical composition, without 
affecting too much the heavy-electron state i t s e l f . 

Superconductivity and Magnetism of Heavy-Electron Systems 

In this section we briefly discuss how the ground states of the 
superconducting heavy-electron materials UBei3 and UPt3 are affected 
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by only slight changes in the chemical composition of these mate
r i a l s . The occurrence of superconductivity out of a heavy-electron 
state, although at very low temperatures of 0.9 Κ (UBei3) (21) and 
0.5 Κ (UPt3) (22),respectively, is by i t s e l f a quite surprising fact 
and i t is argued that this superconducting state involving heavy-mass 
quasiparticles must be different from conventional superconductivity 
observed in simple metals. It cannot be denied that these materials 
are close to magnetic i n s t a b i l i t i e s and therefore i t is conjectured 
that magnetic interactions are responsible for this superconducting 
state rather than the usual electron-phonon interaction, and this 
would almost inevitably lead to electron pairing with other symme
tries than assumed in the original BCS theory (23). Such states are 
known to be very sensitive to any kind of impurities and are easily 
destroyed by potential scattering. We recall that, in conventional 
superconductors, i t is mainly magnetic impurities with well developed 
moments that act as pairbreakers. 

First reports on the observation of superconductivity of UPt3 
already mentioned the extreme sensitivity of this superconducting 
state to any shortening of the electronic mean free path (22). The 
superconducting state of UBei3 is apparently somewhat more stable but 
i t is also clear that non-magnetic impurities have quite a drastic 
influence as well. In f i g . 8 we show the temperature dependence of 
C p below 1 Κ (24 ) of pure UBei3 and of material doped with small 
amounts of non magnetic impurities introduced on the U sites. For 
UBei3 we observe a distinct anomaly of C p at T c as is expected. 
It may be seen, however, that with the exception of Th, a case to be 
discussed separately below, a l l these impurities shift T c to dis
tinctly lower temperatures and also almost annihilate the expected 
C p anomaly. This result is most likely due to inducing immediately 
a gapless state of superconductivity which would, on that level of 
impurity concentration, be somewhat surprising for a conventional 
superconductor but is actually expected for unconventional anisotro
pic superconducting states where gap nodes on the Fermi surface are 
easily smeared out. 

Th impurities have quite a different but even more intriguing 
effect. This i s shown in f i g . 9 where T c of Ui_ xTh xBei3 is 
plotted versus x. For very small x, T c is also drastically suppres
sed but a distinct discontinuity of C p at T c is s t i l l observed. 
Around 1.8 % Th,Tc reaches a minimum and increases again with s t i l l 
increasing x. Concomitantly, a second phase transition in the super
conducting state, which does not destroy superconductivity, i s ob
served. The c r i t i c a l temperature of this transition i s almost inde
pendent of χ and both transitions merge into one for χ > 0.05 (25). 

The exact nature of the lower transition is s t i l l unclear. 
Microscopic |iSR measurements indicate that some very small magnetic 
moments of the order of 0.01 μβ or less might develop below 0.4 Κ 
(26), but this has to be confirmed by additional investigations. This 
latter finding does not necessarily imply a magnetic phase transi
tion. Theoretical investigations (27) actually found particular su
perconducting states that carry a moment and hence i t cannot be ruled 
out that the tentative phase lines in the diagram shown in f i g . 9 
separate unconventional superconducting states with different symme
tries. Further investigations to check this possibility are being 
carried out at present. As an additional remark we may mention that 
about 5% Cu substituting for Be quenches both transitions completely 
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Figure 7. Temperature dependence of the specific heat of CeAlCu4 

below 1 K. (Adapted from ref. 18.) 

Figure 8. Influence of various non-magnetic impurities on the 
specific heat of superconducting UBe13 below I K . (Reproduced 
with permission from réf . 1. Copyright 1987 Elsevier.) 
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but leaves the heavy-electron s t a t e , as evidenced by the cpVT r a t i o , 
almost unchanged (28). 

Studies of s i m i l a r nature on UPti3 have shown that small amounts 
of other elements on e i t h e r the U or the Pt s i t e s may induce a mag
n e t i c phase t r a n s i t i o n i n t h i s m a t e r i a l (29,30). As mentioned above, 
even t i n y amounts of i m p u r i t i e s completely quench the superconducting 
s t a t e i n UPt3« I f about 5% of U i s replaced by Th or s i m i l a r amounts 
of Pd or Au are s u b s t i t u t e d f o r Pt, antiferromagnetic ordering i s ob
served between 5 and 6 K. From n e u t r o n - d i f f r a c t i o n experiments i t has 
been deduced that ordered moments of about 0.65 μβ/U i o n are i n 
volved (31). I t should be noted, however, that the cooperative mag
n e t i c t r a n s i t i o n i s only observed i n a narrow range of impurity con
c e n t r a t i o n which shows that a l s o magnetic order i s very s e n s i t i v e 
with respect to chemical composition. Subsequently a most specta
c u l a r r e s u l t was obtained i n pure UPt3. After some p r e l i m i n a r y \iSR 
experiments (32) i t was p o s s i b l e to demonstrate, with neutron d i f 
f r a c t i o n again, that even i n pure UPt3, a spontaneous order among 
t i n y moments of only 0.02 μβ/U ion develops below 5 Κ (33). Even 
more i n t r i g u i n g i s the f a c t that the increase of the ordered moment 
with decreasing temperature i s abruptly stopped at the onset of 
s u p e r c o n d u c t i v i t y below 0.5 Κ (33). This c l e a r l y demonstrates the 
i n t e r f e r e n c e between magnetic order and s u p e r c o n d u c t i v i t y i n heavy-
e l e c t r o n compounds with i n t e r a c t i o n s of magnetic chara c t e r . 

F i n a l l y we should l i k e to show that magnetic order i n a pure 
heavy-electron compound i s a l s o e a s i l y wiped out by adding small 
amounts of i m p u r i t i e s . For t h i s we discuss the onset of magnetic 
order i n U2Zni7 (34). In f i g . 10 we show the anomaly of the s p e c i f i c 
heat associated with t h i s antiferromagnetic t r a n s i t i o n at 9.7 Κ i n 
the form of a CJ5VT versus T 2 p l o t . The l a r g e and constant value of 
cpl/T above Tfyj i n d i c a t e s the heavy-electron s t a t e and the sharp 
d i s c o n t i n u i t y of cpVî at TM i s c o n s i s t e n t with a mean-field type 
t r a n s i t i o n . The non-zero CJ5VT r a t i o f o r Τ 0 i n d i c a t e s that not the 
e n t i r e Fermi surface i s i n v o l v e d i n the phase t r a n s i t i o n . Also shown 
i n f i g . 10 i s CJ5VT that i s obtained for a sample where 2% of the Zn 
atoms have been replaced by Cu (35). I t i s evident that the heavy-
e l e c t r o n s t a t e i t s e l f i s hardly a f f e c t e d i n t h i s case but the mag
n e t i c t r a n s i t i o n i s completely quenched and the heavy-electron s t a t e 
p e r s i s t s to below 1 K. This extreme s e n s i t i v i t y on small amounts of 
i m p u r i t i e s i s c l e a r l y not t y p i c a l f o r a conventional antiferromagnet 
and microscopic measurements using neutron s c a t t e r i n g have confirmed 
the unusual nature of t h i s t r a n s i t i o n (36). 

Conclusions 

In t h i s short review we have given examples of chemically induced 
changes i n the behaviour of heavy-electron m a t e r i a l s . F i r s t we no
t i c e d that the mere occurrence of the heavy-electron s t a t e seems a l 
most unpredictable i f only the chemical composition and the c r y s t a l 
s t r u c t u r e of a compound are given. Then we pointed out that the 
heavy-electron s t a t e i t s e l f i s q u i t e s e n s i t i v e to small a l t e r a t i o n s 
of the chemical composition i n the sense that i t can be destroyed or 
created by minor v a r i a t i o n s of the c o n s t i t u e n t s of r e s p e c t i v e mate
r i a l s . F i n a l l y we emphasized that p o s s i b l e ground s t a t e s of heavy-
e l e c t r o n systems, l i k e s u p e r c o n d u c t i v i t y or magnetic order, may be 
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Figure 9. Critical temperatures T c l and Τ - of U1_xTh Be^ as 
determined from specific-heat measurements.cThe arrows indicate 
that no second transition was observed above this temperature. 
(Reproduced with permission from ref. 39. Copyright 1987 
Elsevier.) 
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plotted as c p /T versus T 2 below 17 Κ (see also ref. 33;. 

changed or even destroyed rather easily with small amounts of impuri
ties. In a l l known cases of heavy-electron superconductivity this i s 
accomplished in particular with non-magnetic impurities, thus giving 
further support to ideas that some kind of unconventional and aniso
tropic superconducting state is adopted in these cases. The consi
derable sensitivity of magnetic ordering in these materials to small 
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amounts of impurities points to drastic changes of the interactions 
that trigger these phase transition. These observations are not in
consistent with suggestions that both types of collective phenomena 
have similar roots in these substances. 

Considering a l l these experimental observations i t may seem 
almost hopeless to tackle these systems on theoretical grounds. In 
view of a l l the d i f f i c u l t i e s that arose in dealing with the Kondo 
problem, any treatment of interacting magnetic ions and itinerant 
electrons together will not be simple. It appears that even the most 
sophisticated model will not be successful i f i t is not combined with 
highly advanced calculations of the electronic excitation spectrum. 
Many-body approaches to the understanding of solids are notoriously 
d i f f i c u l t but i t seems that here one cannot do without them. Readers 
interested in these aspects should consult refs. 37 and 38. 
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Chapter 19 

Response of Local Density Theory 
to the Challenge of f Electron Metals 

M. R. Norman1 and A. J . Freeman2 

1Materials Science Division, Argonne National Laboratory, Argonne, 
IL 60439 

2Department of Physics and Astronomy, Northwestern University, Evanston, 
IL 60208 

A brief review is given on the application of local density 
theory to the electronic structure of f-electron metals, 
including various ground state properties such as observed 
crystal structures, equilibrium lattice constants, Fermi 
surface topologies, and the electronic nature of known 
magnetic phases. A discussion is also given about the 
relation of calculated results to the unusual low energy 
excitations seen in many of these metals. 

Local density theory is an approximate method used to calculate ground 
state properties of a many-body system. The local density 
approximation (LDA) involves replacing the exact (unknown) 
exchange-correlation functional (representing the non-direct part of 
the Coulomb interaction) by that of a homogeneous electron gas (the 
condition being invoked at each point in space). Such an approximation 
would appear to be so gross as to be inapplicable in practical 
circumstances, but the LDA turns out to work remarkably well for most 
systems (1). One way to see why this is so is to note that the exact 
exchange energy density can be represented by a shape function times 
the density to the one-third power (2). The LDA simply replaces this 
shape function by a constant, which also occurs for the exact 
expression when the energy density is integrated to yield the total 
energy. On the other hand, the effective potential is obtained by 
functionally differentiating the energy, and thus samples the shape 
function. This in turn implies that one must be careful when 
interpreting one-particle eigenvalues obtained from the effective 
potential. In particular, it is now known that the LDA places valence d 
levels about 20 mRy too low at the beginning of the transition metal 
series (2), and valence f levels about 50 mRy too low for La, and 40 
mRy too high for Tm (4). 

There is a deeper question that has been raised, however, in the case 
of f-electron metals. Given the large degree of localization of these 
electrons and the strong correlations among them, it has been 
suggested that the LDA is a poor starting point for understanding the 

ΟΌ97-6156/89/0394--0273$06.0Ό/0 
ο 1989 American Chemical Society 
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electronic nature of these materials (5). This is a legitimate question, 
and it is our purpose here to address this problem. 

Bulk Properties 

Evaluation of the total energy as a function of atomic position can lead 
to such useful structural information as the equilibrium lattice 
constant, bulk modulus, and preferred crystal structure. Reviews of 
some of this work can be found in Refs. 6 and 7. For the 4f elemental 
metals from Eu to Lu, the observed equilibrium lattice constants are 
well represented by LDA calculations which treat the f electrons as 
core states (7) (The inapplicability of Fermi-Dirac statistics for 
treating highly localized electrons requires the imposition of a fixed 
occupation number). This need of forcing the f electrons into the core 
represents a well-known limitation, namely, that the LDA functional 
does not minimize the f count per site with integer occupation values 
in the localized limit. In atomic and molecular cases, this deficiency 
can be remedied by self-interaction corrections (8-9). but the latter 
terms are conceptually difficult to handle for extended systems. For 
the 4f elements Pr to Sm, there is about a 4-5% overestimation of the 
lattice constant, indicating the presence of some f bonding. For Ce 
metal, the lattice constant of γ-Ce is given fairly well by treating the f 
electron as a core state, whereas that for α-Ce is underestimated by 
about 5% when treating the f electron as a band state. Thus, the LDA 
calculations support the notion that the α to γ transition involves a 
localization of the f electron, whereas the above mentioned 
underestimate indicates that the LDA overestimates f bonding for 
itinerant f metals. 

As for the bulk modulus, the LDA well represents its trend across the 
4f series, although the absolute errors are quite large (7). A careful 
analysis of the bulk modulus for the mixed valent metal TmSe indicates 
that the LDA error in that case can be corrected if the f levels are 
shifted down 40 mRy (4). This problem is connected to the fact that 
the LDA does progressively worse for higher angular momentum states 
(due to probable misrepresentation of the shape of the 
exchange-correlation hole). Self-interaction corrections may be able 
to explain this error (9-10). 

A great deal of work has been done for the 4f elemental metals 
concerning the relative stability of various crystal structures. For 
example, LDA predicts the correct fee structure for Ce in the 4f band 
case (11), whereas in the later lanthanides, the crystal structure is 
determined by the d states. The reader is referred to Refs. 11 and 7 for 
a further discussion of these results. 

The situation improves for the 5f elemental metals due to the greater 
derealization of the 5f as compared to the 4f electrons. In fact, the 
equilibrium lattice constants of the 5f elemental metals are well 
reproduced even with the f electrons treated as band states, as long as 
spin polarization is taken into account (12). The spin polarization 
"turns on" at Am, and correlates with an inferred localization of the f 
electrons. Even for such strongly correlated metals as the heavy 
fermion superconductors UPt3 and UBe-jo, the equilibrium lattice 
constant and bulk modulus are well-given oy LDA f band calculations 
o a = H ) -
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Fermi Surfaces 

One of the best ways to determine whether an itinerant or localized 
picture is applicable is to compare experimental and theoretical 
determinations of the Fermi surface topology and effective masses. It 
has been known for many years that the Fermi surfaces of most 
elemental 4f metals can be represented by an f core calculation (15). 
In the case of Pr, the calculated effective masses are a factor of ïour 
too small, a result which can be attributed to a polaronic drag of the 
conduction electrons caused by induced virtual excitations between f 
crystal field levels (16). This is a dynamic correlation effect, and is 
therefore not given when performing a ground state calculation, but can 
be represented by adding a self-energy correction to the (ground state) 
band results. It is now known that the heavy fermion metal CeBg is 
also describable by this picture, with the mass renormalization being 
of the order of fifty instead of four. This observation is of some 
importance, as it implies that large effective masses and f character 
in the Fermi surface are not equivalent statements. Also, calculations 
indicate that the Fermi surface topologies of both LaBg and CeBg can be 
improved by shifting the unoccupied f levels upwards Dy about 50 mRy. 
This error is analogous to the 20 mRy shift needed for d band metals 
such as V and Nb (3). 

These cases can be contrasted by most uranium intermetallics, which 
have Fermi surfaces in good agreement with LDA calculations which 
treat the f electrons as band states (17). In the one case where a 
mixed valent Fermi surface is known (OeSno), it is also in excellent 
agreement with an LDA f band calculation (18-19). with a mass 
renormalization of five due to a self-energy correction resulting from 
virtual spin fluctuation excitations (2Q). Notice the different dynamic 
correlations used to explain the mass renormalizations in the f core 
and f band cases. 

Of great relevance is the recent experimental determination of the 
Fermi surface of the heavy fermion superconductor UPt3 (21), which is 
found to be in excellent agreement witn LDA f band calculations 
(22-23). despite the fact that the Fermi surface is composed of five f 
bands. This, along with the above-mentioned structural information, 
indicates that the static charge correlations are handled quite 
adequately by the LDA. Again, there is a large mass renormalization (a 
factor of twenty in this case), attributable to a spin fluctuation 
self-energy correction (2Q). 

It is interesting to contrast the case of hep UPt3 to the case of UPds, 
which has a closely related crystal structure (dhep). It turns out that 
the UPd3 Fermi surface is well-represented by an f core calculation 
(24). Thus one could say that UPt3 is on the verge of a localization 
(Mott) transition. In conclusion, it is clear that the LDA calculations 
have been very helpful in sorting out the nature of the ground states for 
those f electron metals which show anomalous behavior. 

Magnetic Properties 

The existence of strong antiferromagnetic correlations in heavy 
fermion metals has been confirmed by extensive neutron scattering 
studies (2f>), and these correlations are now thought to be responsible 
for both the large mass renormalizations and exotic superconductivity 
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seen in these metals (Ref. 20 and references therein). It is interesting 
to note that an antiferromagnetic tendency was predicted from band 
structure calculations before the neutron scattering experiments were 
done (12). In reality, however, many heavy fermion metals, although 
showing strong magnetic fluctuations, exhibit either a small or zero 
ordered moment. This fact has been used to question the validity of the 
local spin density (LSD) approximation (5). 

The importance of the above-mentioned criticism has led us to 
undertake polarized calculations on the following metals: the heavy 
fermion magnets NpSn 3 (22), TmSe (27), and UCU5 (Norman, M. R.; Min, 
Β. I.; Oguchi, T.; Freeman, A. J. Phvs. Rev. B. in press.), and the heavy 
fermion superconductors UPts a n d URU2S10 (Norman, M. R.; Oguchi, T.; 
Freeman, A. J. Phvs. Rev. B. in press.). At the outset, it must be stated 
that there does not exist a proper LSD treatment in the presence of 
spin-orbit coupling, due to the fact that spin is no longer a good 
quantum number. The approximation we employ is to include the 
spin-orbit terms as a perturbation within each self-consistent 
iteration. The orbital contribution to the magnetic moment can then be 
determined by the method suggested by Brooks and Kelly (2g). We note, 
however, that the orbital magnetic moment does not make any 
contribution to the energy functional in this formalism, which would 
not be true in an exact theory. Despite this, the formalism works quite 
well in determining the total magnetic moment for various uranium 
compounds (2£), and shows the proper Hund's rule effect that the spin 
and orbital moments are antiparallel in the first half of a series, and 
parallel for the second half. In the cases of NpSn3 and UCuc, magnetic 
moments in good agreement with experiment were found, wnereas the 
discrepancy with experiment in TmSe can be attributed to multiplet 
effects (which are not included in the LDA). Moreover, in all these 
cases, one finds strong reductions of the electronic specific heat 
coefficients at the magnetic phase transition which are also explained 
quite well by the calculations. Therefore, a standard LSD treatment of 
magnetism seems to work quite well. 

This can be contrasted with the case of the above-mentioned super
conductors. We calculate a magnetic moment of 0.8 μ ο for UPto and 1.2 
μ β for URU2S12 as compared to the 0.02 μ β (2Q) and 0703 μ β (21) values 
actually observed. This is the origin of the justifiable criticism 
mentioned in Ref. 5. The essential difference in the band calculations 
between the magnets and the superconductors is that in the former, the 
Stoner criteria for magnetism is greatly exceeded, whereas in the 
latter cases it is only weakly exceeded, indicating that in these cases, 
some other effect occurs which acts to greatly suppress the LSD 
predicted moment. We believe that this is the Kondo effect and note 
that the band structure moment is recovered by either doping the metal 
or subjecting it to a strong magnetic field. The inclusion of this "Kondo 
suppression" effect in an LSD calculation is a major challenge. This 
suppression is of extreme importance, as without it, these heavy 
electron metals would be strong magnets instead of superconductors. 

Conclusions 

Despite several problems, the local density approximation has turned 
out to be quite useful in elucidating information about the ground state 
properties of f electron metals. For further information, the reader is 
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19. NORMAN & FREEMAN Local Density Theory and f Electron Metals 111 

referred to reviews given in Refs. 3, 6, 7,12,15,17, and 19. For a 
further discussion of some problems with local density theory as 
regards to f electron metals, see Ref. 32. Finally, an excellent 
discussion of the relation of band calculations to observed low energy 
excitations seen in heavy electron metals has been given by Pickett 
(32). 
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Chapter 20 

Correlations in d and f Electron Systems 

G. Stollhoff and P. Fulde 

Max-Planck-Institut für Festkörperforschung, D-7000 Stuttgart 80, Federal 
Republic of Germany 

A discussion is given of electron corre
lations in d- and f-electron systems. In 
the former case we concentrate on transi
tion metals for which the correlated 
ground-state wave function can be calcu
lated when a model Hamiltonian is used, 
i.e. a five-band Hubbard Hamiltonian. 
Various correlation effects are discussed. 
In f-electron systems a singlet ground-
state forms due to the strong correlati
ons. It is pointed out how quasiparticle 
excitations can be computed for Ce 
systems. 

E l e c t r o n c o r r e l a t i o n s i n d - a n d f - e l e c t r o n s y s t e m s a r e 
p r e s e n t l y i n t h e c e n t e r o f c o n s i d e r a b l e a c t i v i t y i n 
t h e o r e t i c a l s o l i d - s t a t e p h y s i c s . T h e r e a r e t w o d i s t i n c t 
c l a s s e s o f m a t e r i a l s w h i c h r e q u i r e a b e t t e r u n d e r s t a n 
d i n g o f e l e c t r o n c o r r e l a t i o n s f o r t h e i r i n t r i g u i n g 
p h y s i c a l p r o p e r t i e s . T o o n e c l a s s b e l o n g t h e r e c e n t l y 
d i s c o v e r e d h i g h - T c s u p e r c o n d u c t i n g m a t e r i a l s (1) l i k e 
L a 2 - x M x C u 0 4 (M=Ba, S r ) , Y B a 2 C U 3 0 7 - 5 o r B i 2 S r 2 C a C U 2 0 g - ^ . 
T h e c h a r a c t e r i s t i c s t r u c t u r e o f t h e s e m a t e r i a l s i n v o l v e s 
l a y e r s o f ( C u 0 2 ) n w i t h a p p r o x i m a t e l y o n e h o l e p e r 
f o r m u l a u n i t , d e p e n d i n g o n t h e d e g r e e o f d o p i n g o r 
o x y g e n d e f i c i e n c y . F r o m e x p e r i m e n t s i t i s k n o w n t h a t 
t h e e l e c t r o n s i n t h e l a y e r s a r e s t r o n g l y c o r r e l a t e d . 
F o r e x a m p l e , L a 2 C u 0 4 i s n o t a m e t a l d e s p i t e o f t h e f a c t 
t h a t i t s h o u l d h a v e a h a l f - f i l l e d b a n d . I n s t e a d i t i s a 
M o t t - H u b b a r d i n s u l a t o r . T o t h e o t h e r c l a s s o f m a t e r i a l s 
b e l o n g t h e h e a v y - f e r m i o n s y s t e m s ( 2 - 6 ) . E x a m p l e s a r e 
Ce c o m p o u n d s l i k e C e A l 3 , C e C U 2 S i 2 o r U c o m p o u n d s l i k e 
U P t 3 o r U B e i 3 « I n t h i s c a s e t h e 4 f o r 5 f e l e c t r o n s a r e 
r e s p o n s i b l e f o r t h e u n u s u a l p h y s i c a l p r o p e r t i e s o f t h e 
s y s t e m s . T h e y a r e o n l y w e a k l y c o u p l e d t o t h e r e m a i n i n g 
e l e c t r o n s a n d d u e t o t h e s t r o n g o n - s i t e C o u l o m b 
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280 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

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

T h e m o s t s t u d i e d d e l e c t r o n s y s t e m s a r e t h e t r a n s i t i o n 
m e t a l s . H e r e t h e o n - s i t e C o u l o m b i n t e r a c t i o n s a n d t h e 
d - b a n d w i d t h a r e o f s i m i l a r s i z e a n d t h e r e f o r e 
c o r r e l a t i o n s a r e m o d e r a t e l y s t r o n g . We s h a l l 
c o n c e n t r a t e o n t h e s e s y s t e m s a n d d e s c r i b e o u r p r e s e n t 
u n d e r s t a n d i n g o f t h e g r o u n d s t a t e a n d o f e f f e c t s c a u s e d 
b y c o r r e l a t i o n s (7) . T h e l a t t e r i n c l u d e r e d u c t i o n s o f 
c h a r g e f l u c t u a t i o n s , a b u i l d u p o f a t o m i c m a g n e t i c 
m o m e n t s d u e t o H u n d ' s r u l e c o r r e l a t i o n s , a s w e l l a s 
m o d i f i c a t i o n s i n t h e S t o n e r - W o h l f a r t h c r i t e r i o n f o r t h e 
o n s e t o f m a g n e t i c o r d e r . A t p r e s e n t t h e c o r r e l a t e d 
g r o u n d - s t a t e w a v e f u n c t i o n c a n b e c o m p u t e d o n l y f o r a 
m o d e l H a m i l t o n i a n , f o r w h i c h we c h o o s e a f i v e - b a n d 
H u b b a r d s y s t e m . T h i s a p p r o a c h c o n t r a s t s p r e s e n t d a y 
b a n d - s t r u c t u r e c a l c u l a t i o n s b a s e d o n t h e l o c a l d e n s i t y 
( L D A ) o r s p i n d e n s i t y (LSD) a p p r o x i m a t i o n t o t h e 
d e n s i t y - f u n c t i o n a l t h e o r y (8) . I n L D A o r L S D 
c a l c u l a t i o n s o n e d o e s n o t a t t e m p t t o c o m p u t e a 
g r o u n d - s t a t e w a v e f u n c t i o n b u t i n s t e a d c a l c u l a t e s 
d i r e c t l y c e r t a i n g r o u n d - s t a t e p r o p e r t i e s s u c h a s t h e 
d e n s i t y d i s t r i b u t i o n o r e n e r g y . E x c h a n g e a n d 
c o r r e l a t i o n a r e d e a l t w i t h b y u s i n g r e s u l t s f r o m t h e 
h o m o g e n e o u s e l e c t r o n g a s . T h e a d v a n t a g e s o f t h a t 
a p p r o a c h a r e i t s c o n c e p t u a l a n d c o m p u t a t i o n a l s i m p l i c i t y 
a n d a n u m b e r o f o u t s t a n d i n g s u c c e s s e s . B u t t h e p r i c e 
o n e h a s t o p a y a r e u n c e r t a i n a p p r o x i m a t i o n s . 
F u r t h e r m o r e t h e r e i s n o wa y o f d e t e r m i n i n g t h e m a n y - b o d y 
w a v e f u n c t i o n . 

I n t h e s e c o n d p a r t o f t h e l e c t u r e we w a n t t o 
d e m o n s t r a t e i n t h e s i m p l e s t p o s s i b l e w a y t h e p r o b l e m o f 
s t r o n g l y c o r r e l a t e d f - e l e c t r o n s . I t i s i n t i m a t e l y 
c o n n e c t e d w i t h t h e K o n d o l a t t i c e p r o b l e m , o r 
a l t e r n a t i v e l y w i t h t h e f o r m a t i o n o f a s i n g l e t s t a t e 
( 5 , 6 ) . 

C o r r e l a t i o n s i n T r a n s i t i o n M e t a l s 

We s t a r t f r o m a m o d e l H a m i l t o n i a n w h i c h d e s c r i b e s t h e 
f i v e c a n o n i c a l d b a n d s w i t h d i s p e r s i o n s c ^ f k ^ ( i / = l , . . 5 ) 
a n d i n c l u d e s o n - s i t e i n t e r a c t i o n s 

Η = Σ c ^ k j n ^ k ) + Σ H ! ( l ) (1) 
/ /ok 1 

Ηχ(1)= \ Σ [ U i j a i î ( l ) a j Î . ( l ) a j a . ( l ) a i 0 ( l ) + 
i j σ σ 1 

+ J i j [ a i a ( l ) a j ^ , ( l ) a i o i ( l ) a j o ( l ) + 

+ a i + ( l ) a i + . ( l ) a j a . ( l ) a j a ( l ) ] ] 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

02
0

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



20. STOLLHOFF & FULDE Correlations in d and f Electron Systems 281 

T h e o n l y f r e e p a r a m e t e r i n t h e o n e - p a r t i c l e p a r t o f t h e 
H a m i l t o n i a n i s t h e t o t a l b a n d w i d t h W. T h e n / / 0 ( k ) a r e 
t h e n u m b e r o p e r a t o r s f o r t h e B l o c h s t a t e s . T h e 
a i o ( i ) ( a i o ( D ) c r e a t e ( d e s t r o y ) e l e c t r o n s w i t h s p i n a i n 
a t o m i c - l i k e d o r b i t a l i a t s i t e 1 . T h e o n - s i t e 
i n t e r a c t i o n m a t r i x e l e m e n t s U ^ j h a v e t h e f o r m 

u i j = U + 2 J - 2 J i j (2) 

w h e r e U a n d J a r e a v e r a g e C o u l o m b a n d e x c h a n g e 
i n t e r a c t i o n c o n s t a n t s a n d J ^ j c o n t a i n s t h e a n i s o t r o p i e s . 
We s h a l l a s s u m e t h a t J = 0 . 2 U a n d A J = 0 . 1 5 J w h e r e J 
a n d Δ J a r e t h e i s o t r o p i c a n d a n i s o t r o p i c p a r t o f J i j / 
r e s p e c t i v e l y . F u r t h e r d e t a i l s c a n b e f o u n d i n R e f . 
( 9 , 1 0 ) . T h e H a r t r e e - F o c k (HF) g r o u n d s t a t e i s w r i t t e n 
a s 

| φ 0 > = ïï c ^ ( k ) I0> (3) 
k i /σ 

c k i / F 

w h e r e t h e o p e r a t o r s ou%(k) r e f e r t o B l o c h s t a t e s a n d ι 0 > 
d e n o t e s t h e v a c u u m . B y e x p a n d i n g 

c ^ ( k ) = Σ « ! ( / / , k ) a i a ( l ) e 1 ^ (4) 
i l 

o n e c a n d e c o m p o s e ι <t>0> i n t o d i f f e r e n t c o n f i g u r a t i o n s . 
I n f i g u r e 1 t w o o f t h e m a r e s h o w n w i t h d i f f e r e n t 
i n t e r a c t i o n e n e r g i e s . One c o n f i g u r a t i o n (a) i s 
f a v o u r a b l e w h i l e t h e o t h e r (b) i s u n f a v o u r a b l e w i t h 
r e s p e c t t o t h e C o u l o m b r e p u l s i o n e n e r g y . One n o t i c e s 
t h a t i n (b) t h e e l e c t r o n n u m b e r s a t d i f f e r e n t s i t e s 
f l u c t u a t e much m o r e a r o u n d t h e c h o s e n a v e r a g e n u m b e r o f 
2 . 5 t h a n i n ( a ) . E l e c t r o n c o r r e l a t i o n s d e c r e a s e t h e 
w e i g h t o f u n f a v o u r a b l e c o n f i g u r a t i o n s w h i c h i s t o o l a r g e 
i n t h e HF g r o u n d s t a t e . S t a t e d d i f f e r e n t l y , t h e i r 
e f f e c t i s t o r e d u c e c h a r g e f l u c t u a t i o n s a t t h e d i f f e r e n t 
s i t e s a s c o m p a r e d w i t h t h e o n e s c o n t a i n e d i n Ι Φ 0 > . 
E l e c t r o n c o r r e l a t i o n s a r e i n t r o d u c e d i n t o t h e 
g r o u n d - s t a t e w a v e f u n c t i o n b y t h e a n s a t z 

i * o > = e s Ι Φ 0 > (5) 

T h e o p e r a t o r S i s o f t h e f o r m 

S = - Σ u i j O i j ( l ) (6) 
i j l 
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282 THE CHALLENGE OF d AND f ELECTRONS 

w i t h 

O i j ( l ) = 

n i t ( l ) n i | ( l ) 

n i ( l ) n j ( l ) 

s i ( l ) s j ( l ) 

(7) 

T h e η ^ σ ( 1 ) , s i ( l ) a r e t h e e l e c t r o n n u m b e r a n d s p i n o p e 
r a t o r s f o r t h e d i f f e r e n t s i t e s , i . e . η ^ σ ( 1 ) = a ^ ( 1 ) a i 0 ( 1 ) 
a n d ni=2_ η ^ σ . F u r t h e r m o r e , i n o r d e r t o e x c l u d e s i n g l e -
p a r t i c l e e x c i t a t i o n s , c o n t r a c t i o n s w i t h i n t h e o p e r a t o r s 
O i ^ ( l ) a r e e x c l u d e d w h e n e x p e c t a t i o n v a l u e s a r e e v a l u a 
t e d . F o r m o r e d e t a i l s s e e e . g . R e f . ( 9 ) . T h e p a r a m e 
t e r s n i j f o l l o w f r o m m i n i m i z i n g t h e e n e r g y 

< * o ' H l * 0 > 
Ε = = < e b H e b > c 

<Ψο"Ψο> 
(8) 

T h e s u b s c r i p t c i n d i c a t e s t h a t o n l y c o n n e c t e d d i a g r a m s 
h a v e t o b e t a k e n . T h e l a s t e q u a t i o n f o l l o w s a f t e r 
a p p l y i n g a l i n k e d c l u s t e r t h e o r e m . F u r t h e r m o r e t h e 
a b b r e v i a t i o n < . . . · > = < Φ 0 Ι . . . ι Φ 0 > h a s b e e n u s e d . T h e 
e n e r g y i s e v a l u a t e d a f t e r e x p a n d i n g 

Ε = <H> - 2 Σ D i j < O i j ( l ) H > c + 
i j l ( 9 ) 

+ Σ Σ D i j < O i j ( l ) Η 0 m n ( l ' ) > c η,ηη 
i j m n 1 1 · 

T h e e x p e c t a t i o n v a l u e s a r e e v a l u a t e d w i t h i n t h e R=0 
a p p r o x i m a t i o n i n t r o d u c e d b y F r i e d e l a n d c o w o r k e r s ( s e e 
e . g . R e f . ( 1 1 ) ) i n w h i c h o n l y t e r m s w i t h 1 = 1 » a r e k e p t . 
W i t h t h e s e a p p r o x i m a t i o n s c a l c u l a t i o n s b e c o m e v e r y s i m p 
l e . I n t h e f o l l o w i n g a n u m b e r o f r e s u l t s a r e p r e s e n t e d . 
T h e r e d u c t i o n o f c h a r g e f l u c t u a t i o n s a s a f u n c t i o n o f d 
b a n d f i l l i n g i s s h o w n i n f i g u r e . 2 f o r a b c c l a t t i c e a n d 
U / W = 0 . 5 . P l o t t e d i s t h e mean s q u a r e d e v i a t i o n o f t h e 
e l e c t r o n n u m b e r 

Δ η 2 = < Ψ 0 ΐ η 2 ( 1 ) ΐ Ψ 0 > - < Ψ 0 ΐ η ( 1 ) l Ψ 0 > 2 (10) 

w h e r e η ( 1 ) = Σι η ^ ( 1 ) . F o r c o m p a r i s o n we a l s o s h o w t h e 
c o r r e s o p o n d i n g r e s u l t s f o r t h e HF g r o u n d - s t a t e . H u n d ' s 
r u l e c o r r e l a t i o n s c a n b e s t u d i e d b y c o m p u t i n g 

S 2 = < * 0 i s 2 ( l ) ι ψ 0 > (11) 
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F i g u r e 1 . (a) " f a v o u r a b l e " a n d (b) " u n f a v o u r a b l e " 
c o n f i g u r a t i o n c o n t a i n e d i n t h e n o n m a g n e t i c HF g r o u n d 
s t a t e Ι Φ 0 > . T h e c i r c l e s s y m b o l i z e a t o m s a n d t h e f i v e 
s e g m e n t s t h e d i f f e r e n t d - o r b i t a l s . T h e d - e l e c t r o n 
o c c u p a n c y p e r a t o m i s c h o s e n t o b e 2 . 5 . 

F i g u r e 2 . C h a r g e f l u c t u a t i o n s a s f u n c t i o n o f d - b a n d 
f i l l i n g n<j ( b c c s t r u c t u r e ) . U p p e r c u r v e w i t h o u t a n d 
l o w e r c u r v e w i t h e l e c t r o n c o r r e l a t i o n s i n c l u d e d . 
U / W = 0 . 5 . ( A d a p t e d f r o m r e f . 9 . ) 
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w h e r e S ( l ) = Σι S j j l ) . R e s u l t s a r e s h o w n i n f i g u r e 3 
w h e r e S 2 i s c o m p a r e d w i t h t h e c o r r e s p o n d i n g e x p e c t a t i o n 
v a l u e i n H F a p p r o x i m a t i o n ( S J J F 2 ) a n d i n t h e l o c a l i z e d 
l i m i t ( S i o c

2 ) ι r e s p e c t i v e l y . I t i s s e e n f r o m t h i s f i g u 
r e t h a t t h e r e l a t i v e s p i n a l i g n m e n t 

Δ 3 2 = S 2 " / H F 2 (12) 
s l o c " S H F 

i s a l m o s t c o n s t a n t a n d a p p r o x i m a t e l y 0 . 5 f o r a r a t i o 
U / W û 0 . 5 . When c o m p u t e d a s f u n c t i o n o f U , A S 2 i s f o u n d 
t o b e a m o n o t o n o u s l y i n c r e a s i n g f u n c t i o n r a t h e r t h a n a 
f u n c t i o n w h i c h i s d i f f e r e n t f r o m z e r o o n l y a b o v e a 
t h r e s h o l d v a l u e U c . T h i s i m p l i e s t h a t a f l u c t u a t i n g 
l o c a l moment i s b u i l d i n g u p c o n t i n u o u s l y a s f u n c t i o n o f 
U a t t h e d i f f e r e n t s i t e s . T h i s i s i n c o n t r a s t t o t h e 
f i n d i n g s o f t h e c o h e r e n t p o t e n t i a l a p p r o x i m a t i o n , w h e n a 
s t a t i c l o c a l moment i s t h e o n l y way o f a c c o u n t i n g f o r 
e l e c t r o n s c o r r e l a t i o n s ( 1 2 ) . I n t h a t c a s e a s t a t i c 
m a g n e t i c moment i s f o u n d p r o v i d e d t h a t U > U C . 

E l e c t r o n c o r r e l a t i o n s i n f l u e n c e s t r o n g l y t h e e n e r g y 
d i f f e r e n c e b e t w e e n n o n m a g n e t i c a n d m a g n e t i c s t a t e s , 
l e a d i n g t o d r a s t i c c h a n g e s o f t h e S t o n e r - W o h l f a r t h c r i 
t e r i o n f o r t h e o n s e t o f f e r r o m a g n e t i c o r d e r . T h e r e a s o n 
i s t h a t e l e c t r o n i c c h a r g e f l u c t u a t i o n s a r e s m a l l e r i n a 
f e r r o m a g n e t i c a l l y o r d e r e d t h a n i n a n o n m a g n e t i c s t a t e . 
T h e r e f o r e e l e c t r o n c o r r e l a t i o n s d e c r e a s e t h e e n e r g y b y a 
l a r g e r a m o u n t o f a s t a t e w h i c h i s n o n m a g n e t i c , t h a n o f a 
f e r r o m a g n e t i c s t a t e . F o r e x a m p l e , i n F e t h e e n e r g y g a i n 
d u e t o f e r r o m a g n e t i c o r d e r i s 0 . 5 6 e V / a t o m w h e n t h e HF 
a p p r o x i m a t i o n i s made a n d a r a t i o U / W = 0 . 4 4 i s a s s u m e d . 
When d e n s i t y - a n d i n a d d i t i o n s p i n c o r r e l a t i o n s a r e 
i n c l u d e d , t h i s e n e r g y r e d u c e s t o 0 . 2 2 e V / a t o m a n d 0 . 1 5 
e V / a t o m , r e s p e c t i v e l y (10) . I n t h e L D A t o t h e d e n s i t y 
f u n c t i o n a l t h e o r y , H u n d ' s r u l e c o r r e l a t i o n s a r e n o t 
t a k e n i n t o a c c o u n t , b e c a u s e t h e y a r e n o t p r e s e n t i n a n 
u n p o l a r i z e d h o m o g e n e o u s e l e c t r o n g a s f r o m w h i c h t h e 
e x c h a n g e - c o r r e l a t i o n p o t e n t i a l i s t a k e n . When t h e L S D 
a p p r o x i m a t i o n i s a p p l i e d i n s t e a d , t h e y a r e p a r t i a l l y 
i n c l u d e d . S p i n c o r r e l a t i o n s , h o w e v e r , m o d i f y t h e 
g e n e r a l i z e d S t o n e r p a r a m e t e r s t r o n g l y ( 1 3 ) . T h e l a t t e r 
c a n b e r e l a t e d t o t h e e x c h a n g e c o r r e l a t i o n e n e r g y 
E X C ( M Q ) f o r f i x e d m a g n e t i z a t i o n M 0 b y w r i t i n g 

Mo 
E X C ( M 0 ) = E x c ( 0 ) + \ J d M 2 I x c ( M ) (13) 

ο 

w h e r e I = I x c ( 0 ) i s t h e o r i g i n a l S t o n e r p a r a m e t e r . F i g u r e 
4 d i s p l a y s t h e m a g n e t i c f i e l d d e p e n d e n c e o f t h e S t o n e r 
p a r a m e t e r a s o b t a i n e d w i t h i n t h r e e d i f f e r e n t a p p r o x i 
m a t i o n s f o r t h e c a s e o f C o . I i i s t h e r e s u l t o f a 
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Ό 5 10 

F i g u r e 3. A t o m i c s p i n c o r r e l a t i o n s S 2 a s f u n c t i o n o f 
d - b a n d f i l l i n g n<j ( b c c s t r u c t u r e ) . U p p e r c u r v e : 
a t o m i c l i m i t ; l o w e r c u r v e : w i t h o u t c o r r e l a t i o n s . 
T h e s o l i d l i n e r e p r e s e n t s t h e r e s u l t s f o r Ι Ψ 0 > . 
U / W = 0 . 5 . ( A d a p t e d f r o m r e f . 9.) 

1.6 ι — ι — ι — ι — ι — ι — ι — r 

F i g u r e 4. S t o n e r p a r a m e t e r I ( M ) a n d l o s s o f k i n e t i c 
e n e r g y D(M) ( d a s h e d l i n e ) f o r C o a s f u n c t i o n s o f 
m a g n e t i z a t i o n . 1̂  - f u l l c o r r e l a t i o n c a l c u l a t i o n , I2 
- n e g l e c t i n g s p i n c o r r e l a t i o n s , I3 - n e g l e c t i n g a l l 
c o r r e l a t i o n s , r e s u l t i n g f r o m J ^ j . ( A d a p t e d f r o m r e f . 
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c o m p l e t e c o r r e l a t i o n c a l c u l a t i o n . I2 i s t h e S t o n e r 
p a r a m e t e r w h e n s p i n c o r r e l a t i o n s a r e n e g l e c t e d . S i n c e 
s p i n c o r r e l a t i o n s p l a y n o r o l e f o r f u l l y m a g n e t i c 
s t a t e s , b o t h c u r v e s b e c o m e e q u a l a t M m a x = 1 . 6 . W h i l e I2 
d o e s n o t d i s p l a y s i z e a b l e m a g n e t i c f i e l d d e p e n d e n c i e s 
a n d c o m p a r e s i n t h i s r e s p e c t w i t h r e s u l t s o f L S D 
c o m p u t a t i o n s , 1^ i n c r e a s e s b y 20% f r o m M=0 t o M m a x . 13 
f i n a l l y i s t h e c u r v e o b t a i n e d w h e n a l l e x c h a n g e 
c o n t r i b u t i o n s ( ~ J i j ) t o t h e i n t e r a c t i o n p a r t o f t h e 
H a m i l t o n i a n ( E q . 1) a r e t r e a t e d i n HF a p p r o x i m a t i o n . I2 
a n d I3 may b e c o n s i d e r e d a s l o w e r a n d u p p l e r l i m i t o f 
t h e d e f i c i e n c i e s o f L S D . A l t h o u g h a c h a n g e o f I b y 20% 
may s e e m s m a l l , i t h a s t h e e f f e c t o f c h a n g i n g t h e C u r i e 
t e m p e r a t u r e T c b y a p p r o x i m a t e l y a f a c t o r o f t w o , b e c a u s e 
T c ~ ( I N ( O ) - l ) 1 / * a n d I N ( 0 ) * 1 , H o w e v e r , e v e n t h a t i s 
n o t s u f f i c i e n t i n o r d e r t o b r i n g t h e l a r g e r c a l c u l a t e d 
v a l u e s f o r T c i n a g r e e m e n t w i t h e x p e r i m e n t s . T h i s i s 
d u e t o t h e f a c t t h a t S t o n e r t h e o r y d o e s n o t c o n t a i n 
f l u c t u a t i o n s o f t h e o r d e r p a r a m e t e r . F o r i m p r o v e d 
c a l c u l a t i o n s o f T c s e e e . g . R e f . ( 1 4 ) . 

A n o t h e r p o i n t o f c o n s i d e r a b l e i m p o r t a n c e i s t h e 
n o n l o c a l c h a r a c t e r o f t h e e x c h a n g e . T h e l a t t e r a l w a y s 
f a v o u r s n o n - u n i f o r m d i s t r i b u t i o n s o f e l e c t r o n s ( o r 
h o l e s ) among t h e d i f f e r e n t d o r b i t a l s , e . g . e g a n d t2g 
o r b i t a l s , w h e n t h e s y s t e m i s c u b i c . D i r e c t C o u l o m b 
i n t e r a c t i o n s a s w e l l a s c o r r e l a t i o n s f a v o u r u n i f o r m 
o c c u p a t i o n s o f t h e d i f f e r e n t a t o m i c o r b i t a l s a n d 
t h e r e f o r e c o u n t e r a c t t h e e f f e c t o f n o n l o c a l i t y o f t h e 
e x c h a n g e . D e s p i t e t h i s , t h e a n i s o t r o p i e s c a u s e d b y 
e x c h a n g e a r e i m p o r t a n t , i n p a r t i c u l a r f o r b u l k N i (10) 
a s w e l l a s f o r i t s s u r f a c e ( 1 5 ) . 

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

S 2 ( o ) = < V o l S ( 0 ) S ( a ) l * 0 > , (14 ) 

w h e r e δ d e n o t e s a n e a r e s t n e i g h b o r o f s i t e 0 . I Ψ0> i s 
c a l c u l a t e d b y s t a r t i n g f r o m t h e n o n m a g n e t i c S C F - s t a t e a s 
b e f o r e , b u t b y i n c l u d i n g i n S ( s e e E q . 6) a l s o o p e r a t o r s 
o f t h e f o r m O i j ( 1 , l + a ) = £ > i ( 1 ) S j ( 1 + © ) . T h e e f f e c t o f 
t h e s e o p e r a t o r s i s t h a t a d d i t i o n a l f e r r o m a g n e t i c c o r r e 
l a t i o n s b e t w e e e n e l e c t r o n s o n n e i g h b o r i n g s i t e s a r e 
b u i l t i n t o IV» 0 >, e x c e p t f o r b a n d f i l l i n g s c l o s e t o n<j=5. 
D e s p i t e t h i s o n e s t i l l f i n d s i n t h e r e g i m e 6 ^ η ^ 8 n e t 
a n t i f e r r o m a g n e t i c c o r r e l a t i o n s b e t w e e n n e i g h b o r i n g s i t e s 
t o p r e v a i l ( 1 5 ) , a l t h o u g h i n t h i s r e g i o n t h e g r o u n d 
s t a t e i s a f e r r o m a g n e t . T h i s s u g g e s t s t h a t c o r r e l a t i o n s 
b e t w e e n m o r e t h a n t w o s i t e s ( c l u s t e r s ) a r e n e c e s s a r y i n 
o r d e r t o a r r i v e a t f e r r o m a g n e t i c a l i g n m e n t s o f 
e l e c t r o n s . One may c o n c l u d e f r o m t h e f i n d i n g s t h a t t h e 
s t r o n g m a g n e t i c f l u c t u a t i o n s a b o v e T c o r i g i n a t e f r o m 
e x t e n d e d o r d e r - p a r a m e t e r f l u c t u a t i o n s a n d n o t f r o m 
a t o m i c l o c a l m o m e n t s . 
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C o r r e l a t i o n s i n f - E l e c t r o n S y s t e m s 

B e c a u s e o f t h e g o o d l o c a l i z a t i o n o f t h e f - e l e c t r o n 
o r b i t a l t h e o v e r l a p o f i t w i t h a t o m i c o r b i t a l s o f 
n e a r e s t n e i g h b o r s i s r a t h e r s m a l l . B u t t h e C o u l o m b 
r e p u l s i o n o f e l e c t r o n s i n a f - o r b i t a l i s l a r g e . F o r 
t h a t r e a s o n o n e i s i n t h e s t r o n g c o r r e l a t i o n l i m i t . I n 
o r d e r t o d e m o n s t r a t e t h e e f f e c t s o f t h e c o r r e l a t i o n s we 
c o n s i d e r t h e s i m p l e s t p o s s i b l e m o d e l , w h i c h c o n t a i n s a l l 
t h e i m p o r t a n t i n g r e d i e n t s . I t c o n s i s t s o f t w o o r b i t a l s 
1 a n d f w i t h e n e r g i e s c i > c f . T h e i n d e x 1 s t a n d s f o r 
l i g a n d o r b i t a l a n d we a s s u m e t h a t i t i s r a t h e r e x t e n d e d 
s o t h a t we may n e g l e c t C o u l o m b r e p u l s i o n s w i t h i n t h a t 
o r b i t a l . T h e H a m i l t o n i a n t h e n r e a d s 

Η = ε,Σ 1 σ 1 σ

 + c f Σ φ σ + V Σ ( φ σ + ΐ σ ^ σ ) + U n £ n f 
χ σ σ σ τ * 

(15) 
f + 

w i t h η σ = f a f a a n d U v e r y l a r g e . 
We w a n t t o d i s c u s s t h e s o l u t i o n s o f t h e e i g e n v a l u e 

p r o b l e m f o r t w o e l e c t r o n s . F i r s t we s e t V = 0 . I n t h a t 
c a s e , b e c a u s e c i > t f t h e g r o u n d s t a t e i s a q u a r t e t w i t h 
e n e r g y E Q = c i + C f , i . e . o n e e l e c t r o n i s i n t h e f o r b i t a l 
a n d t h e o t h e r i s i n t h e 1 o r b i t a l . T h e e x c i t e d s t a t e i s 
a s i n g l e t w i t h E s = 2 c i , i . e . b o t h e l e c t r o n s a r e i n t h e 1 
o r b i t a l . When VfO i s t a k e n i n t o a c c o u n t , t h e g r o u n d -
s t a t e q u a r t e t s p l i t s i n t o a l o w l y i n g s i n g l e t 

•*o> = 72 U - ( V / A c ) 2 ) ( φ ΐ - φ ΐ ) I0> - ^ φ | ΐ Ο > 
(16) 

w i t h e n e r g y Ε 0 = ε χ + ε £ - 2 ν 2 / Δ ε a n d a t r i p l e t 

l * c l > = ( 1 - ( V / A c ) 2 ) φ | ΐ Ο > + j2 ( φ ί - φ τ ) Ό > 
(17) 

' * c 2 > = Φ ΐ , 0 >
 ? , ψ ε 3 > = Φ Ϊ » 0 > 

w i t h e n e r g y E t = c i + C f . We h a v e s e t ε χ - ε £ = Δ ε ( s e e f i g u r e 
4 ) . T h e f o r m a t i o n o f t h e s i n g l e t ι Ψ0> w i t h a n e x c i t e d 
t r i p l e t s t a t e o f e x c i t a t i o n e n e r g y Ε β χ = 2 ν 2 / Δ ε , i s a 
c h a r a c t e r i s t i c f e a t u r e o f s t r o n g l y c o r r e l a t e d f - e l e c t r o n 
s y s t e m s . When t h e f o r b i t a l i s e m b e d d e d i n a s e a o f 
c o n d u c t i o n e l e c t r o n s , t h e e n e r g y g a i n d u e t o t h e s i n g l e t 
f o r m a t i o n b e c o m e s 

ΔΕ= D e x p [ 2 N ( Ô ) V ^ ] ( 1 8 ) 

i n s t e a d o f Δ Ε=2ν 2 / Δ ε , a s i n t h e c a s e o f t w o o r b i t a l s . 
H e r e D i s t h e c o n d u c t i o n - e l e c t r o n b a n d w i d t h a n d 2 N ( 0 ) 
i s t h e i r d e n s i t y o f s t a t e s . We h a v e s e t t h e F e r m i 
e n e r g y e q u a l t o z e r o . T h e e n e r g y g a i n i s u s u a l l y 
i d e n t i f i e d w i t h a c h a r a c t e r i s t i c t e m p e r a t u r e k g T i ^ E , 
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the Kondo temperature. The low l y i n g e x c i t a t i o n s l e a d 
t o heavy-fermion behaviour when the i o n s w i t h f e l e c t r o n 
form a l a t t i c e . 

The above c a l c u l a t i o n suggests t h a t a s i n g l e t 
f o r m a t i o n due t o s t r o n g c o r r e l a t i o n s w i t h a t r i p l e t 
e x c i t e d s t a t e should be found i n a p p r o p r i a t e molecules. 
The e f f e c t r e q u i r e s an even t o t a l number of v a l e n c e 
e l e c t r o n s . In order t o d e t e c t i t one should s e a r c h e.g. 
f o r molecules c o n t a i n i n g Ce, which are diamagnetic, but 
which show a f - e l e c t r o n count c l o s e t o 1, when photo-
e m i s s i o n experiments are performed. 

The formation of a s i n g l e t s t a t e due t o s t r o n g 
c o r r e l a t i o n s i m p l i e s a l s o a new k i n d o f electron-phonon 
c o u p l i n g . The energy g a i n ΔΕ due t o s i n g l e t formation 
depends on the h y b r i d i z a t i o n V, which i n t u r n depends on 
p r e s s u r e Ρ or volume Ω · In p a r t i c u l a r i n a s o l i d t h i s 
dependence ΔΕ(V) i s v e r y s t r o n g (see Eg. (18)), 
r e s u l t i n g i n a s t r o n g e l e c t r o n phonon c o u p l i n g . I t s 
s t r e n g t h can be c h a r a c t e r i z e d by an e l e c t r o n i c Gruneisen 
parameter 

= - d i n T K 
η d i n Ω < ± y' 

Measured v a l u e s of n are as l a r g e as 100-200 i n heavy 
fermion systems (17). 

One important problem, which i s p r e s e n t l y under 
i n t e n s e i n v e s t i g a t i o n s i s t h a t o f the Fermi s u r f a c e of 
s t r o n g l y c o r r e l a t e d f - e l e c t r o n systems. I t was a s u r 
p r i s e , a t l e a s t t o the p r e s e n t authors, t h a t the 
measured Fermi s u r f a c e o f the heavy-fermion system UPt3 
(18) i s v e r y much i n acco r d w i t h the one computed w i t h i n 
LDA (19). There i s no a p r i o r i reason why the topology 
of t h e Fermi s u r f a c e should come out c o r r e c t l y when 
e l e c t r o n c o r r e l a t i o n s are s t r o n g and a LDA i s made. But 
f o r UPt3 i t does come out s u r p r i s i n g l y w e l l , although 
the measured e f f e c t i v e masses are o f f by a f a c t o r of 
o r d e r 20 as compared w i t h the c a l c u l a t e d ones. D e t a i l e d 
i n v e s t i g a t i o n s have shown (20) t h a t the good agreement 
i n the case of UPt3 i s due t o a l a r g e s p i n - o r b i t 
s p l i t t i n g and a c r y s t a l - f i e l d (CEF) s p l i t t i n g , which i s 
much l e s s than kgT^, i . e . the energy g a i n due t o s i n g l e t 
f o r m a t i o n . In t h a t case, the t h e o r y becomes a 
one-parameter (which i s the e f f e c t i v e mass) theory, and 
the t o p o l o g y of the Fermi s u r f a c e due t o the heavy 
q u a s i p a r t i c l e s i s completely determined by the geometry 
o f the u n i t c e l l . In cases i n which the CEF s p l i t t i n g 
i s l a r g e r than kgTR, one expects d i f f e r e n c e s between the 
measured Fermi s u r f a c e and the one which f o l l o w s from 
a p p l y i n g the LDA. In o r d e r t o improve the computation 
of the Fermi s u r f a c e one can proceed as f o l l o w s , a t 
l e a s t f o r Ce compounds. One a p p l i e s the LDA t o the 
d e n s i t y f u n c t i o n a l t h e o r y f o r a l l e l e c t r o n s , except the 
f - e l e c t r o n s . The p o t e n t i a l a c t i n g on the l a t t e r i s 
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d e s c r i b e d b y a n e n e r g y d e p e n d e n t p h a s e s h i f t $1=3(ε), 
f o r w h i c h a s i m p l e , p h e n o m e n o l o g i c a l a n s a t z i s m a d e . 
O n l y t h e s e c h a n n e l s w i t h i n t h e 1=3 m a n i f o l d o b t a i n a 
p h a s e s h i f t d i f f e r e n t f r o m z e r o , w h i c h h a v e t h e s y m m e t r y 
Γ o f t h e c r y s t a l - f i e l d g r o u n d s t a t e . T h e l a t t e r i s 
u s u a l l y k n o w n f r o m i n e l a s t i c n e u t r o n s c a t t e r i n g 
e x p e r i m e n t s . T h e s l o p e <x o f t h e f - e l e c t r o n p h a s e s h i f t 
a t t h e F e r m i e n e r g y ε ρ» i s p u t i n t o t h e t h e o r y a s a 
p a r a m e t e r , w h i c h i s d e t e r m i n e d b y f i t t i n g t h e m e a s u r e d 
l i n e a r s p e c i f i c h e a t c o e f f i c i e n t . T h u s o n e s e t s 

* Γ ( 1 = 3 ) ( Ο = *o + « ( c - c F ) (20) 

w h e r e a 0 i s f i x e d b y L u t t i n g e r ' s t h e o r e m . F o r m o r e d e 
t a i l s we r e f e r t o F i g u r e 5 . F o r U c o m p o u n d s w i t h t w o o r 
t h r e e f - e l e c t r o n s i t i s n o t c l e a r y e t , how a n a n a l o g u o u s 
c a l c u l a t i o n c a n b e p e r f o r m e d . T h e r e s eems t o b e a l o n g 
way t o g o f r o m s u c h a s e m i p h e n o m e n o l o g i c a l a p p r o a c h t o a 
t r u l y a b i n i t i o t y p e o f c a l c u l a t i o n . 

F i g u r e 5 . E i g e n v a l u e s o f t h e t w o e l e c t r o n m o d e l f o r 
U = » . L e f t h a n d s i d e : V = 0 ; r i g h t h a n d s i d e V ^ O . 

A c k n o w l e d g m e n t s 
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Chapter 21 

Ab Initio Relativistic Quantum Chemistry 
of Third-Row Transition Elements and 

Actinides 

G. L. Malli 
Department of Chemistry, Simon Fraser University, Burnaby, British 

Columbia V5A 1S6, Canada 

Ab initio fully relativistic Dirac-Fock (DF) self-consistent 
field (SCF) calculations for a large number of diatomics of 
sixth-row elements and actinides (Th, U, Pu) are reported. Our 
methodology has been delineated recently in the first 
ab initio Dirac-Fock (DF) as well as relativistic 
configuration interaction (RCI) calculations (with DF as 
reference) for AuH. The effects of both relativity and 
electron correlation on bonding, dissociation energy, bond 
length, vibrational frequency, dipole moment, etc., of diatomic 
species involving atoms with Z≥75 are discussed. It is 
concluded that the relativistic (via the Dirac equation) 
and electron correlation effects must be included in a l l 
reliable ab initio calculations for these systems. Less 
rigorous and approximate methods are unreliable even though 
they can yield results which fortuitously agree with the 
experimental results. 

T h e t h e o r y o f r e l a t i v i t y a n d q u a n t u m m e c h a n i c s c o n s t i t u t e t h e two 
b a s i c f o u n d a t i o n s o f t h e o r e t i c a l p h y s i c s . I t i s a l s o w e l l known 
t h a t q u a n t u m m e c h a n i c s b a s e d u p o n t h e S c h r ô d i n g e r e q u a t i o n h a s b e e n 
u s e d f o r d e c a d e s t o i n v e s t i g a t e a t o m i c a n d m o l e c u l a r s t r u c t u r e b y 
p h y s i c i s t s a n d c h e m i s t s . H o w e v e r , t h e S c h r ô d i n g e r e q u a t i o n i s n o n -
r e l a t i v i s t i c ; i . e . , i t i s n o t L o r e n t z - i n v a r i a n t a s i t d o e s n o t o b e y 
t h e s p e c i a l t h e o r y o f r e l a t i v i t y . 

S i n c e t h e b e h a v i o u r o f f a s t - m o v i n g b o d i e s a c c o r d i n g t o s p e c i a l 
r e l a t i v i t y ( w i t h a f i n i t e v e l o c i t y o f l i g h t ) i s s i g n i f i c a n t l y 
d i f f e r e n t f r o m t h a t p r e d i c t e d b y n o n - r e l a t i v i s t i c (NR) ( w h i c h 
a s s u m e s v e l o c i t y o f l i g h t t o b e i n f i n i t e ' ) N e w t o n i a n m e c h a n i c s ( w h i c h 
S c h r ô d i n g e r ' s e q u a t i o n a s s u m e s ) , i t i s s a f e t o c o n c l u d e t h a t t h e u s e 
o f n o n - r e l a t i v i s t i c q u a n t u m m e c h a n i c s (NRQM) t o s t u d y t h e b e h a v i o u r 
o f e l e c t r o n s i n a toms a n d m o l e c u l e s w o u l d n o t b e a p p r o p r i a t e i f t h e 
e l e c t r o n s i n t h e s e s y s t e m s m o v e d a t v e l o c i t y c o m p a r a b l e t o t h a t o f 
l i g h t . I n d e e d , e v e n t h e s i m p l e s t B o h r m o d e l o f o n e - e l e c t r o n a t o m 
w i t h n u c l e a r c h a r g e Ζ p r e d i c t s t h a t t h i s w i l l h a p p e n f o r a n a t o m i c 
s y s t e m w i t h Z>70. T h e s e s i m p l e c o n s i d e r a t i o n s w o u l d t h e r e f o r e 
a p r i o r i s u g g e s t t h a t f o r a p r o p e r u n d e r s t a n d i n g o f t h e e l e c t r o n i c 

0097-6156/89A)394-0291$06.00/0 
ο 1989 American Chemical Society 
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s t r u c t u r e o f a t o m s a n d m o l e c u l e s i n v o l v i n g a toms o f h e a v y e l e m e n t s 
(Z>75) t h e r e l a t i v i s t i c q u a n t u m m e c h a n i c s (RQM) , i . e . , q u a n t u m 
m e c h a n i c s w h i c h i s i n c o n f o r m i t y w i t h t h e s p e c i a l t h e o r y o f 
r e l a t i v i t y i s m a n d a t o r y . V a r i o u s a t t e m p t s w e r e made t o wed q u a n t u m 
m e c h a n i c s a n d s p e c i a l t h e o r y o f r e l a t i v i t y ( 1 - 3 ) ; b u t i t was 
D i r a c (4 ) who i n 1928 d i s c o v e r e d t h e f a m o u s D i r a c e q u a t i o n 
( l i n e a r i n momentum a n d k i n e t i c e n e r g y ) f o r a n e l e c t r o n , w h i c h n o t 
o n l y i s L o r e n t z - i n v a r i a n t b u t a l s o e x p l a i n s n a t u r a l l y t h e e x i s t e n c e 
o f e l e c t r o n s p i n w h i c h was a d d e d a s a n a d h o c h y p o t h e s i s i n NRQM. 
D i r a c ' s t h e o r y h a s b e e n f o u n d v e r y s u c c e s s f u l a n d i n d e e d i t s 
p r e d i c t i o n s a g r e e v e r y w e l l w i t h e x p e r i m e n t a l r e s u l t s ( a p a r t f r o m 
Lamb s h i f t a n d h i g h e r o r d e r q u a n t u m e l e c t r o d y n a m i c a l c o r r e c t i o n s ) 
a n d f o r m s t h e b a s i s o f r e l a t i v i s t i c t r e a t m e n t f o r o n e - e l e c t r o n 
a t o m i c ( a n d m o l e c u l a r ) s y s t e m s e x c e p t t h a t i t s h o u l d b e r e m a r k e d 
t h a t D i r a c ' s e q u a t i o n e v e n f o r t h e s i m p l e s t o n e - e l e c t r o n m o l e c u l a r 
s y s t e m v i z H 2

+ c a n n o t b e s o l v e d e x a c t l y , a l t h o u g h e x a c t s o l u t i o n s 
f o r t h i s s y s t e m w e r e o b t a i n e d b y B u r r a u (5) i n 1927 u s i n g 
S c h r ô d i n g e r n o n - r e l a t i v i s t i c e q u a t i o n . I t was a r o u n d t h i s t i m e t h a t 
D i r a c (6 ) made t h e p r o p h e t i c s t a t e m e n t : " . . . t h e g e n e r a l t h e o r y o f 
q u a n t u m m e c h a n i c s i s now a l m o s t c o m p l e t e , t h e i m p e r f e c t i o n s t h a t 
s t i l l r e m a i n b e i n g i n c o n n e c t i o n w i t h t h e e x a c t f i t t i n g i n o f t h e 
t h e o r y w i t h r e l a t i v i t y i d e a s . . . T h e u n d e r l y i n g p h y s i c a l l a w s 
n e c e s s a r y f o r t h e m a t h e m a t i c a l t h e o r y o f a l a r g e p a r t o f p h y s i c s a n d 
t h e w h o l e o f c h e m i s t r y a r e t h u s c o m p l e t e l y k n o w n . . . . " 

H o w e v e r , r e l a t i v i s t i c q u a n t u m m e c h a n i c s was i g n o r e d b y c h e m i s t s 
f o r d e c a d e s b e c a u s e o f t h e e r r o n e o u s b e l i e f t h a t i n a l l a t o m s , t h e 
v a l e n c e e l e c t r o n s ( i n t h e o u t e r m o s t s h e l l s ) w h i c h a r e p r i m a r i l y 
r e s p o n s i b l e f o r t h e c h e m i s t r y moved s o s l o w l y t h a t t h e i r d y n a m i c s 
was n o t s i g n i f i c a n t l y m o d i f i e d b y r e l a t i v i t y , a l t h o u g h t h e r e was no 
e v i d e n c e t o s u p p o r t t h i s p r e m i s e , e s p e c i a l l y i n t h e c a s e o f v a l e n c e 
e l e c t r o n s o f a t o m s o f h e a v y e l e m e n t s ( Z > 7 5 ) . 
R E L A T I V I S T I C E F F E C T S ON V A L E N C E ELECTRONS IN HEAVY ATOMS 
T h e f i r s t c o n t r a r y e v i d e n c e d e m o n s t r a t i n g c o n c l u s i v e l y t h a t 
r e l a t i v i t y s i g n i f i c a n t l y m o d i f i e s e v e n t h e b e h a v i o u r o f v a l e n c e 
e l e c t r o n s i n h e a v y a toms came f r o m t h e e a r l i e s t r e l a t i v i s t i c 
c a l c u l a t i o n o n t h e Hg a t o m b y M a y e r s (7 ) who f o u n d t h a t w h e r e a s t h e 
b i n d i n g e n e r g y o f a n e l e c t r o n i n 6s s h e l l was i n c r e a s e d b y 
r e l a t i v i t y a n d i t s mean r a d i u s was d e c r e a s e d s i g n i f i c a n t l y ; t h e 
e l e c t r o n s o c c u p y i n g t h e 5 d r e l a t i v i s t i c o r b i t a l s w e r e l e s s s t r o n g l y 
b o u n d a s shown b y t h e i r s m a l l e r b i n d i n g e n e r g y a n d l a r g e r mean 
r a d i u s c o m p a r e d t o t h e c o r r e s p o n d i n g n o n - r e l a t i v i s t i c v a l u e s . S i n c e 
i t was known t h a t r e l a t i v i t y s t a b i l i z e s a l l o n e - e l e c t r o n a t o m i c 
s t a t e s i r r e s p e c t i v e o f t h e o r b i t a l o c c u p i e d b y t h e e l e c t r o n , M a y e r s 
(7 ) p o i n t e d o u t t h a t t h e d e s t a b i l i z i n g o f t h e 5d e l e c t r o n s i n t h e Hg 
a t o m was due t o a n i n d i r e c t e f f e c t , v i z . r e l a t i v i t y c o n t r a c t s 
i n n e r - s h e l l o r b i t a l s t h e r e b y s h i e l d i n g t h e 5 d e l e c t r o n s more 
e f f i c i e n t l y f r o m t h e e f f e c t o f t h e n u c l e a r c h a r g e t h e r e b y w e a k e n i n g 
t h e b i n d i n g e n e r g i e s o f e l e c t r o n s i n t h e s e ( i . e . , 5d) o r b i t a l s a n d 
i n c r e a s i n g t h e i r mean r a d i i . T h i s i n d i r e c t e f f e c t , w h i c h a l w a y s 
e x p a n d s t h e o r b i t a l ^ a l t h o u g h u n i m p o r t a n t f o r s e l e c t r o n s , i n c r e a s e s 
i n t h e o r d e r s<p<p<d<d, b e i n g m o s t i m p o r t a n t f o r d a n d d 
e l e c t r o n s , w h e r e i a n d i d e s i g n a t e t h e r e l a t i v i s t i c s u b - s h e l l s w i t h 
t h e t o t a l a n g u l a r momentum j - i - 1 / 2 a n d j - i + 1 / 2 , r e s p e c t i v e l y , i n 
t h e n o t a t i o n i n t r o d u c e d b y S w i r l e s ( 8 ) . A few y e a r s l a t e r 
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B o y d e t a l . (9 ) f o u n d f o r t h e u r a n i u m a t o m a l s o t h e d e s t a b i l i z a t i o n 
o f 5 f e l e c t r o n s a r i s i n g due t o t h e i n d i r e c t e f f e c t . 

T h e r e f o r e , e l e c t r o n s o c c u p y i n g p e n e t r a t i n g v a l e n c e o r b i t a l s 
h a v i n g l o w a n g u l a r momenta ( s a n d p 1 / 2 e l e c t r o n s ) a r e s u b s t a n t i a l l y 
s t a b i l i z e d b y t h e d i r e c t r e l a t i v i s t i c e f f e c t due t o t h e f a c t t h a t 
t h e y s p e n d a n a p p r e c i a b l e amount o f t i m e n e a r t h e h e a v y n u c l e u s 
( w i t h Z>75) w h e r e t h e i r v e l o c i t y i s v e r y a p p r e c i a b l e c o m p a r e d t o 
t h a t o f l i g h t , a n d a r e t h e r e f o r e a f f e c t e d v e r y s i g n i f i c a n t l y b y 
r e l a t i v i t y . T h e d i r e c t r e l a t i v i s t i c e f f e c t d e c r e a s e s i n i m p o r t a n c e 
w i t h i n c r e a s i n g t o t a l a n g u l a r momentum o f a n e l e c t r o n b e c o m i n g 
p r o g r e s s i v e l y s m a l l e r i n t h e o r d e r s>p>d>d. h e n c e , a s a r e s u l t o f 
t h e s e two r e l a t i v i s t i c e f f e c t s , t h e d a n d f e l e c t r o n s a r e 
d e s t a b i l i z e d w h i l e t h e s a n d ρ e l e c t r o n s a r e s t a b i l i z e d s o t h a t t h e 
e l e c t r o n s i n t h e 5 d ( a n d 6d) a n d 5 f o u t e r a t o m i c o r b i t a l s o f t h e 
t h i r d - r o w t r a n s i t i o n e l e m e n t s a n d t h e a c t i n i d e s c a n no l o n g e r b e 
i g n o r e d i n t h e c h e m i s t r y o f t h e s e e l e m e n t s . I n a d d i t i o n , t h e s p i n -
o r b i t i n t e r a c t i o n s p l i t s a n i>0 l e v e l i n t o two s u b - l e v e l s w i t h j « i 

± 1 / 2 . T h e s e e f f e c t s i n c r e a s e a s Z 2 a n d h e n c e a r e v e r y s i g n i f i c a n t 
f o r a t o m s o f h e a v y e l e m e n t s ( Z > 7 5 ) . F u r t h e r m o r e , a s t h e number o f 
e l e c t r o n s ( a n d e s p e c i a l l y v a l e n c e e l e c t r o n s i n o u t e r o r b i t a l s ) i n 
a t o m s o f h e a v y e l e m e n t s i s v e r y l a r g e , n o t o n l y t h e r e l a t i v i s t i c b u t 
i n a d d i t i o n t h e e l e c t r o n c o r r e l a t i o n e f f e c t s b e c o m e v e r y s i g n i f i c a n t 
f o r s y s t e m s i n v o l v i n g h e a v y e l e m e n t s . T h e r e f o r e t h e c o m p u t a t i o n a l 
q u a n t u m c h e m i s t s m u s t f a c e t h e f o r m i d a b l e d o u b l e c h a l l e n g e o f t h e 
a c c u r a t e c a l c u l a t i o n o f b o t h t h e e f f e c t s o f r e l a t i v i t y a n d e l e c t r o n 
c o r r e l a t i o n f o r s y s t e m s o f h e a v y e l e m e n t s i n v o l v i n g 5 d , 6d a n d 5 f 
e l e c t r o n s w h i c h h a p p e n s t o b e t h e m a i n theme o f t h i s s y m p o s i u m . 
R E L A T I V I S T I C E F F E C T S IN HEAVY ATOM MOLECULES A l t h o u g h a v a r i e t y o f 
a p p r o x i m a t e c a l c u l a t i o n s f o r h e a v y a t o m m o l e c u l e s h a v e b e e n c a r r i e d 
o u t ( 1 0 - 1 3 ) , t h e r e i s a n o b v i o u s n e e d f o r b e n c h m a r k c a l c u l a t i o n s 
u s i n g r e l i a b l e ab i n i t i o f u l l y r e l a t i v i s t i c m e t h o d s f o r s u c h 
s y s t e m s . A c o m p u t e r p r o g r a m , c a l l e d R e l a t i v i s t i c I n t e g r a l s P r o g r a m 
( R I P ) , c a p a b l e o f p e r f o r m i n g f u l l y r e l a t i v i s t i c ab i n i t i o 
c a l c u l a t i o n s f o r h e a v y a t o m d i a t o m i c s was r e c e n t l y u s e d b y M a l l i a n d 
P y p e r (14) t o d i s c u s s b o n d i n g i n A u H . T h e R I P c a n h a n d l e a n y t y p e o f 
b a s i s f u n c t i o n w h i c h i s c e n t e r e d o n a n u c l e u s a n d h a s t h e f u l l 
s y m m e t r y o f a r e l a t i v i s t i c a t o m i c o r b i t a l . I n a l l t h e c a l c u l a t i o n s 
s o f a r p e r f o r m e d w i t h t h e R I P , t h e n u m e r i c a l D i r a c - F o c k a t o m i c 
o r b i t a l s (DFAO) o f e a c h i s o l a t e d a t o m h a v e b e e n u s e d a s t h e b a s i s 
s e t . T h e DFAOs a r e c o m p u t e d u s i n g t h e O x f o r d D i r a c - F o c k p r o g r a m 
( 1 5 ) . T h i s c h o i c e o f b a s i s s e t h a s t h e a d v a n t a g e o f m a x i m i z i n g t h e 
i n s i g h t i n t o 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 a t t h e b o n d i n g c a n b e 
e a s i l y i n t e r p r e t e d i n t e r m s o f t h e c o n c e p t s t r a d i t i o n a l l y a n d 
s u c c e s s f u l l y u s e d b y q u a n t u m c h e m i s t s . I t h a s t h e a d d i t i o n a l 
a d v a n t a g e o f a v o i d i n g c e r t a i n t e c h n i c a l d i f f i c u l t i e s i n v o l v i n g t h e 
a d m i x t u r e i n t o t h e w a v e f u n c t i o n o f t h e n e g a t i v e e n e r g y s o l u t i o n s o f 
t h e D i r a c e q u a t i o n , w h i c h d e s c r i b e t h e b e h a v i o u r o f p o s i t r o n s 
( 1 6 - 1 7 ) . 

I n c o m p u t a t i o n s w i t h t h e R I P , i t i s f o u n d t h a t many 
r e l a t i v i s t i c m o l e c u l a r o r b i t a l s (RMOs) a r e a l m o s t i d e n t i c a l t o t h e 
DFAOs o f t h e c o n s t i t u e n t a t o m s i n t h a t t h e c o e f f i c i e n t o f o n e DFAO 
i s v e r y c l o s e t o u n i t y w h i l e t h e r e m a i n i n g c o e f f i c i e n t s a r e s m a l l . 
T h e s e o r b i t a l s a n d t h e e l e c t r o n s t h e y c o n t a i n a r e t e r m e d t h e c o r e , 
a n d t h e e l e c t r o n s n o t i n c l u d e d i n t h e c o r e a r e a c c o m m o d a t e d i n t h e 
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v a l e n c e RMOs c o n s t i t u t i n g t h e v a l e n c e w a v e f u n c t i o n w h i c h , i n 
g e n e r a l , a r e c o m p o s e d o f s e v e r a l DFAOs o f t h e c o n s t i t u e n t a t o m s . 
T h e b a s i s s e t u s e d t o e x p r e s s t h e v a l e n c e RMOs c a n c o n s i s t o f u p t o 
f o u r d i f f e r e n t t y p e s o f f u n c t i o n s ( 1 4 ) : 

( I ) DFAOs t h a t a r e n o t c o m p l e t e l y f i l l e d i n t h e i s o l a t e d 
a toms ; 

( I I ) DFAOs c o m p l e t e l y f i l l e d i n t h e i s o l a t e d a t o m s t h a t m i g h t 
b e s i g n i f i c a n t l y a f f e c t e d b y t h e f o r m a t i o n o f t h e 
m o l e c u l e ; 

( I I I ) E x c i t e d DFAOs u n o c c u p i e d i n t h e i s o l a t e d a t o m s b u t w h i c h 
m i g h t 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 t h e f o r m a t i o n o f t h e 
m o l e c u l e ; 

( I V ) F u n c t i o n s , c a l l e d a u g m e n t i n g f u n c t i o n s ( A F ) , w h i c h a r e 
n e e d e d t o d e s c r i b e s m a l l r e s i d u a l d i s t o r t i o n s o f t h e 
v a l e n c e c h a r g e d i s t r i b u t i o n o n f o r m a t i o n o f t h e 
m o l e c u l e . 

A l t h o u g h t h e b a s i s s e t m u s t i n c l u d e a l l t h e f u n c t i o n s o f t y p e 
( I ) , A F s a r e o n l y n e e d e d f o r q u a n t i t a t i v e l y a c c u r a t e w o r k . S i n c e 
t h e A F s a r e c o n s t r u c t e d t o b e o r t h o g o n a l t o DFAOs b e l o n g i n g t o t h e 
same a t o m , A F s make o n l y s m a l l c o n t r i b u t i o n s t o t h e RMOs. H e n c e t h e 
e s s e n t i a l f e a t u r e s o f t h e b o n d i n g c a n b e u n d e r s t o o d b y u s i n g a 
b a s i s , c a l l e d t h e c h e m i c a l b a s i s ( C B ) , c o n s i s t i n g o f f u n c t i o n s 
s e l e c t e d f r o m t y p e s ( I ) , ( I I ) a n d ( I I I ) . _ T h e r o l e p l a y e d i n b o n d i n g 
b y f u n c t i o n s o f t y p e ( I I ) , o f w h i c h t h e 5 d a n d 5d DFAOs i n t h e g o l d 
a t o m a r e d i s c u s s e d i n d e t a i l e l s e w h e r e ( 1 4 ) . T h e i m p o r t a n c e o f 
h y b r i d i z a t i o n i n v o l v i n g o r b i t a l s b e l o n g i n g t o t y p e ( I I I ) , f o r 
e x a m p l e , t h e 6p a n d 6p DFAOs i n t h e g o l d a t o m , i s d e d u c e d b y 
e x a m i n i n g t h e c o e f f i c i e n t s w i t h w h i c h t h e y c o n t r i b u t e t o t h e 
v a l e n c e RMOs a n d b y c a l c u l a t i n g t h e f r a c t i o n o f t h e b i n d i n g e n e r g y 
l o s t b y e x c l u d i n g them f r o m t h e b a s i s s e t . 
CORRELATION E F F E C T S : THE R E L A T I V I S T I C CONFIGURATION INTERACTION 
T h e d e f e c t s o f RMO t h e o r y o f o v e r e s t i m a t i n g m o l e c u l a r i o n i c i t i e s a n d 
p r e d i c t i n g i n c o r r e c t d i s s o c i a t i o n p r o d u c t s a r e r e m e d i e d b y u s i n g t h e 
R I P t o p e r f o r m R C I c a l c u l a t i o n s ( 1 4 ) . T h i s i s a c h i e v e d b y u s i n g t h e 
u n o c c u p i e d RMOs r e s u l t i n g f r o m a n RMO c a l c u l a t i o n t o c o n s t r u c t more 
a c c u r a t e w a v e f u n c t i o n s . B o t h t h e RMO a n d R C I w a v e f u n c t i o n s c a n a n d 
h a v e b e e n u s e d t o c a l c u l a t e m o l e c u l a r p r o p e r t i e s o t h e r t h a n t h e 
t o t a l e n e r g y , e . g . , d i p o l e m o m e n t s , c h a r g e d i s t r i b u t i o n s , e t c . 

T h e d e t a i l s o f o u r m e t h o d o l o g y a s w e l l a s t h e c o m p u t a t i o n a l 
t e c h n i q u e s a r e f u l l y d e s c r i b e d e l s e w h e r e ( 14 ) a n d b e c a u s e o f s p a c e 
l i m i t a t i o n s c a n n o t b e r e p e a t e d h e r e . H o w e v e r , we p r e s e n t a summary 
o f t h e r e s u l t s o f o u r ab i n i t i o f u l l y r e l a t i v i s t i c D i r a c - F o c k S C F a s 
w e l l a s R C I c a l c u l a t i o n s c a r r i e d o u t u s i n g a n e x t e n d e d b a s i s s e t 
( E B S ) o f 27 v a l e n c e b a s i s f u n c t i o n s f o r A u H t o d e m o n s t r a t e t h e 
i m p o r t a n c e o f t h e r e l a t i v i s t i c a s w e l l a s e l e c t r o n c o r r e l a t i o n 
e f f e c t s i n d i a t o m i c s o f t h i r d - r o w t r a n s i t i o n e l e m e n t s . 
AB I N I T I O F U L L Y R E L A T I V I S T I C DF S C F EBS AND R E L A T I V I S T I C 
CONFIGURATION INTERACTION ( R C I ) CALCULATIONS FOR_AuH 
T h e c h e m i c a l b a s i s s e t f o r AuH c o n s i s t s o f t h e 5 d , 5 d a n d 6s DFAOs 
o f t h e g o l d a t o m p l u s t h e I s DFAO o f t h e h y d r o g e n a t o m . O u r DF S C F 
c a l c u l a t i o n s (14 ) show t h a t t h e 6 s - 6 p h y b r i d i z a t i o n i s n o t a 
s i g n i f i c a n t f e a t u r e o f t h e b o n d i n g s o t h a t 6p a n d 6p DFAOs do n o t 
e n t e r t h e c h e m i c a l b a s i s s e t . H o w e v e r , s i n c e 1 .0 eV o u t _ o f t h e 
e x p e r i m e n t a l b i n d i n g e n e r g y o f 3 . 3 6 eV a r e l o s t i f t h e 5 d a n d 5 d 
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DFAOs a n d t h e i r a s s o c i a t e d e l e c t r o n s a r e p l a c e d i n t h e c o r e , t h e s e 
two DFAOs e n t e r t h e c h e m i c a l b a s i s s e t . I n d e e d o u r R C I c a l c u l a t i o n 
i n w h i c h t h e s e t e n e l e c t r o n s a r e p l a c e d i n t h e c o r e p r e d i c t s o n l y a 
b i n d i n g e n e r g y o f 0 . 6 6 3 e V , w h i c h i s a b o u t 20% o f t h e e x p e r i m e n t a l 
v a l u e . T h e c o m p u t a t i o n o f a n a c c u r a t e w a v e f u n c t i o n w i t h t h e 5 d a n d 
5 d DFAOs i n t h e v a l e n c e r e q u i r e s t h e a d d i t i o n o f s e v e r a l A F s o n b o t h 
t h e A u a n d H a t o m s . T h e e n e r g y o f AuH p r e d i c t e d a t v a r i o u s 
i n t e r n u c l e a r d i s t a n c e s b y b o t h t h e m o l e c u l a r o r b i t a l a n 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 m e t h o d s was c a l c u l a t e d u s i n g a l a r g e b a s i s 
s e t i n c l u d i n g A F s . T h e b o n d l e n g t h a n d f u n d a m e n t a l v i b r a t i o n 
f r e q u e n c y w e r e t h e n p r e d i c t e d f r o m t h e s e e n e r g i e s . A c o m p a r i s o n o f 
r e l a t i v i s t i c a n d e x a c t l y c o r r e s p o n d i n g n o n - r e l a t i v i s t i c c a l c u l a t i o n s 
( t h e l a t t e r p e r f o r m e d s i m p l y b y i n c r e a s i n g t h e v a l u e o f t h e v e l o c i t y 
o f l i g h t u s e d ) shows t h a t r e l a t i v i t y s i g n i f i c a n t l y c o n t r a c t s t h e 
b o n d l e n g t h ( R e ) a n d s u b s t a n t i a l l y i n c r e a s e s t h e v i b r a t i o n 
f r e q u e n c y (a> e) . T h u s t h e r e l a t i v i s t i c p r e d i c t i o n s o f 2 . 9 9 3 a u a n d 
2102 cm f o r R e a n d u?e , r e s p e c t i v e l y , a r e t o b e c o m p a r e d w i t h 
t h e n o n - r e l a t i v i s t i c v a l u e s o f 3 . 4 3 1 a u a n d 1745 cm ; t h e l a t t e r 
a r e i n s e r i o u s d i s a g r e e m e n t w i t h t h e e x p e r i m e n t a l v a l u e s (18 ) o f 
2 . 8 7 9 a u a n d 2305 c m " 1 , r e s p e c t i v e l y . T h e p r e d i c t i o n s u s i n g t h e 
i m p r o v e d w a v e f u n c t i o n s r e s u l t i n g f r o m R C I c a l c u l a t i o n s a r e 
2 . 9 6 3 a u a n d 2102 c m " 1 , r e s p e c t i v e l y , f o r R e a n d ω β . 

O u r r e s u l t s show t h a t t h e q u a n t i t a t i v e p r e d i c t i o n s o f t h e 
m o l e c u l a r p r o p e r t i e s o f AuH a r e s u b s t a n t i a l l y c h a n g e d b y r e l a t i v i t y . 
F u r t h e r m o r e , e v e n t h e q u a l i t a t i v e f e a t u r e s o f t h e b o n d i n g , r e v e a l e d 
b y RMO c a l c u l a t i o n s w i t h c h e m i c a l b a s i s s e t s , c a n n o t b e u n d e r s t o o d 
u s i n g n o n - r e l a t i v i s t i c t h e o r y . T h i s i s m o s t r e a d i l y d e m o n s t r a t e d 
u s i n g l o c a l i z e d v a l e n c e RMOs c a l c u l a t e d f r o m t h e RMOs o b t a i n e d f r o m 
a R I P c o m p u t a t i o n . T h e t h r e e l o c a l i z e d A u H RMOs, two o f w h i c h 
b e c o m e σ o r b i t a l s w i t h α s p i n a n d t h e t h i r d r e d u c i n g t o a π o r b i t a l 
w i t h β s p i n i n t h e n o n - r e l a t i v i s t i c l i m i t , show t h a t a g o l d 5 d - 6 s 
h y b r i d o r b i t a l i s r e s p o n s i b l e f o r t h e b o n d i n g t h r o u g h i t s 
i n t e r a c t i o n w i t h t h e h y d r o g e n I s D F A O . T h i s i m p o r t a n t h y b r i d i z a t i o n 
i s , h o w e v e r , f o u n d t o b e a b s e n t i n t h e n o n - r e l a t i v i s t i c c a l c u l a t i o n 
w h i c h e r r o n e o u s l y p r e d i c t s t h a t t h e b o n d i s f o r m e d s o l e l y f r o m t h e 
i n t e r a c t i o n b e t w e e n t h e g o l d 6s a n d t h e h y d r o g e n I s D F A O s . T h e n o n -
r e l a t i v i s t i c c a l c u l a t i o n a l s o s e r i o u s l y u n d e r e s t i m a t e s t h e d e g r e e o f 
5 d - 6 s h y b r i d i z a t i o n i n one o f t h e n o n b o n d i n g o r b i t a l s . T h e g r e a t e r 
r e l a t i v i s t i c i m p o r t a n c e o f 5 d - 6 s h y b r i d i z a t i o n a r i s e s b e c a u s e t h e 
i n d i r e c t r e l a t i v i s t i c e f f e c t d e s t a b i l i z e s t h e 5 d a n d 5 d DFAOs 
w h i l s t t h e d i r e c t r e l a t i v i s t i c e f f e c t s t a b i l i z e s t h e 6s D F A O . T h e 
c o m b i n a t i o n o f t h e s e two e f f e c t s r e d u c e s s i g n i f i c a n t l y t h e 5 d - 6 s 
e n e r g y gap t h u s l e a d i n g t o t h e g r e a t e r 5 d - 6 s h y b r i d i z a t i o n i n t h e 
r e l a t i v i s t i c c a s e . M o r e o v e r , t h e NR w a v e f u n c t i o n p r e d i c t s g r e a t e r 
p o l a r i t y f o r A u H . 

O u r a b o v e - m e n t i o n e d c o n c l u s i o n s a r e c o n t r a r y t o t h e r e s u l t s 
r e p o r t e d f r o m p r e v i o u s l e s s r i g o r o u s c a l c u l a t i o n s ; e . g . , H a y e t a l . 
(11 ) c o n c l u d e d f r o m a n e f f e c t i v e c o r e p o t e n t i a l ( E C P ) c a l c u l a t i o n 
u s i n g a n a p p r o x i m a t e t r e a t m e n t o f r e l a t i v i t y t h a t t h e 5 d 1 0 c o r e d o e s 
n o t a p p e a r t o p l a y a d o m i n a n t r o l e i n t h e c h e m i c a l b o n d i n A u H ; t h i s 
c o n c l u s i o n i s i n c o r r e c t i n v i e w o f o u r r e s u l t t h a t 5 d 1 0 e l e c t r o n s 
c a n n o t b e l e f t i n t h e c o r e i n A u H . O u r e x t e n d e d b a s i s s e t ( E B S ) , DF 
S C F c a l c u l a t i o n p r e d i c t s a v a l u e o f 1 . 6 8 2 eV f o r t h e D e o f AuH a n d 
o u r r e l a t i v i s t i c 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 a l c u l a t i o n w i t h t h e 
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a b o v e - m e n t i o n e d EBS DF S C F w a v e f u n c t i o n a s t h e r e f e r e n c e a n d 
i n c l u d i n g a l l s i n g l e - a n d p a i r - t y p e d o u b l e e x c i t a t i o n s p r e d i c t s 
2 . 0 1 4 < D e < 2 . 3 7 6 e V , w h e r e a s t h e c a l c u l a t i o n o f Z i e g l e r e t a l . 
(12 ) w i t h a p e r t u r b a t i o n t r e a t m e n t o f r e l a t i v i t y a n d s t a t i s t i c a l 
e x c h a n g e p r e d i c t s a much l a r g e r v a l u e f o r D e o f 2 . 9 5 e V . M o r e o v e r , 
a l t h o u g h t h e R e v a l u e o f 2 . 9 2 9 a u c a l c u l a t e d b y Z i e g l e r e t a l . 
(12 ) a n d t h a t o f 2 . 8 4 9 7 a u p r e d i c t e d b y t h e ECP c a l c u l a t i o n o f Hay 
e t a l . (11) i s a l m o s t i n a g r e e m e n t w i t h t h e e x p e r i m e n t a l v a l u e (18) 
o f R e - 2 . 8 7 9 4 a u ; o u r ab i n i t i o f u l l y r e l a t i v i s t i c D i r a c - F o c k S C F 
EBS c a l c u l a t i o n p r e d i c t s a v a l u e o f 2 . 9 9 3 a u f o r R e . O u r r e s u l t s 
p r e d i c t i n g a v e r y m i n o r r o l e o f 6 s - 6 p h y b r i d i z a t i o n i n AuH a n d o t h e r 
l a r g e n u m b e r o f g o l d compounds ( M a l l i a n d P y p e r , u n p u b l i s h e d ) , 
s h o u l d b e c o n t r a s t e d w i t h t h e c l a i m o f M i n g o s (10) f r o m n o n -
r e l a t i v i s t i c e x t e n d e d H u c k e l t h e o r y (EHT) c a l c u l a t i o n s w h i c h p r e d i c t 
a n i m p o r t a n t r o l e f o r s u c h h y b r i d i z a t i o n i n g o l d c h e m i s t r y . 
F i n a l l y , t h e s t a t e m e n t o f P y y k k ô (19) t h a t " A t t h e t i m e o f w r i t i n g 
( J u l y 1987) i t s t i l l seems f a i r t o s a y t h a t t h e o n l y D F - L C A O 
c a l c u l a t i o n s g i v i n g some c h e m i c a l i n s i g h t w e r e t h o s e o f L e e a n d 
M c L e a n (20 ) o n AgH a n d A u H . . . " i s t o t a l l y i n c o r r e c t i n v i e w o f o u r 
ab i n i t i o f u l l y r e l a t i v i s t i c ( f o u r - c o m p o n e n t ) D i r a c - F o c k S C F 
e x t e n d e d b a s i s s e t ( E B S ) c a l c u l a t i o n s f o r AuH a s w e l l a s o u r f i r s t 
r e l a t i v i s t i c c o n f i g u r a t i o n i n t e r a c t i o n ( R C I ) c a l c u l a t i o n s w i t h t h e 
DF S C F EBS c a l c u l a t i o n a s r e f e r e n c e w h i c h i n c l u d e s a l l s i n g l e - a n d 
p a i r - t y p e d o u b l e e x c i t a t i o n s . O u r Ab I n i t i o DF S C F c a l c u l a t i o n s 
h a v e c l e a r l y shown t h a t r e l a t i v i t y c o n t r a c t s t h e b o n d l e n g t h b y 
- 0 . 4 5 a u , s u b s t a n t i a l l y i n c r e a s e s t h e f u n d a m e n t a l v i b r a t i o n a l 
f r e q u e n c y ( ω β ) , a n d d o u b l e s t h e b i n d i n g e n e r g y ( D e ) p r e d i c t e d b y 
u s i n g a s i n g l e d e t e r m i n a n t w a v e f u n c t i o n . M o r e o v e r , t h e r e i s v e r y 
s i g n i f i c a n t 5 d - 6 s h y b r i d i z a t i o n w h e r e a s t h e 6 s - 6 p h y b r i d i z a t i o n 
p l a y s a v e r y m i n o r r o l e . 

T h e e f f e c t o f r e l a t i v i t y o n t h e b o n d i n g i n t h i s m o l e c u l e i s s o 
l a r g e t h a t e v e n t h e q u a l i t a t i v e f e a t u r e s o f t h e b o n d i n g c a n n o t b e 
c o r r e c t l y d e s c r i b e d b y n o n - r e l a t i v i s t i c t h e o r y w h i c h : ( i ) f a i l s t o 
p r e d i c t a n y 5 d - 6 s h y b r i d i z a t i o n i n t h e l o c a l i z e d b o n d i n g o r b i t a l ; 
( i i ) s e r i o u s l y u n d e r e s t i m a t e s 5 d - 6 s h y b r i d i z a t i o n i n one o f t h e n o n -
b o n d i n g o r b i t a l s ( N B O s ) ; ( i i i ) p r e d i c t s i n c o r r e c t l y t h a t one o f t h e 
o r b i t a l s w i t h mj « 1 /2 i s e n t i r e l y π i n c h a r a c t e r a n d h a s p u r e β 
s p i n ; a n d ( i v ) e r r o n e o u s l y p r e d i c t s t h a t t h e b o n d ( i n AuH) i s f o r m e d 
s o l e l y f r o m t h e i n t e r a c t i o n b e t w e e n t h e g o l d 6s a n d t h e h y d r o g e n I s 
a t o m i c o r b i t a l s b e c a u s e t h e n o n - r e l a t i v i s t i c m o l e c u l a r o r b i t a l (MO) 
w a v e f u n c t i o n c o n s t r u c t e d f r o m t h e s e two a t o m i c o r b i t a l s p r e d i c t s t h e 
AuH m o l e c u l e t o b e u n b o u n d b y 0 . 1 9 e V . 

M o r e o v e r , t h e i n c l u s i o n o f e l e c t r o n c o r r e l a t i o n e f f e c t s v i a o u r 
R C I c a l c u l a t i o n s i n c r e a s e s t h e D e b y - 0 . 7 e V . O u r r e s u l t s f o r AuH 
a r e p r e s e n t e d i n T a b l e s I a n d I I . 

R E L A T I V I S T I C E F F E C T S IN BONDING AND D I P O L E MOMENTS OF H g H * . T I H . 
PbH* a n d B i H . 
R a m o s , P y p e r a n d M a l l i (21) h a v e r e c e n t l y d i s c u s s e d ( u s i n g t h e R I P ) 
t h e r e l a t i v i s t i c e f f e c t s i n b o n d i n g a n d d i p o l e moments f o r t h e s e 
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T a b l e I. T o t a l S C F a n d C I E n e r g i e s C a l c u l a t e d w i t h V a r i o u s 
B a s i s S e t s f o r G o l d H y d r i d e ( a u ) a 

R e l a t i v i s t i c 
• ( E ( SCF + 19040) 

c h e m i c a l 
B a s i s 

20 b a s i s 27 b a s i s 

• ( E C I + 19040) u c ι 
B a s i s 

c h e m i c a l 27 b a s i s 
2 . 6 2 9 4 
2 . 8 7 9 4 
3 . 1 2 9 4 
3 . 3 7 9 4 

0 . 3 3 3 5 4 
0 . 3 5 4 3 9 
0 . 3 5 8 4 2 
0 . 3 5 2 1 9 

0 . 3 6 3 7 3 
0 . 3 7 6 6 1 
0 . 3 7 5 9 4 
0 . 3 6 7 5 2 

0 . 3 6 5 2 5 
0 . 3 7 8 5 0 
0 . 3 7 8 2 4 
0 . 3 6 9 8 7 

0 . 3 4 5 1 6 
0 . 3 6 6 5 7 
0 . 3 7 2 2 8 
0 . 3 6 9 7 4 

0 . 3 9 2 3 1 
0 . 4 0 3 9 5 
0 . 4 0 2 5 2 
0 . 3 9 3 8 0 

N o n - R e l a t i v i s t i c D 

- ( E S C F + 17865) - ( E C I + 17865) 
B a s i s B a s i s 

R c h e m i c a l 20 b a s i s 27 b a s i s c h e m i c a l 
2. .8794 0 . ,89479 0 . ,91290 0 . 9 1 4 7 0 . ,91027 
3. .1294 0 . ,91182 0 . ,92765 0. .92966 
3. .3794 0 . ,91740 0. .93325 0. .93854 
3, . 6294 0 . ,91623 0. .93129 0. .94116 
3, . 8794 0 . .91123 0, .94052 

a M a l l i a n d P y p e r ( 1 4 ) , r e p r o d u c e d w i t h p e r m i s s i o n . b B a s i s s e t 
same a s t h e r e l a t i v i s t i c b a s i s s e t , e x c e p t t h a t n o n - r e l a t i v i s t i c 
c a l c u l a t i o n s w e r e p e r f o r m e d u s i n g t h e a p p r o p r i a t e i n c r e a s e d v a l u e o f 
c ( v e l o c i t y o f l i g h t ) . 

T a b l e I I . R e l a t i v i s t i c a n d N o n - R e l a t i v i s t i c P r e d i c t i o n s o f 
E n e r g e t i c P r o p e r t i e s o f AuH u s i n g V a r i o u s B a s i s S e t s 3 

S C F R e s u l t s 
R e l a t i v i s t i c B a s i s NR B a s i s E x p t b 

c h e m i c a l 20 b a s i s 27 b a s i s c h e m i c a l 20 b a s i s 
( eV ) 1 . 1 0 8 1 . 6 2 5 1 . 6 8 2 0 . 4 3 4 0 . 8 6 4 3 . 3 6 

R e ( au ) 3 . 0 8 3 2 . 9 8 2 2 . 9 9 3 3 . 4 4 5 3 . 4 3 1 2 . 8794 
w e ( c m " 1 ) 2155 2103 2102 1556 1745 2305 

C I R e s u l t s 
R e l a t i v i s t i c B a s i s NR B a s i s E x p t b 

c h e m i c a l 27 b a s i s c h e m i c a l 
D e ( eV ) 1 .482 c 1 . 0 7 6 3 . 3 6 
R e ( a u ) 3 . 1 5 2 2 . 9 6 3 3 . 6 8 0 2 . 8 7 9 4 
ω β ( c m " 1 ) 1781 2102 1070 2305 

a M a l l i a n d P y p e r ( 1 4 ) , r e p r o d u c e d w i t h p e r m i s s i o n . b H u b e r a n d 
H e r z b e r g ( 1 8 ) . c 2 . 0 1 4 < D e < 2 . 3 7 6 e V . 
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d i a t o m i c s a n d a summary o f t h e i r m a j o r c o n c l u s i o n s i s p r e s e n t e d 
l a t e r i n t h i s p a p e r . 
AB I N I T I O F U L L Y R E L A T I V I S T I C DF S C F CALCULATIONS FOR DIATOMICS OF 
THIRD-ROW T R A N S I T I O N ELEMENTS AND A C T I N I D E S 
Ab i n i t i o f u l l y r e l a t i v i s t i c ( 4 - c o m p o n e n t ) DF S C F c a l c u l a t i o n s u s i n g 
c h e m i c a l b a s i s s e t s h a v e b e e n c a r r i e d o u t f o r a l a r g e number o f 
d i a t o m i c s i n v o l v i n g a toms o f s i x t h a n d s e v e n t h row h e a v y e l e m e n t s P t 
(Z - 78) t o E 1 1 7 ; e . g . , P t O s . A u H , A u A i , A u C i , A ^ ; H g H + , H g L i * , 
H g B e 2 + , H g O , H g S , H g C i + , H g 2 * + ; T i H , T i l ; P b H + , P b O , P b S , P b S e , 
P b T e ; B i H , B i 2 ; T h P t ; T h O , U O , U T h , U P t , U 2 , Ρ ι ^ ; H E 1 1 3 , H E 1 1 5 , 
E 1 1 3 E 1 1 5 , E 1 1 7 C i , e t c . 

We p r e s e n t b e l o w o n l y t h e r e s u l t s o f o u r f u l l y r e l a t i v i s t i c DF 
S C F c a l c u l a t i o n s u s i n g c h e m i c a l b a s i s (CB) s e t s f o r ThO a n d UO a s 
r e p r e s e n t a t i v e s o f t h e d i a t o m i c s i n v o l v i n g 6 d a n d 5 f a t o m i c s p i n o r s 
(AS) i n b o n d i n g s i n c e we h a v e d i s c u s s e d a b o v e a f ew d i a t o m i c s o f t h e 
t h i r d - r o w t r a n s i t i o n e l e m e n t s . 

T h e p h y s i c s a n d c h e m i s t r y o f t h e a c t i n i d e e l e m e n t s h a v e b e e n 
i n v e s t i g a t e d r i g o r o u s l y d u r i n g t h e l a s t d e c a d e ( 2 2 - 2 6 ) . H o w e v e r , 
s i n c e v e r y s i g n i f i c a n t r e l a t i v i s t i c a s w e l l a s e l e c t r o n c o r r e l a t i o n 
e f f e c t s a r e e x p e c t e d f o r s y s t e m s i n v o l v i n g t h e s e e l e m e n t s , ab i n i t i o 
f u l l y r e l a t i v i s t i c ( 4 - c o m p o n e n t ) DF S C F c a l c u l a t i o n s e v e n f o r t h e 
d i a t o m i c s o f t h e s e e l e m e n t s h a v e n o t b e e n r e p o r t e d s o f a r . A n 
e x t e n s i v e s t u d y o f t h e a t o m i c g r o u n d a n d v a r i o u s e x c i t e d s t a t e 
e l e c t r o n i c c o n f i g u r a t i o n s h a s r e v e a l e d t h a t t h e 5 f , 6 d , 7s a n d 7p 
a t o m i c s p i n o r s ( D F A O s ) o f t h e a t o m s ( a n d i o n s ) o f t h e a c t i n i d e s h a v e 
c o m p a r a b l e o r b i t a l e n e r g i e s , a n d h e n c e t h e l a r g e n u m b e r o f 
e l e c t r o n i c t e r m s a r i s i n g f r o m t h e v a l e n c e c o n f i g u r a t i o n s l i e v e r y 
c l o s e t o e a c h o t h e r . T h e r e f o r e , a m u l t i - c o n f i g u r a t i o n D i r a c - F o c k 
(MCDF) t r e a t m e n t i n v o l v i n g many c o n f i g u r a t i o n s t a t e f u n c t i o n s ( C S F ) 
i s m a n d a t o r y f o r d e s c r i b i n g a c c u r a t e l y t h e g r o u n d ( a n d e x c i t e d ) 
s t a t e t e r m s o f t h e a toms ( i o n s ) o f t h e s e e l e m e n t s . M o r e o v e r , i n 
o r d e r t o a s c e r t a i n t h e r e l a t i v i s t i c e f f e c t s c o r r e c t l y , t h e MCDF 
c a l c u l a t i o n s f o r t h e s e s y s t e m s m u s t b e p e r f o r m e d j u d i c i o u s l y s o a s 
t o e n s u r e t h a t t h e s e w o u l d l e a d t o t h e c o r r e c t n o n - r e l a t i v i s t i c 
l i m i t (NRL) r e s u l t s f o r a v e r y l a r g e v a l u e o f t h e v e l o c i t y o f l i g h t ; 
t h i s i s a c h i e v e d i n t h e a t o m i c MCDF p r o g r a m o f G r a n t e t a l ( 2 7 ) . 
DF S C F CALCULATIONS FOR ThO 

T h e d i a t o m i c ThO h a s b e e n d e t e c t e d i n t h e v a p o r p h a s e o v e r a 
m i x t u r e o f T h a n d T h 0 2 a t h i g h t e m p e r a t u r e s a n d a Dj| o f - 9 . 0 0 e V , 
a n i o n i z a t i o n a l p o t e n t i a l o f ~ 6 . 0 eV a n d a R e v a l u e o f 1 . 8 4 0 3 
a n g s t r o m a r e e s t i m a t e d f o r ThO ( 1 8 , 2 8 - 2 9 ) . Ab i n i t i o DF S C F 
c a l c u l a t i o n s i n w h i c h e a c h m o l e c u l a r s p i n o r (MS) i s e x p r e s s e d a s a 
l i n e a r c o m b i n a t i o n o f ( 4 - c o m p o n e n t ) a t o m i c s p i n o r s ( L C A S ) (30) a s 
w e l l a s t h e c o r r e s p o n d i n g n o n - r e l a t i v i s t i c l i m i t (NRL) c a l c u l a t i o n s 
w e r e p e r f o r m e d f o r t h e g r o u n d s t a t e o f ThO a t f i v e i n t e r n u c l e a r 
s e p a r a t i o n s v i z ; 3 . 0 7 7 , 3 . 4 7 7 , 3 . 8 7 7 , 4 . 2 7 7 a n d 4 . 6 7 7 a u . 

T h e O x f o r d MCDF p r o g r a m o f G r a n t e t a l (27) was u s e d t o 
g e n e r a t e a 9 C S F w a v e f u n c t i o n (WF) a n d t h e c o r r e s p o n d i n g NRL WF f o r 
t h e n e u t r a l T h a t o m w i t h t h e g r o u n d s t a t e e l e c t r o n i c c o n f i g u r a t i o n 
[Rn] 6 d 2 7 s 2 w h e r e [Rn] s t a n d s f o r t h e g r o u n d s t a t e a t o m i c 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 t h e r a d o n a t o m (Z - 8 6 ) . 

S i m i l a r l y , a 5 C S F w a v e f u n c t i o n was g e n e r a t e d f o r t h e g r o u n d 
s t a t e o f t h e o x y g e n a t o m . I n t h e s e c a l c u l a t i o n s , t h e i n n e r 78 
e l e c t r o n s o f t h e T h a t o m a n d t h e two ( I s ) 2 e l e c t r o n s o f t h e 0 a t o m 
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w e r e t r e a t e d a s ' c o r e ' a n d t h u s t h e v a l e n c e b a s i s s e t f o r ThO was 
t a k e n t o c o n s i s t o f 6 s , 6 p , 7s a n d 6 d DFAOs o f t h e T h a t o m a n d t h e 
2s a n d 2p DFAOs o f t h e a t o m i n c l u d i n g t h e r e b y a t o t a l o f 18 
e l e c t r o n s i n t h e v a l e n c e DF S C F w a v e f u n c t i o n . T h u s , 9 d o u b l y 
o c c u p i e d v a l e n c e r e l a t i v i s t i c m o l e c u l a r o r b i t a l s (RMO) o r m o l e c u l a r 
s p i n o r s (MS) w e r e c o n s t r u c t e d v i a t h e S C F m e t h o d a s l i n e a r 
c o m b i n a t i o n o f t h e ( n u m e r i c a l ) a t o m i c s p i n o r s ( L C A S ) , w h i l e t h e 
( c o r e ) w a v e f u n c t i o n f o r ThO was t a k e n a s t h e a p p r o p r i a t e 
a n t i s y m m e t r i z e d p r o d u c t s o f t h e ' c o r e s ' o f t h e T h a n d 0 a t o m s a s 
d e t a i l e d e l s e w h e r e ( 1 4 ) . T h e 9 c a l c u l a t e d e i g e n v a l u e s a r e - 2 . 1 3 4 , 
- 1 . 4 3 9 , - 1 . 2 4 6 , - 1 . 0 5 5 , - 0 . 9 3 8 , - 0 . 4 3 7 , - 0 . 4 2 8 , - 0 . 4 2 0 a n d - 0 . 2 2 0 a u . 
T h e c a l c u l a t e d t o t a l r e l a t i v i s t i c DF S C F a n d t h e c o r r e s p o n d i n g n o n -
r e l a t i v i s t i c l i m i t (NRL) e n e r g i e s f o r ThO a s w e l l a s t h e p r e d i c t e d 
d i s s o c i a t i o n e n e r g i e s ( D e ) a t v a r i o u s i n t e r n u c l e a r s e p a r a t i o n s a r e 
c o l l e c t e d i n T a b l e I I I . 

T a b l e I I I . C a l c u l a t e d t o t a l R e l a t i v i s t i c a n d 
N o n - R e l a t i v i s t i c ( E N R ) e n e r g i e s ( i n a u ) a a n d 
d i s s o c i a t i o n e n e r g i e s ( D e ) i n eV f o r ThO a t 

v a r i o u s i n t e r n u c l e a r d i s t a n c e s (R) 

R e l a t i v i s t i c N o n - R e l a t i v i s t i c 

R ( a u ) b ( E ^ + 2 6 5 9 9 ) D e ( e V ) c ( E M R + 2 4 4 3 4 ) D e (eV ) 

3, 077 - 0 . 4 3 5 8 8 - 6 . 5 6 9 3 - 0 . 2 9 4 4 2 - 3 . 8069 
3. ,477 - 0 . 6 5 4 4 0 - 0 . 6 2 3 0 - 0 . 3 8 4 7 4 - 1 . 3491 
3. ,877 - 0 . 6 9 6 0 7 0 . 5 1 0 8 - 0 . 5 0 0 8 9 1. 8114 
4 . ,277 - 0 . 6 6 4 1 5 - 0 . 3 5 7 6 - 0 . 4 6 1 2 7 - 0 . 7332 
4 . 677 - 0 . 6 2 8 6 4 - 1 . 3 2 3 9 - 0 . 4 1 8 8 0 - 0 . 4223 

a ) 1 a u - 2 7 . 2 1 1 eV b ) T h e e x p e r i m e n t a l R - 3 . 4 7 7 ( a u ) f o r ThO 
( r e f . 1 8 ) , w h e r e 1 a u - 0 . 5 2 9 1 7 1 a n g s t r o m . 

c ) T h e e x p e r i m e n t a l D e - 9 . 0 eV f o r ThO ( r e f . 1 8 ) . A p o s i t i v e 
( n e g a t i v e ) v a l u e i n d i c a t e s t h e m o l e c u l e t o b e b o u n d ( u n b o u n d ) w i t h 
r e s p e c t t o two a t o m s . 

I t c a n b e s e e n t h a t a l t h o u g h b o t h t h e r e l a t i v i s t i c a n d t h e NRL 
c a l c u l a t i o n s p r e d i c t t h e m o l e c u l e t o b e b o u n d a t R - 3 . 8 7 7 a u ; t h e 
p r e d i c t e d NRL D e i s a b o u t 3 . 5 t i m e s l a r g e r t h a n t h e r e l a t i v i s t i c 
p r e d i c t i o n . H o w e v e r , t h e c a l c u l a t e d r e l a t i v i s t i c t o t a l m o l e c u l a r 
e n e r g y a t R - 3 . 8 7 7 a u i s l o w e r b y 2 1 6 5 . 1 9 a u ! ( 5 8 9 1 6 e V ! ) . We 
s h a l l u s e t h e f o u r - c o m p o n e n t f u n c t i o n s d e f i n e d t h r o u g h t h e e q u a t i o n s 
( 3 . 5 a - 3 . 5 d ) o f M a l l i a n d P y p e r (14 ) i n o r d e r t o e x p r e s s t h e 
c a l c u l a t e d v a l e n c e RMOs i n t e r m s o f t h e l a r g e c o m p o n e n t s o f t h e 
| i m m s > f u n c t i o n s , w h e r e | p m m g > , | d m m s > a n d | f m m s > f u n c t i o n s h a v e 

p , d a n d f - l i k e a n g u l a r f u n c t i o n s w i t h m^ q u a n t u m number m a n d 
m s - ± 1 / 2 ( t h e ζ - c o m p o n e n t o f t h e s p i n a n g u l a r momentum c o r r e s p o n d 
t o t h e t w o - c o m p o n e n t s p i n f u n c t i o n s |a> a n d | /?>) . T h e r e f o r e , t h e 
v a l e n c e RMOs c a n b e e x p r e s s e d i n t e r m s o f t h e | ρ σ α > , | ρ π β > , | d a a > , 
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|άττ0>, | f a a > , |fc70> f u n c t i o n s , e t c , w h i c h c a n g i v e i n s i g h t i n t o t h e 
b o n d i n g c h a r a c t e r i s t i c s o f t h e v a l e n c e RMOs o f t h e m o l e c u l a r s p e c i e s 
i n q u e s t i o n . T h e v a l e n c e RHOMO o f ThO d e s i g n a t e d a s | 9 e l / 2 > ( u s i n g 
t h e d o u b l e g r o u p t h e o r e t i c a l n o t a t i o n f o r t h e a d d i t i o n a l i r r e d u c i b l e 
r e p r e s e n t a t i o n (A IR ) o f t h e h e t e r o n u c l e a r d i a t o m i c ) a t R = 3 . 8 7 7 a u 
h a s t h e f o l l o w i n g f o r m : 

| 9 e l / 2 > - - 0 . 9 3 6 | 7 s c r a l / 2 > - 0 . 3 5 0 | 6 d a a l / 2 > - 0 . I l l | 2 s a l / 2 > 

I t c o n s i s t s o f a 7 s - 6 d σ - h y b r i d o n t h e T h a t o m w i t h a v e r y s m a l l 
b o n d i n g c o n t r i b u t i o n f r o m t h e 12s<7> a n d | βάσ> o r b i t a l s o f t h e 0 a n d 
T h a t o m s . T h e v a l e n c e RMO | 8 e 3 / 2 > l y i n g j u s t b e l o w t h e v a l e n c e 
RHOMO, h o w e v e r i s a b o n d i n g c o m b i n a t i o n o f t h e | 2 ρ π α > a n d | 6 d π α > 
v a l e n c e o r b i t a l s o f t h e 0 a n d T h a t o m s , v i z ; 

| 8 e 3 / 2 > - - 0 . 8 1 5 | 2 ρ π α 3 / 2 > - 0 . 4 1 7 ^ π α 3 / 2 > + 0 . 0 9 5 | 6 ρ π α 3 / 2 > . 

T h e n e x t t h r e e c a l c u l a t e d v a l e n c e RMOs ( l y i n g b e l o w t h e 8 | e 3 / 2 > 
RMO) a r e o f t h e f o l l o w i n g f o r m s : 

| 7 e l / 2 > « O . 8 1 3 | 2 p ^ l / 2 > + O . 4 1 8 | 6 d 7 r 0 1 / 2 > , 

| 6 e l / 2 > - - 0 . 8 9 9 
- 0 . 2 1 5 

2 ρ σ α 1 / 2 > + 0 . 3 6 3 
2 s a a l / 2 > - 0 . 1 2 3 

6 d a a l / 2 > - 0 . 2 5 3 | 6 p a a l / 2 > 
6 s a a l / 2 > , 

| 5 e l / 2 > - - 0 . 7 3 4 | 6 p a a l / 2 > + 0 . 6 2 9 | 2 s a a l / 2 > - 0 . 3 7 9 | 6 ρ π £ 1 / 2 > 

T h e s e v a l e n c e RMOs i n d i c a t e s u b s t a n t i a l b o n d i n g i n v o l v i n g t h e 2ρπ 
a n d 6d7r, 2 ρ σ a n d 6da a n d 2s<7 a n d βάσ v a l e n c e o r b i t a l s o f t h e 0 a n d 
T h a t o m s , r e s p e c t i v e l y . M o r e o v e r , t h e c a l c u l a t e d i o n i z a t i o n 
p o t e n t i a l ( I P ) ( u s i n g t h e K o o p m a n ' s t h e o r e m ) o f 6 . 1 4 eV i s i n 
e x c e l l e n t a g r e e m e n t w i t h t h e e x p e r i m e n t a l l y r e p o r t e d IP o f - 6 . 0 0 eV 
( 1 8 ) . T h e c a l c u l a t e d D e i s 0 . 5 1 eV ( a t R - 3 . 8 7 7 au ) w h e r e a s 
e x p e r i m e n t a l l y , t h e c l a i m e d D e l i e s b e t w e e n 8 . 7 a n d 9 . 0 0 eV ( 1 8 ) . 
A s i n g l e d e t e r m i n a n t a l DF S C F w a v e f u n c t i o n i s n o t e x p e c t e d t o y i e l d 
t h e c o r r e c t v a l u e o f D e due t o t h e n e g l e c t o f e l e c t r o n c o r r e l a t i o n 
e f f e c t s . T h e NRL c a l c u l a t i o n s p r e d i c t D e o f 1 .81 a n d 0 . 7 3 eV a t 
R - 3 . 8 7 7 a n d 4 . 2 7 7 a u , r e s p e c t i v e l y . H o w e v e r , t h e t o t a l NRL 
m o l e c u l a r e n e r g y i s a b o u t 2165 a u (58912 e V ! ) h i g h e r t h a n t h e 
c o r r e s p o n d i n g DF S C F e n e r g y a t t h e s e i n t e r n u c l e a r s e p a r a t i o n s . T h e 
v a l e n c e NRL o r b i t a l e n e r g i e s a t R - 3 . 8 7 7 a u f o r ThO a r e c a l c u l a t e d 
t o b e - 1 . 5 3 1 , - 1 . 1 4 0 , - 0 . 9 4 8 , - 0 . 8 8 7 , - 0 . 8 3 7 , - 0 . 3 2 6 , - 0 . 3 1 5 , - 0 . 2 9 9 
a n d - 0 . 1 6 5 a u f o r t h e 9 v a l e n c e MOs; t h e s e v a l u e s l i e much h i g h e r 
t h a n t h e c o r r e p o n d i n g r e l a t i v i s t i c o r b i t a l e n e r g i e s g i v e n a b o v e . 
T h e r e i s a d i f f e r e n c e o f 0 . 6 a u ( 1 6 . 3 3 eV) b e t w e e n t h e r e l a t i v i s t i c 
a n d t h e NRL c a l c u l a t e d o r b i t a l e n e r g y f o r t h e l o w e s t l y i n g v a l e n c e 
o r b i t a l s w h e r e a s t h e c o r r e s p o n d i n g d i f f e r e n c e f o r t h e HOMOs i s 1 . 5 0 
e V . T h u s t h e IP o f 4 . 4 9 eV p r e d i c t e d b y t h e NRL c a l c u l a t i o n i s t o o 
l o w b y - 1 . 5 0 eV c o m p a r e d t o t h e e x p e r i m e n t a l IP o f 6 . 0 0 e V . T h i s 
c a n b e e a s i l y u n d e r s t o o d a s t h e c a l c u l a t e d v a l e n c e NRL HOMO ( a t R = 
3 . 8 7 7 a u ) c o n s i s t s o f a n a l m o s t p u r e |6d5> o r b i t a l o n t h e T h a t o m , 
w h e r e a s i n c o n t r a s t t h e c a l c u l a t e d RHOMO ( g i v e n a b o v e ) c o n s i s t s o f a 
h y b r i d o f | 7 s a > ( - 0 . 9 3 6 ) a n d | β ά σ > ( - 0 . 3 5 0 ) o r b i t a l s o f t h e T h a t o m 
w i t h t h e c o e f f i c i e n t s g i v e n i n p a r e n t h e s i s . S i n c e t h e 7s DFAO i s 
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s t a b i l i z e d (due t o t h e d i r e c t r e l a t i v i s t i c e f f e c t ) a n d t h e 6 d DFAO 
i s d e s t a b i l i z e d (due t o t h e i n d i r e c t r e l a t i v i s t i c e f f e c t ) , t h e 
d i f f e r e n c e s i n t h e o r b i t a l e n e r g i e s f o r t h e o r b i t a l s m e n t i o n e d a b o v e 
c a n b e e a s i l y u n d e r s t o o d . T h e l o w e s t l y i n g v a l e n c e RMO | l e l / 2 > i s 
t h e p u r e | 6 s a > v a l e n c e o r b i t a l o f t h e T h a t o m ; w h e r e a s t h e 
c o r r e s p o n d i n g NRL MO i s c a l c u l a t e d t o b e a h y b r i d o f |6sa> ( - 0 . 9 6 9 ) 
a n d |2s<7> ( - 0 . 1 2 4 ) o r b i t a l s . T h e s t a b i l i z a t i o n o f t h e 6s DFAO o f 
t h e T h a t o m (due t o t h e d i r e c t r e l a t i v i s t i c e f f e c t ) e x p l a i n s t h e 
d i f f e r e n c e i n t h e o r b i t a l e n e r g i e s f o r t h e | l e l / 2 > MO. 

H e n c e i t c a n b e s t a t e d t h a t t h e p r e d i c t e d I P s , b o n d i n g e n e r g i e s 
a n d t h e b o n d i n g c h a r a c t e r i s t i c s p r e d i c t e d f o r ThO u s i n g t h e 
r e l a t i v i s t i c a n d t h e NRL m o l e c u l a r o r b i t a l t h e o r i e s d i f f e r 
c o n s i d e r a b l y a n d t h a t t h e r e a r e v e r y s i g n i f i c a n t r e l a t i v i s t i c 
e f f e c t s due t o t h e p a r t i c i p a t i o n o f t h e 6 d a n d 6p D F A O ' s o f t h e T h 
a t o m i n t h e b o n d i n g o f t h e ThO d i a t o m i c . 
DF S C F CALCULATIONS FOR UO 

T h e s p e c i e s UO i s c l a i m e d t o e x i s t a t h i g h t e m p e r a t u r e s 
( > 2 0 0 0 ° C ) i n t h e g a s p h a s e w i t h a d i s s o c i a t i o n e n e r g y o f 7 . 8 eV a n d 
a n i o n i z a t i o n p o t e n t i a l o f 5 . 6 e V . A n IR s p e c t r u m o f U 1 6 0 i n a r g o n 
m a t r i x a t 1 5 ° K h a s l e d t o ω β - 8 2 5 . 0 c m " 1 a n d c*>exe - 2 . 5 c m " 1 ( 1 8 ) . 
T h e e l e c t r o m i c s t r u c t u r e o f a d i a t o m i c i n v o l v i n g a n a c t i n i d e (U) 
w i t h 5 f e l e c t r o n s i n t h e v a l e n c e a t o m i c s p i n o r s i s o f p a r a m o u n t 
i m p o r t a n c e i n o r d e r t o i n v e s t i g a t e t h e r o l e o f 5 f o r b i t a l s i n t h e 
a c t i n i d e - o x y g e n b o n d . M o r e o v e r , t h e e x p l a n a t i o n f o r t h e d i f f e r e n c e 
i n g e o m e t r y b e t w e e n t h e T h 0 2 ( b e n t ) a n d t h e i s o e l e c t r o n i c ( U 0 2 ) 2 + 

( l i n e a r ) may b e f o u n d i n t e r m s o f t h e r o l e s o f t h e 6 d a n d 5 f 
o r b i t a l s o f t h e T h a n d U a toms i n t h e ThO a n d UO b o n d s . T h i s 
p r o m p t e d u s t o i n v e s t i g a t e t h e e l e c t r o n i c s t r u c t u r e o f t h e d i a t o m i c 
UO i n w h i c h r e l a t i v i t y i s e x p e c t e d t o b e v e r y s i g n i f i c a n t . 

F o r t h e UO m o l e c u l e , t h e c a l c u l a t i o n s w e r e p e r f o r m e d a t R » 
3 . 0 5 , 3 . 5 5 , 4 . 0 5 a n d 4 . 5 5 a u u s i n g a v a l e n c e b a s i s s e t o f 6 p , 7 s , 
5 f a n d 6 d DFAOs o f t h e U a t o m a n d 2s a n d 2p DFAOs o f t h e 0 a t o m ; 
i . e . , a t o t a l o f 18 e l e c t r o n s w e r e i n c l u d e d i n t h e v a l e n c e 
r e l a t i v i s t i c m o l e c u l a r w a v e f u n c t i o n w i t h t h e f o l l o w i n g a t o m i c 
c o n f i g u r a t i o n s , v i z U : Γ c o r e ] 6 p 6 5 f 3 6 d 7 s 2 w h e r e t h e [ c o r e ] c o n t a i n s 
80 e l e c t r o n s a n d t h e I s e l e c t r o n s o f t h e 0 a t o m w e r e a l s o k e p t i n 
i t s c o r e . T h e l o w e s t t o t a l m o l e c u l a r e n e r g y o f - 2 8 1 4 5 . 0 3 9 4 6 9 a u 
was f o u n d a t R — 3 . 5 5 a u ; h o w e v e r , t h e UO m o l e c u l e was s t i l l 
u n b o u n d b y - 0 . 0 6 1 7 3 9 a u ( - 1 . 6 8 eV) w h i l e a t R - 3 . 0 5 , 4 . 0 5 a n d 
4 . 5 5 a u i t was f o u n d t o b e u n b o u n d b y - 0 . 1 4 3 9 3 , - 0 . 1 1 9 7 1 a n d 
- 0 . 1 7 5 9 6 a u , r e s p e c t i v e l y . I t s h o u l d b e m e n t i o n e d t h a t a s i n g l e 
d e t e r m i n a n t DF S C F w a v e f u n c t i o n f a i l s t o p r e d i c t b i n d i n g f o r t h e U0 
d i a t o m i c . T h e c o r r e s p o n d i n g n o n - r e l a t i v i s t i c l i m i t c a l c u l a t i o n a t 
R - 3 . 5 5 a u p r e d i c t s t h e UO m o l e c u l e u n b o u n d b y o n l y - 0 . 9 7 3 e V ; 
h o w e v e r , t h e t o t a l n o n - r e l a t i v i s t i c e n e r g y f o r t h e UO m o l e c u l e i s 
a b o u t 2346 h a r t r e e s (1 h a r t r e e = 2 7 . 2 1 1 eV) a b o v e t h e DF S C F t o t a l 
m o l e c u l a r e n e r g y a t R - 3 . 5 5 a u . T h u s , a l t h o u g h t h e NRL 
w a v e f u n c t i o n f o r UO p r e d i c t s a D e a l m o s t t w i c e a s much a s t h e 
r e l a t i v i s t i c c a l c u l a t i o n , i t s h o u l d n o t b e r e g a r d e d a s b e t t e r t h a n 
t h e DF S C F c a l c u l a t i o n . 

T h e r e l a t i v i s t i c h i g h e s t o c c u p i e d m o l e c u l a r o r b i t a l (RHOMO) 
9 | e l / 2 > c o n s i s t s o f a 7sc7-6d<7 h y b r i d o n U w i t h s m a l l c o n t r i b u t i o n s 
f r o m \5ΐπβ> a n d |5f<ra> U D F A O s . U s i n g t h e r e l a t i o n s ( 3 . 5 a - 3 . 5 d ) o f 
M a l l i a n d P y p e r ( 1 4 ) , a l l t h e v a l e n c e RMOs o f U0 c a n a l s o b e w r i t t e n 
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i n t e r m s o f t h e | i m m s > f u n c t i o n s . T h e RHOMO 9 | e l / 2 > o f UO h a s t h e 
f o l l o w i n g f o r m (where ' e ' d e n o t e s t h e t w o - d i m e n s i o n a l a d d i t i o n a l 
i r r e d u c i b l e r e p r e s e n t a t i o n o f t h e RMO a n d 1 / 2 , 3 / 2 , 5 / 2 c o r r e s p o n d s t o 
ω - 1 / 2 , 3 / 2 , 5 / 2 ) , w h e r e ω i n d i c a t e s t h e t o t a l a n g u l a r momentum o f 
t h e o n e - e l e c t r o n RMO) , v i z . 

9 | e l / 2 > - - 0 . 8 7 3 | 7 s a a l / 2 > - 0 . 3 9 8 1 6 o V a l / 2 > + 0 . 1 8 3 | 5 ί π 0 1 / 2 > 
- 0 . 1 7 6 | 5 f a a l / 2 > + 0 . 1 2 9 | 6d7r01/2> - 0 . 0 9 3 | 2 s a l / 2 > 
- 0 . 0 6 9 | 2 p a a l / 2 > 

I t i s a n a l m o s t n o n b o n d i n g RMO s i n c e i t c o n t a i n s v e r y s m a l l 
c o n t r i b u t i o n s f r o m t h e | 2 s a a > ( - 0 . 0 9 3 ) a n d | 2 ρ σ α > ( - 0 . 0 6 9 ) DFAOs o f 
t h e 0 a t o m , w h e r e t h e c o e f f i c i e n t s a r e g i v e n i n p a r e n t h e s e s . 
H o w e v e r , t h e RMO 8 | e 3 / 2 > l y i n g j u s t b e l o w t h e RHOMO h a s t h e 
f o l l o w i n g f o r m w h i c h c l e a r l y shows t h a t |5fcS> a n d 16dn> DFAOs o f U 
a r e d e f i n i t e l y i n v o l v e d i n t h e b o n d i n g o f U O , v i z , 

8 | e 3 / 2 > ~ 0 . 7 2 7 | 2 ρ π α 3 / 2 > - 0 . 4 6 5 | 5 f * 0 3 / 2 > + 0 . 3 4 4 | 6 d π α 3 / 2 > 
- 0 . 1 1 1 | 6 ρ π α 3 / 2 > 

T h e v a l e n c e RMOs l y i n g b e l o w t h e 8 | e 3 / 2 > RMO a l s o c o n t a i n v e r y 
s i g n i f i c a n t c o n t r i b u t i o n s f r o m t h e 5 f a n d 6 d DFAOs o f t h e U a t o m 
a n d , i n f a c t , t h e 5 | e 3 / 2 > RMO ( w i t h o r b i t a l e n e r g y o f - 0 . 5 0 2 a u ) 
h a s t h e c o e f f i c i e n t s o f - 0 . 7 4 , + 0 . 4 9 a n d - 0 . 3 8 f o r t h e \5£δβ>, 
| 5 ί π α > a n d | 2 ρ π α > D F A O s , r e s p e c t i v e l y . T h e s e r e s u l t s c l e a r l y 
d e m o n s t r a t e t h a t t h e 5 f a t o m i c s p i n o r s (DFAOs) a n d t h e i r a s s o c i a t e d 
e l e c t r o n s a r e v e r y s i g n i f i c a n t f o r b o n d i n g i n a c t i n i d e s ( w h i c h 
c o n t a i n 5 f DFAO i n t h e i r g r o u n d s t a t e e l e c t r o n i c c o n f i g u r a t i o n ) 
e x c e p t t h a t i n T h O , t h e 6 d DFAOs a r e i n v o l v e d s i g n i f i c a n t l y i n 
b o n d i n g . B o t h t h e s e r e s u l t s c a n o n l y b e u n d e r s t o o d due t o t h e 
i n d i r e c t r e l a t i v i s t i c e f f e c t w h i c h d e s t a b i l i z e s t h e ( e l e c t r o n s i n 
t h e ) 6 d a n d 5 f DFAOs s o t h a t t h e s e DFAOs a r e p u s h e d u p i n e n e r g y a n d 
a c t a s v a l e n c e a t o m i c s p i n o r s . T h e o r b i t a l e n e r g i e s o f t h e v a l e n c e 
RMOs a l s o i n d i c a t e s u b s t a n t i a l r o l e s f o r t h e 5 f a n d 6 d DFAOs i n 
b o n d i n g f o r t h e UO a n d ThO d i a t o m i c s , r e s p e c t i v e l y . 

We g i v e b e l o w t h e e x p r e s s i o n s f o r t h e 7 | e l / 2 > a n d | 5 e 3 / 2 > RMOs 
o f UO w h i c h a l s o c l e a r l y i n d i c a t e π - b o n d i n g a r i s i n g due t o t h e 
i n t e r a c t i o n o f t h e 2ρπ DFAOs o f 0 a n d t h e 6dπ a n d / o r 5 ί π DFAOs o f U 
a t o m , v i z , 

7 | e l / 2 > « Ο . 7 8 8 | 2 ρ π 0 1 / 2 > + 0 . 3 4 6 1 6 ά π β 1 / 2 > - 0 . 2 2 5 | 5ίπβ1/2> 
- 0 . 0 9 8 | 6 ρ π 0 1 / 2 > , 

5 | e 3 / 2 > - - 0 . 7 4 | 5 f * j 3 3 / 2 > + 0 . 4 9 1 5 f * a 3 / 2 > - 0 . 3 8 | 2 ρ π α 3 / 2 > . 

A l t h o u g h , t h e 6ρπ DFAO was n o t f o u n d t o b e i n v o l v e d s i g n i f i c a n t l y i n 
t h e s e v a l e n c e RMOs ( e x c e p t a v e r y m i n o r c o n t r i b u t i o n t o 8 | e l / 2 > a s 
n o t e d a b o v e ) ; t h e 6 ρ σ DFAO o f U c o n t r i b u t e s a s much a s t h e | 6 d a > a n d 
|5f<7> DFAOs c o n t r i b u t e t o t h e 61 e l / 2 ) RMO w h i c h h a s t h e f o l l o w i n g 
f o r m : 

6 | e l / 2 > « - 0 . 8 7 | 2 ρ σ α 1 / 2 > + 0 . 3 0 | 6 d a a l / 2 > - 0 . 2 9 | 6 ρ σ α 1 / 2 > 
- 0 . 2 9 | 5 f a a l / 2 > - 0 . 2 3 1 2 s < 7 a l / 2 > 
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T h e c a l c u l a t e d r e l a t i v i s t i c o r b i t a l e i g e n v a l u e s o f t h e 5 | e 3 / 2 > , 
6 | e l / 2 > , 7 | e l / 2 > , 8 | e 3 / 2 > RMOs a n d t h e RHOMO 9 | e l / 2 > o f UO a r e 
- 0 . 5 0 1 7 , - 0 . 4 5 5 1 , - 0 . 4 4 4 4 , - 0 . 4 2 8 1 a n d - 0 . 2 2 6 6 a u , r e s p e c t i v e l y ; 
a n d u s i n g K o o p m a n ' s t h e o r e m , t h e c a l c u l a t e d i o n i z a t i o n p o t e n t i a l o f 
6 . 1 7 eV f o r UO i s i n e x c e l l e n t a g r e e m e n t w i t h t h e c o r r e s p o n d i n g 
e x p e r i m e n t a l v a l u e o f 6 ± 0 . 5 eV ( 1 8 ) . T h e c a l c u l a t e d t o t a l 
m o l e c u l a r e n e r g i e s , e t c . , a t v a r i o u s i n t e r n u c l e a r s e p a r a t i o n s f o r 
UO a r e c o l l e c t e d i n T a b l e I V . I t c a n b e s e e n t h a t t h e UO m o l e c u l e i s 
c a l c u l a t e d t o b e u n b o u n d a t a l l t h e s e i n t e r n u c l e a r s e p a r a t i o n s . 

T a b l e I V . C a l c u l a t e d t o t a l R e l a t i v i s t i c ( E ^ ) a n d 
N o n - R e l a t i v i s t i c ( E N R ) e n e r g i e s i n a u ( l a u - 2 7 . 2 1 1 eV) 
a n d d i s s o c i a t i o n e n e r g i e s ( i n eV ) f o r U0 a t v a r i o u s 
i n t e r n u c l e a r s e p e r a t i o n s (R) i n a u ( l a u - 0 . 5 2 9 1 7 1 a n g s t r o m ) 

R E L A T I V I S T I C N O N - R E L A T I V I S T I C 
R ( a u ) ( E D F + 2 8 1 4 4 ) D e ( e V ) a ( E M R + 2 5 3 7 9 ) D e ( e V ) 

3 . 0 5 - 0 . 9 5 7 2 8 - 3 . 9 1 6 5 - 0 . 0 2 1 0 7 - 5 . 0 2 1 3 
3 . 4 4 7 - 1 . 0 3 9 4 - 1 . 6 8 0 0 - 0 . 1 4 1 4 7 - 1 . 7 4 5 1 
3 . 8 7 7 - 0 . 9 8 1 5 0 - 3 . 2 5 7 3 - 0 . 1 2 5 2 8 - 2 . 1 8 5 5 
4 . 2 7 7 - 0 . 9 2 5 3 5 - 4 . 7 8 5 2 - 0 . 0 7 8 6 9 - 3 . 5 1 4 2 
4 . 6 7 7 - - - 0 . 0 6 6 2 0 - 3 . 7 9 3 0 

a ) T h e e x p e r i m e n t a l D e i s r e p o r t e d t o b e 7 . 8 eV ( 1 8 ) . A p o s i t i v e 
( n e g a t i v e ) v a l u e i n d i c a t e s t h e m o l e c u l e t o b e b o u n d ( u n b o u n d ) w i t h 
r e s p e c t t o t h e two a t o m s . 

S i n c e t h e l o w e s t t o t a l m o l e c u l a r e n e r g y was c a l c u l a t e d a t R — 
3 . 5 5 a u , t h e c o r r e s p o n d i n g NRL c a l c u l a t i o n was a l s o p e r f o r m e d a t R = 
3 . 5 5 a u i n o r d e r t o g a i n i n s i g h t i n t o t h e m a j o r d i f f e r e n c e s i n 
b o n d i n g a r i s i n g due t o r e l a t i v i t y . I t was f o u n d t h a t a t R -
3 . 5 5 a u , t h e NRL c a l c u l a t i o n p r e d i c t s f o r t h e UO m o l e c u l e a D e o f 
- 0 . 9 7 eV w h i c h i s a b o u t 0 . 7 0 eV g r e a t e r t h a n t h a t p r e d i c t e d b y t h e 
c o r r e s p o n d i n g DF S C F c a l c u l a t i o n ; h o w e v e r , t h e t o t a l NRL m o l e c u l a r 
e n e r g y i s a b o u t 2406 h a r t r e e s a b o v e t h e DF S C F t o t a l m o l e c u l a r 
e n e r g y a t R - 3 . 5 5 a u . M o r e o v e r , t h e NRHOMO 9 | e l / 2 > p r e d i c t s t h e 
i o n i z a t i o n p o t e n t i a l o f 4 . 4 2 e V , w h i c h i s a b o u t 1 . 6 eV l o w e r t h a n 
t h e c o r r e s p o n d i n g DF S C F v a l u e o f 6 . 1 4 eV w h i c h , h o w e v e r , a g r e e s 
e x c e l l e n t l y w i t h t h e e x p e r i m e n t a l v a l u e . T h e 9 | e l / 2 > NRHOMO o f UO 
h a s t h e f o l l o w i n g e x p r e s s i o n , v i z . 

9 | e l / 2 > N R - - 0 . 5 3 9 | 5 f * 0 1 / 2 > - 0 . 4 8 3 | 5 f a a l / 2 > - 0 . 4 4 9 | 6 d a a l / 2 > 
- 0 . 3 4 8 | 7 s a a l / 2 > - 0 . 2 8 8 | 6 ά π β 1 / 2 > - 0 . 2 1 3 | 2 ρ σ α 1 / 2 > 
+ 0 . 1 4 4 | 6 p a a l / 2 > 

T h e NRHOMO h a s a much l a r g e r c o n t r i b u t i o n f r o m t h e 5 ί π , 5 f a , 6d<7, 
6dπ DFAOs o f t h e U a t o m a n d t h e 2 ρ σ DFAO o f t h e 0 a t o m a s c o m p a r e d 
t o t h e RHOMO; h o w e v e r , t h e c o n t r i b u t i o n o f t h e 7 sa DFAO o f t h e U 
a t o m t o t h e NRHOMO i s much s m a l l e r . M o r e o v e r , w h e r e a s t h e NRMO 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

02
1

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



304 THE CHALLENGE OF d AND f ELECTRONS 

8 | e 3 / 2 > c o n s i s t s m o s t l y ( w i t h a c o e f f i c i e n t o f 0 . 9 0 ) o f | 5 f 5 3 / 2 > 
DFAO ( w i t h c o n t r i b u t i o n s f r o m \5£π> ( 0 . 3 3 8 ) a n d | 2 ρ π > ( 0 . 2 0 ) D F A O ) , 
t h e RMO 8 | e l / 2 > h a s maximum c o n t r i b u t i o n s f r o m t h e | 2 ρ π > ( 0 . 7 2 7 ) , 
| 5 f 5 > ( - 0 . 4 6 5 ) a n d 16d?r> ( 0 . 3 4 4 ) DFAOs o f t h e U a t o m . S i m i l a r l y , 
t h e 7 | e l / 2 > a n d 6 | e l / 2 > RMOs a n d NRMOs d i f f e r s u b s t a n t i a l l y ; e . g . , 
t h e NR 7 | e l / 2 > c o n s i s t s m o s t l y o f 2 p a ( 0 . 7 4 6 ) , 6fa ( 0 . 4 3 5 ) , 6ρσ 
( 0 . 3 8 1 ) , 6d<7 ( - 0 . 2 8 8 ) ( a n d \5fnfil/2>) DFAOs o f U ; w h i l e , t h e 
c o r r e s p o n d i n g RMO a s d i s c u s s e d a b o v e i s a π - t y p e MO w i t h m a j o r 
c o n t r i b u t i o n s f r o m t h e 2ρπ ( 0 . 7 8 8 ) , 6dπ ( 0 . 3 4 6 ) a n d 5 ί π ( - 0 . 2 2 5 ) 
DFAOs o f t h e U a t o m . 

T h e o r b i t a l e i g e n v a l u e s o f t h e RMO ( t h e NRMOs) 8 | e 3 / 2 > a n d 
7 | e l / 2 > a r e - 0 . 4 2 8 1 ( - 0 . 2 6 4 2 ) a n d - 0 . 4 4 4 4 ( - 0 . 2 9 8 9 ) a . u . 
r e s p e c t i v e l y , a n d i t i s c l e a r t h a t t h e NRL o r b i t a l e i g e n v a l u e s a r e 
a b o u t 4 . 4 eV l o w e r t h a n t h e c o r r e s p o n d i n g DF S C F o r b i t a l e n e r g i e s 
f o r t h e 8 | e 3 / 2 > a n d 7 | e l / 2 > MOs . 

O u r r e s u l t s t h e r e f o r e c l e a r l y d e m o n s t r a t e t h a t t h e r e a r e m a r k e d 
q u a l i t a t i v e a s w e l l a s q u a n t i t a t i v e d i f f e r e n c e s b e t w e e n t h e 
p r e d i c t i o n s o f t h e NRL a n d DF S C F c a l c u l a t i o n s f o r t h e n a t u r e o f 
b o n d i n g , t o t a l e n e r g i e s , o r b i t a l e n e r g i e s , d i s s o c i a t i o n e n e r g i e s 
e t c . , f o r t h e d i a t o m i c s i n v o l v i n g a c t i n i d e s due t o v e r y s i g n i f i c a n t 
r e l a t i v i s t i c e f f e c t s i n s u c h s y s t e m s . 

R E L A T I V I S T I C E F F E C T S FOR D I P O L E MOMENTS OF DIATOMICS OF HEAVY 
ELEMENTS 
T h e R I P h a s b e e n a d a p t e d b y Ramos (21) t o e v a l u a t e d i p o l e moments 
f o r t h e d i a t o m i c s p e c i e s A u H , H g H + , T i H , T i l , P b H + , P b T e a n d B i H , 
u s i n g ab i n i t i o r e l a t i v i s t i c a s w e l l a s n o n - r e l a t i v i s t i c l i m i t (NRL) 
c h e m i c a l b a s i s s e t w a v e f u n c t i o n s (WF) c a l c u l a t e d a t t h e e x p e r i m e n t a l 
i n t e r n u c l e a r s e p a r a t i o n ( R e ) o f e a c h s p e c i e s e x c e p t P b H + f o r w h i c h a 
v a l u e o f 3 . 5 8 8 4 a u was u s e d f o r t h e i n t e r n u c l e a r d i s t a n c e . I n 
a d d i t i o n , d i p o l e moments c a l c u l a t e d f r o m t h e r e l a t i v i s t i c a n d NRL 
W F s , o b t a i n e d u s i n g e x t e n d e d b a s i s s e t s w i t h 20 ( E B 2 0 ) a n d 27 (EB27 ) 
b a s i s f u n c t i o n s , CB s e t a u g m e n t e d b y a 6p S l a t e r - t y p e o r b i t a l (STO) 
a n d CB s e t a u g m e n t e d b y a 6p D F A O , h a v e b e e n r e p o r t e d f o r AuH ( 2 1 ) . 
M o r e o v e r , d i p o l e moment c u r v e s w e r e c a l c u l a t e d f o r AuH u s i n g t h e 
r e l a t i v i s t i c CB s e t , e x t e n d e d b a s i s s e t (EB20 a n d E B 2 7 ) a n 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 ( C I ) w a v e f u n c t i o n s r e p o r t e d b y M a l l i a n d 
P y p e r ( 1 4 ) . U n f o r t u n a t e l y , a t p r e s e n t , e x p e r i m e n t a l d i p o l e moments 
a r e n o t a v a i l a b l e f o r A u H , H g H + , T i H , P b H + a n d B i H ; h o w e v e r , t h e 
p r e d i c t e d d i p o l e moments ( w i t h t h e CB s e t r e l a t i v i s t i c 
w a v e f u n c t i o n s ) o f 1 . 9 0 7 8 a u a n d 1 . 2 6 5 5 a u a g r e e v e r y w e l l w i t h 
t h e e x p e r i m e n t a l v a l u e s (18) o f 1 . 8 1 3 7 a u a n d 1 . 0 6 2 3 a u f o r T i l 
a n d P b T e , r e s p e c t i v e l y , w h e r e a p o s i t i v e d i p o l e moment f o r t h e 
s p e c i e s AB i n d i c a t e s i t s p o l a r i t y a s A + B " . 

I t t u r n s o u t t h a t t h e d i p o l e moment c a l c u l a t e d f o r A u H ( a t R e = 
2 . 8 7 9 4 a u ) u s i n g t h e r e l a t i v i s t i c w a v e f u n c t i o n i s s m a l l e r ( b y 
a b o u t 40% t o 50%) t h a n t h a t p r e d i c t e d b y t h e c o r r e s p o n d i n g NRL 
w a v e f u n c t i o n , d e p e n d i n g u p o n t h e b a s i s s e t u s e d i n t h e c a l c u l a t i o n 
o f t h e w a v e f u n c t i o n . H o w e v e r , t h e p r e d i c t e d d i p o l e moments ( u s i n g 
t h e r e l a t i v i s t i c c h e m i c a l b a s i s s e t w a v e f u n c t i o n s ) o f 0 . 9 7 6 , 0 . 3 2 3 
a n d 0 . 3 7 1 a u d i f f e r c o n s i d e r a b l y f r o m t h e v a l u e s o f 1 . 3 7 2 , - 0 . 1 2 0 
a n d 0 . 0 1 9 a u , p r e d i c t e d b y t h e NRL w a v e f u n c t i o n s , f o r A u H , T i H a n d 
B i H , r e s p e c t i v e l y . I n t h e c a s e o f T i H , a l t h o u g h t h e d i p o l e moment 
c a l c u l a t e d w i t h t h e r e l a t i v i s t i c (CB s e t ) w a v e f u n c t i o n p r e d i c t s t h e 
e x p e c t e d p o l a r i t y v i z T i + H " ; t h e v a l u e o f d i p o l e moment ( - 0 . 1 2 au ) 
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o b t a i n e d f r o m t h e c o r r e s p o n d i n g NRL WF i n d i c a t e s t h e o p p o s i t e 
p o l a r i t y f o r t h i s m o l e c u l e v i z T i " H + . A c o m p a r i s o n o f t h e d i p o l e 
moments (μ), c a l c u l a t e d f o r a s e t o f i n t e r n u c l e a r s e p a r a t i o n s f o r 
A u H , i n d i c a t e s t h a t t h e μ v a l u e s p r e d i c t e d f r o m r e l a t i v i s t i c CB s e t 
( / i C B ) , EB27 s e t (MEB2 7^ A N ( * R C I ^ R C I ^ W F s d e c r e a s e i n t h e o r d e r : 
A*CB > ^ E B 2 7 > ^ R C I » e x c e p t t h a t a t R = 3 . 3 7 9 4 a u , μ Ε Β 2 7 > A* C B 

w h e r e a s a t R e = 2 . 8 7 9 4 a u , t h e μ ε β a n d / z R C I a r e 0 . 9 6 7 a n d 
0 . 8 4 6 a u , r e s p e c t i v e l y , i n d i c a t i n g t h e r e b y t h a t a l e s s e r p o l a r i t y 
( μ Ε Β ) , EB27 s e t ( μ Ε Β 2 7 ) a n c * RC I ( M R C I ) ^ F S d e c r e a s e i n t h e o r d e r : 
^CB > ^ E B 2 7 > ^ R C I > e x c e p t t h a t a t R « 3 . 3 7 9 4 a u , μ Ε β 2 7 > μ Ζ Β 

w h e r e a s a t R e = 2 . 8 7 9 4 a u , t h e μ ε β a n d / * R C I a r e 0 . 9 6 7 a n d 
0 . 8 4 6 a u , r e s p e c t i v e l y , i n d i c a t i n g t h e r e b y t h a t a l e s s e r p o l a r i t y 
i s p r e d i c t e d b y t h e RCI w a v e f u n c t i o n s t h a n t h a t p r e d i c t e d b o t h b y 
t h e n o n - r e l a t i v i s t i c l i m i t a n d t h e r e l a t i v i s t i c c h e m i c a l b a s i s s e t 
w a v e f u n c t i o n s . T h i s i s t h e f i r s t s t u d y o f t h e e f f e c t o f r e l a t i v i t y 
o n d i p o l e moments o f d i a t o m i c s y s t e m s i n v o l v i n g h e a v y a toms o r i o n s 
u s i n g DF S C F LCAS MS c a l c u l a t i o n s , a n d i t c a n b e c o n c l u d e d f r o m o u r 
r e s u l t s (21) p r e s e n t e d i n T a b l e s V - V I t h a t r e l a t i v i s t i c a n d 
e l e c t r o n c o r r e l a t i o n e f f e c t s a r e f a i r l y s i g n i f i c a n t f o r d i p o l e 
moments o f s u c h s y s t e m s . 

T a b l e V . D i p o l e Moments (μ) f o r L i H , T i l a n d P b T e 
C a l c u l a t e d b y U s i n g C h e m i c a l B a s i s W a v e f u n c t i o n s 8 

b c d 
A - B it ( au ) EXP 

L i H 2 . 5 7 5 ( 2 . 3 6 7 ) e 2 . 3 1 4 
T i l 1 . 9 0 8 1 . 8 1 4 
P b T e 1 . 2 6 6 1 . 0 6 2 

a R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 2 1 . b A l l v a l u e s i n d i c a t e 
A + B " p o l a r i t y . c l a u - 2 . 5 4 2 D. d E x p e r i m e n t a l v a l u e s f r o m 
r e f e r e n c e ( 1 8 ) . e U s i n g e x t e n d e d b a s i s f u n c t i o n o f M a l l i a n d P y p e r 

(14). 

CONCLUDING REMARKS 

We h a v e c o n c l u s i v e l y shown f r o m ab i n i t i o f u l l y r e l a t i v i s t i c DF S C F 
L C A S MS c a l c u l a t i o n s t h a t t h e q u a l i t a t i v e a s w e l l a s t h e 
q u a n t i t a t i v e f e a t u r e s o f e l e c t r o n i c s t r u c t u r e a n d b o n d i n g i n 
d i a t o m i c s i n v o l v i n g h e a v y a n d v e r y h e a v y a toms (Z > 90) c a n n o t b e 
p r o p e r l y u n d e r s t o o d u s i n g t h e t r a d i t i o n a l n o n - r e l a t i v i s t i c t h e o r y 
b a s e d o n t h e S c h r ô d i n g e r e q u a t i o n . I n a d d i t i o n , i t h a s b e e n shown 
t h a t , f o r t h e s i x t h row e l e m e n t s , t h e 5 d a n d 5 d DFAOs p a r t i c i p a t e i n 
t h e c h e m i s t r y o f g o l d a n d m e r c u r y c o m p o u n d s , w h e r e a s t h e y b e l o n g t o 
t h e c o r e i n h e a v i e r e l e m e n t s . M o r e o v e r , i t i s s a f e t o s t a t e t h a t 
t h e 6p a n d 6p DFAOs a r e n o t i n v o l v e d i n g o l d c h e m i s t r y ( i n c o n t r a s t 
t o t h e s e m i - e m p i r i c a l n o n - r e l a t i v i s t i c t h e o r y p r e d i c t i o n s ) , b u t t h e y 
a r e s i g n i f i c a n t f o r t h e c h e m i s t r y o f h e a v i e r e l e m e n t s . 
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T a b l e V I . AuH R e l a t i v i s t i c D i p o l e Moment (μ) C u r v e s , 8 a n d 
N o n - R e l a t i v i s t i c D i p o l e M o m e n t b 

V a l u e s a t R e , c i n a u d 

Wave f u n e t i o n s 
CB CB 

R ( a u ) + e + f 

CB 6DSL 6pDF EB20 EB27 RCI 
2. 6294 0 . 9 6 8 - - 0 . 9 0 5 0 . 8 2 9 0 . 7 3 8 
2. . 8 7 9 4 g 0 . 9 7 6 1 . 0 6 5 1 . 2 7 1 0 . 9 8 4 0 . 9 0 1 0 . 8 0 2 

( 1 . 3 7 3 ) ( 1 . 4 4 3 ) ( 1 . 9 2 5 ) ( 1 . 4 3 4 ) ( 1 . 3 6 3 ) 
3. .1294 0 . 9 6 7 - - 1 . 0 4 6 0 . 9 5 6 0 . 8 4 6 
3. . 3794 0 . 9 6 8 - - 1 . 1 3 2 1 . 0 4 5 0 . 9 0 9 

8 C a l c u l a t e d b y u s i n g t h e w a v e f u n c t i o n s f r o m r e f e r e n c e ( 1 4 ) ; 
C h e m i c a l B a s i s ( C B ) , e x t e n d e d b a s i s EB27 i n c l u d i n g p o l a r i z a t i o n 
f u n c t i o n s , EB20 (same a s EB27 b u t w i t h o u t 5 f p o l a r i z a t i o n 
f u n c t i o n s ) , a n d r e l a t i v i s t i c c o n f i g u r a t i o n i n t e r a c t i o n ( R C I ) 
w a v e f u n c t i o n . b N o n - r e l a t i v i s t i c v a l u e s a r e g i v e n i n p a r e n t h e s e s . 
R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 2 1 . d l a u - 2 . 5 4 2 D. A l l 
v a l u e s i n d i c a t e A u + H " p o l a r i t y . e C B p l u s 6 p ' S l a t e r - t y p e 
p o l a r i z a t i o n f u n c t i o n w i t h e x p o n e n t ζ - 2 . 7 5 c e n t e r e d o n g o l d . f C B 
p l u s 6p DFAO a s o b t a i n e d f r o m t h e MCDF c a l c u l a t i o n f o r t h e g o l d a t o m 
( s e e r e f e r e n c e 1 4 ) . 9 E x p e r i m e n t a l R e ( r e f e r e n c e 1 8 ) . 

We a l s o c o n c l u d e f r o m o u r ab i n i t i o DF S C F c a l c u l a t i o n s t h a t 
t h e 5 d , 6 d a n d 5 f DFAOs ( a n d t h e i r a s s o c i a t e d e l e c t r o n s ) a r e 
d e f i n i t e l y i n v o l v e d ( d u e t o r e l a t i v i s t i c e f f e c t s ) i n t h e e l e c t r o n i c 
s t r u c t u r e a n d b o n d i n g o f t h e d i a t o m i c s o f t h e h e a v y t h i r d - r o w 
t r a n s i t i o n e l e m e n t s a n d a c t i n i d e s , a n d t h e y p r e s e n t t h e f o r m i d a b l e d u a l 
c h a l l e n g e t o q u a n t u m c h e m i s t s o f t h e a c c u r a t e c a l c u l a t i o n o f 
t h e r e l a t i v i s t i c a n d e l e c t r o n c o r r e l a t i o n e f f e c t s f o r s u c h s y s t e m s . 

F u r t h e r m o r e , r e l a t i v i s t i c e f f e c t s h a v e b e e n shown t o b e f a i r l y 
s i g n i f i c a n t i n n o n - e n e r g e t i c p r o p e r t i e s , e . g . , d i p o l e moment , a n d i t 
i s h o p e d t h a t t h e a c c u r a t e p r e d i c t i o n o f n o n - e n e r g e t i c p r o p e r t i e s 
w o u l d s u p p l e m e n t t h e c r i t e r i o n f o r t h e q u a l i t y o f a r e l a t i v i s t i c 
w a v e f u n c t i o n i n f u t u r e . T h u s , t h e k n o t t y b o t t l e n e c k s o f ab i n i t i o 
f u l l y r e l a t i v i s t i c DF S C F c a l c u l a t i o n s h a v e b e e n b r o k e n , a n d i t i s 
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g r a t i f y i n g t h a t t h e c o m p u t a t i o n a l m a c h i n e r y i s c u r r e n t l y a t h a n d 
f o r p e r f o r m i n g r e l i a b l e ab i n i t i o f u l l y r e l a t i v i s t i c DF S C F 
c a l c u l a t i o n s f o r d i a t o m i c s c o n t a i n i n g h e a v y a n d v e r y h e a v y a t o m s . 
I t i s h o p e d t h a t w i t h t h e a v a i l a b i l i t y o f f a s t e r s u p e r c o m p u t e r s 
a b i n i t i o ( a l l - e l e c t r o n ) f u l l y r e l a t i v i s t i c c a l c u l a t i o n s f o r 
p o l y a t o m i c s c o n t a i n i n g h e a v y a toms w i l l become f e a s i b l e i n t h e 
n e a r f u t u r e . 
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Chapter 22 

Relativistic Effective Potentials in Quantum 
Monte Carlo Studies 

Phillip A. Christiansen 

Department of Chemistry, Clarkson University, Potsdam, NY 13676 

An overview of quantum Monte Carlo electronic structure 
studies in the context of recent effective potential 
implementations is given. New results for three 
electron systems are presented. As long as care is 
taken in the selection of tr ia l wavefunctions, and 
appropriate frozen core corrections are included, 
agreement with experiment is excellent (errors less 
than 0.1 eV). This approach offers promise as a means of 
avoiding the excessive configuration expansions that 
have plagued more conventional transition metal studies. 

In the last ten years considerable effort has gone into the study 
of small metal clusters. Several reviews on the subject have 
appeared i n the literature. Volume 156 of Surface Science, Volume 86 
of Chemical Reviews and a portion of Volume 91 (especially No. 10) of 
the Journal of Physical Chemistry are devoted to this topic. The 
small transition metal clusters are particularly intriguing as a 
result of their unique structures (multiple d bonding, etc.) and as 
possible models for catalytic processes. Furthermore, as can be seen 
from the compendium by Huber and Herzberg (1) and also from the 
encyclopedic reviews by Weltner and Van Zee (2) and more recently by 
Morse Ç3) and by Salahub (4), relatively l i t t l e i s known about the 
detailed structures of even the simplest clusters (diatomics) of the 
elements beyond the f i r s t transition row. The f i e l d would appear to 
be wide open for computational chemists. For clusters of only a few 
atoms one would expect rigorous electronic structure studies (SCF 
plus large CI, etc.) to y i e l d useful imformation regarding molecular 
geometries, dissociation energies, vibrational frequencies, etc. 

Unfortunately, i n contrast to recent light element work, early 
transition element studies proved somewhat disappointing. The 
chromium diatom (5-9) i s probably the best known example. However a 
more disturbing case i s SC2, the simplest transition metal diatomic. 
The SC2 dissociation energy (1.65 eV) i s known from the mass 
spectrometric work of Verhaegen et a l . (10) although there may be 
some error due to the use of rather imprecise molecular partition 
functions (11,12). (A value of 1.22 eV was originally given but i t 

0097-6156/89/0394-0309$06.00/0 
ο 1989 American Chemical Society 
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310 THE CHALLENGE OF d AND f ELECTRONS 

has since been reported i n various references (1,3) as 1.65.) 
Resonance Raman (13), ESR (14) and MCD (15) matrix isolation studies 
suggest a 5 Σ ground state with a fundamental vibrational frequency of 
about 239cnf 1, which i s consistent with the assignment given by 
the best ab i n i t i o calculation. Nevertheless, i n their f a i r l y 
extensive study, Walch and Bauschlicher (12) were able to account for 
only a fraction of the experimentally determined dissociation energy. 
As with diatomic chromium the d i f f i c u l t y involves correlation i n a 
multiple d bonded system. These discouraging results have prompted 
Morse Ç3) to suggest that for transition element problems the density 
functional approaches (4,17-19) might be more appropriate. 

Of course the transition metal electron correlation problems do 
not necessarily begin at the molecular level. Ab i n i t i o studies (20-
24) typically show errors i n atomic excitation energies of about 0.3 
eV or more for transitions involving the outer s and d electrons. 

The errors seen i n the above examples are of course the result 
of the necessary incompleteness of orbital and configuration basis 
sets. The power of these expansion approaches i s that i f one works 
hard enough (uses a sufficiently complete, or at least appropriate, 
basis) one should get the right answer. The recent extensive 
transition metal hydride studies indicate the p o s s i b i l i t i e s (25-30). 
Nevertheless, heavy atom electron correlation involving d and even f 
subshells i s such an enormous problem that every alternative should 
be explored. 

Effective Potential Quantum Monte Carlo 

As configuration expansions approach the multi-million range, 
alternatives such as quantum Monte Carlo (QMC) techniques begin to 
appear attractive. A useful overview of QMC has been given by 
Ceperly and Alder (31). Pioneering work i n this f i e l d was done i n 
the mid 70 s by Anderson (32,33) as well as by Kalos and coworkers 
(34,35). This has been followed by considerable development work as 
well as molecular and atomic applications (36-56). The advantage of 
QMC i s that i t does not depend on the exhaustive configuration and 
orbital basis set expansions that have plagued conventional studies. 
As one moves down the periodic table to the transition elements with 
occupied d shells and to the Lanthanides and Actinides with f shells, 
the QMC advantage becomes more apparent. Unfortunately, to a 
considerable extent, what one gains i n the elimination of i n f i n i t e 
basis set expansions, one looses to s t a t i s t i c a l sampling error. And 
furthermore the sampling error increases rapidly as a function of the 
nuclear charge. Doll (57), Ceperly (58), and most recently Hammond 
et a l . (59) have given arguments indicating that the QMC computer 
requirements increase with about the sixth power of the nuclear 
charge. As a result QMC has, to date, offered l i t t l e competition for 
conventional calculations, and we are aware of no all-electron QMC 
studies involving elements beyond the f i r s t row. 

Although all-electron heavy element QMC studies are at the 
present time out of the question, we have recently shown that by 
replacing the core electrons (and the corresponding fraction of the 
nuclear charge) with an appropriate r e l a t i v i s t i c effective potential 
(REP) the QMC domain can be quite readily extended to the lower 
portion of the periodic table (60-62). To our knowledge, reference 
(60) i s the f i r s t QMC study involving an element from below the f i r s t 
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row and i s also the f i r s t to include relat i v i t y . This work was 
followed closely by a study by Hammond et a l . (59) who used an almost 
identical approach i n a l k a l i and alkaline earth atomic and molecular 
studies. 

As pointed out i n the review by Ceperly and Alder (_31) the 
diffusion interpretation of the Schroedinger equation has an 
extensive history. The diffusion analogy becomes apparent i f one 
writes the time-dependent Schroedinger Equation (one electron for 
simplicity) i n terms of imaginary time, t, 

| f = |ν2ψ - (ν - Ε τ)ψ (1) 

Ψ then corresponds to a concentration and the equation i s simulated 
by a combination of random particle movement ( f i r s t term on the 
right) as well as particle birth and death according to the f i r s t -
order rate constant, V-Bp (32,33). The arbitrary reference energy, 
Erp, can be adjusted to maintain normalization. However a far more 
efficient approach involves importance sampling (34,36,37,41,42). By 
defining the function ί=ψΨτ# the product of Ψ with a time-independent 
t r i a l wavefunction, Ψφ, Equation 1 becomes 

d f , ο ΗΨτ 
^ = lv2f - V · (f-νΐηψτ) - - E T)f. (2) 

The middle term on the right adds a d r i f t velocity (νψ τ/ψ τ) to the 
simulation which greatly reduces sampling i n regions of low electron 
density. In addition the nodes i n (resulting from either orbital 
nodes or antisymmetry) can be used to define sampling region 
boundaries, an assumption of the fixed node approximation (32,33). 
Electronic energies are ultimately obtained from averages of the 
local energies, ΗΨ τ/ψ τ. Detailed descriptions of algorithms based on 
Equation 2 can be found i n the literature (31,39,42,52). 

For QMC simulations involving atomic or molecular systems with 
more than a small number of electrons, potential sources of 
d i f f i c u l t y are f a i r l y obvious (58-60). In regions of high electron 
density (such as near nuclei) one sees the corresponding high density 
of singularities i n the hamiltonian resulting from the two-electron 
electrostatic interaction. At the same time, wavefunction 
antisymmetry causes a high nodal density. The dense nodal structure 
forces one to employ short time steps, thereby greatly increasing the 
computational requirements. And although the effects of electron-
nucleus and two-electron singularities i n the potential can be 
controlled to considerable extent using pair-correlation functions 
[see reference (37) for instance], unless ψ τ i s a good approximation 
to ψ, correlation error w i l l become overwhelmingly apparent i n the 
local energies, leading to large s t a t i s t i c a l errors i n the average. 
The more densely packed the electrons become (this w i l l be most 
serious i n the core region) the more acute the d i f f i c u l t i e s w i l l be. 
Furthermore, with the exception of the work by Vrbik et a l . (63) i t 
i s not clear how r e l a t i v i t y (essential for heavy element studies) 
would be included i n all-electron QMC work. 

In this context the advantages i n the use of effective 
potentials are quite clear. The potentials eliminate the high 
electron density (and associated nodes) near the nuclei, thereby 
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reducing sampling i n a region i n which both the wavefunction and the 
potential are rapidly varying. This eliminates a d i f f i c u l t fraction 
of the multi-electron potential from the wave equation and at the 
same time makes the use of much longer time steps appropriate. 
Perhaps equally important/ r e l a t i v i s t i c effective potentials allow 
one to introduce r e l a t i v i t y i n a particularly convenient form. 

The key to the use of conventional semi-local REPs i n QMC 
involves the transformation of the PEP to local form. In reference 
(60) Hurley et a l . proposed the many-electron local potential, V 1 ^ , 

VREP s υΚΕΡ ψ τ /ψ Τ β ( 3 ) 

\βΕΡ i s the conventional effective potential and i s the t r i a l 
wavefunction (at least the determinant portion) from Equation 2. To 
carry out REP-QMC calculations one simply adds to the valence-
electron hamiltonian, H, i n the importance sampling algorithm. In 
light of the local energy expression, Ηφτ/ψ^/ i n Equation 2, this 
definition of the local potential i s rather obvious and has also been 
used i n the work by Hammond et al . (59) but without re l a t i v i t y . 

Equation 3 obviously adds approximations. These include the 
usual effective potential assumptions (frozen core, etc.) i n addition 
to the localization shown i n the equation. However i n one sense i t 
i s a trade-off i n that the local potential effectively eliminates the 
fixed node approximation i n the core region. 

Atomic Studies In Table I electron a f f i n i t i e s for L i , Na and Κ 
computed using Equation 3 with either r e l a t i v i s t i c (60) or 
nonrelativistic (59) effective potentials are compared with the 
respective experimental values (64-66). Only i n the r e l a t i v i s t i c L i 
calculation do we see a significant discrepancy, and even then the 
error i s well below 0.1 eV. In a l l of these calculations single 
determinant t r i a l wavefunctions were employed. While this i s no 
approximation for the one-electron neutral atoms we might see minor 
problems for the anions, and L i could be a case i n point. 

Table I. A l k a l i Electron A f f i n i t i e s (in eV) obtained 
from Re l a t i v i s t i c and Nonrelativistic Effective 

Potential QMC Simulations 

Atom reference effective potential QMC Expt. 
L i 60 0.56(2) 0.62 
L i 59 0.61(2) 
Na II 0.56(2) 0.55 
Κ 60 0.52(1) 0.50 

Conventional shape-consistent effective potentials (67-70), 
whether r e l a t i v i s t i c or not, are typically formulated as expansions 
of local potentials, Ui,(r), multiplied by angular projection 
operators. The expansions are truncated after the lowest angular 
function not contained i n the core. The last (residual) term i n the 
expansion typically represents l i t t l e more than the simple coulombic 
interaction between a valence electron and the core (electrons and 
corresponding fraction of the nuclear charge) and i s predominantly 
attractive. The lower & terms, on the other hand., include strongly 
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22. CHRISTIANSEN Quantum Monte Carlo Studies 313 

repulsive "Pauli" contributions. This i s illustrated i n Figure 1 
where we have plotted the two terms i n the L i REP (68). Note that 
the difference between the two curves goes rapidly to zero for large 
values of r. A single determinant s 2 t r i a l wavefunction for L i would 
result i n a that included only the repulsive curve. However the 
inclusion of s to ρ promotions i n the t r i a l wavefunction would 
introduce a small contribution from the attractive term and would 
tend to lower the electronic energy. Fortunately, for L i the anion 
electron density i s relatively diffuse and the correction quite 
small. 

In some cases however serious errors can result from the use of 
such a simple t r i a l wavefunction i n Equation 3. The terms i n the Be 
REP are quite similar to those of L i , but the ground state electron 
distribution i s considerably more compact and the correlation 
correction from the p2 configuration far more important. In Table II 
we have listed SCF and REP-QMC energies for the lowest ^S, 3P, and 3D 
states of Be along with experimental values (71) for comparison. 
Numbers i n square brackets include core polarization corrections 
(22). 

For the Be 3P and 3D excited states the correlation corrections 
are relatively small and as can be seen from the table, the single 
determinant approximation i n Equation 3 i s quite good. In contrast 
the *S state i s too high by 0.3 eV. However, as Equation 3 would 
suggest, a simple two-configuration (2s 2 + 2p2) wavefunction brings 
i n the attractive "p" contribution and we get the value l i s t e d i n 
column four. Curiously, i n an all-electron QMC study Harrison et a l . 
(74) observed a similar d i f f i c u l t y with the Be ground state. They 
found that a single determinant t r i a l wavefunction gave the energy 
about 0.3 eV too high due to the fixed node approximation. The use 
of a multiconfiguration t r i a l wavefunction eliminated the error. 

Table II. Effective Potential QMC Energies (in eV) 
for various states of Be and Mg 

State reference SCF Single Multi. Expt. 
Be+ ZS 0.0 0.0 0.0 0.0 
Be 3D 61 -1.54 -1.63(2) -1.63 
Be 3P II -6.39 -6.56(2) -6.59 
Be i-S II -8.06 -9.04(3) -9.32(1) -9.32 

II II [-9.34(1)] 
Mg+ 2S 0.0 0.0 0.0 0.0 
Mg is 62 -6.59 -7.58(1) -7.55(1) -7.65 

II II [-7.66(1)] 
Mg " 59 -7.64(3) 
Mq " 73 -7.57(3) 

In the effective potential approximation Mg i s isoelectronic 
with Be. But, as can be seen i n Figure 2, the Mg REP i s composed of 
three terms (s, ρ and d) with the s and ρ both repulsive. As a 
result, even though the correlation correction i s almost as large as 
i n Be the multi-determinant correction resulting from Equation 3 i s 
only a tenth as big (see Table II). The discrepancy between values 
from references (62) and (59) i s due to large s t a t i s t i c a l or 
extrapolation error. Note that unlike Be one cannot make comparisons 
with experimental results without f i r s t taking core-valence 
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r (a.u.) 

F i g u r e 1. R a d i a l p l o t s o f t h e s a n d ρ t e r m s o f a L i s h a p e 
c o n s i s t e n t e f f e c t i v e p o t e n t i a l . ( D a t a a r e f r o m r e f . 6 8 . ) 

r(a.u.) 

F i g u r e 2. R a d i a l p l o t s o f t h e s , p , a n d d t e r m s o f a Mg s h a p e 
c o n s i s t e n t e f f e c t i v e p o t e n t i a l . ( D a t a a r e f r o m r e f . 7 0 . ) 
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correlation (72) into account. For the heavier alkali s and alkaline 
earths such corrections can amount to several tenths of an eV. 

The effective potential QMC studies discussed above have a l l 
employed more or less conventional shape consistent r e l a t i v i s t i c 
(60f61) or nonrelativistic (59,62) effective potentials localized 
according to Equation 3. Yoshida and Iguchi (73) on the other hand 
have recently published Mg, Ca and Sr studies employing model 
potentials of the type developed by Huzinaga et a l . (75). By 
comparison with the nodeless orbitals i n the preceeding studies the 
model potential approach employs representations of normal Hartree-
Fock valence orbitals. In reference (73) the potential was just the 
coulombic interaction between normal core and valence orbitals which 
i s essentially equivalent to the residual term i n the shape 
consistent REPs. The advantage to this approach i s that the 
potential i s already i n simple local form and there i s no need for 
Equation 3. The dissadvantage i s that the t r i a l wavefunctions 
include numerous nodes i n the core region (which forces one to employ 
shorter time steps) and also may include a sizable amplitude near the 
nucleus which for Gaussian basis sets might require the use of 
nuclear cusp functions. In the QMC simulation this approach almost 
looks more li k e a frozen core study rather than effective potential. 
An additional (not nearly so well understood) complication i s that i n 
the simple shielded nucleus potential a t r i a l wavefunction formed 
from the valence Hartree-Fock orbitals looks like an excited state. 
One must therefore choose the t r i a l wavefunction carefully to ensure 
orthogonality to the false lower energy solutions. 

The above studies a l l involved only one and two-electron 
systems. And with the exception of the Be high spin excited states 
(61) none required the use of "Fermi s t a t i s t i c s " (wavefunction 
antisymmetry) i n the Monte Carlo simulations. This i s of course a 
prerequisite for multi-electron systems. We have recently carried 
out REP-QMC simulations on some three-electron systems. Aluminum i s 
probably the simplest. In Table III we show energies for two states 
of A l and also f o r A l + . 

Table III. Comparison of SCF, REP-QMC and Experimental 
Energies (in eV) for various states of Al-

State SCF Single Multi. Expt. 
A1+ J-S 0.0 0.00(2) 0.00(1) 0.0 
Al 4P -3.11 -2.42(3) [-2.42(2)] -2.38 
Al 2P -5.48 -5.92(4) -5.92(2) -5.98 

For the Al ground state and also for the cation we carried out 
simulations using both single and multiple determinant t r i a l 
wavefunctions. (The brackets indicate a single determinant t r i a l 
function for the 4P state but multiple for the lS.) As opposed to 
either Be or Mg we see no significant adjustment i n the energies 
resulting from the use of the more accurate t r i a l functions. We do 
however see a reduction i n the s t a t i s t i c a l error. The agreement with 
experiment i s excellent except for the 0.06 eV systematic error i n 
the ground state. This could be due to a s t i l l inadequate t r i a l 
wavefunction i n Equation 3, but based on Muller's Mg work (72) we 
also suspect core polarization. This remains to be determined. 

As indicated i n the introduction a major motivation i n the 
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development of REP-QMC involves applications to transition element 
problems. Although to our knowledge there are as yet no such 
applications i n the literature we have recently been running 
preliminary three-electron simulations involving the 2D ground and 4 F 
excited states of Sc and Y. Our results so far have been somewhat 
disappointing. For both elements we see excitation energy errors of 
about 0.5(2) eV which are two to three times what we would have 
anticipated for the three-electron approximation. The poor results 
could be due to the single determinant t r i a l functions but i t might 
also be the result of core polarization or some other aspect of the 
frozen-core approximation. We may be forced to use 11-electron REPs 
to achieve adequate results. In this event, a recently developed 
"frozen core" approach (76) could prove invaluable i n combination 
with the 11-electron REP. 

Molecules To date the only molecular effective potential QMC results 
that we are aware of are those of Hammond et a l . (59). The 
d i f f i c u l t y i n extending this work to diatomic or polyatomic systems 
involves the e f f i c i e n t evaluation of the local potential, V*^, i n 
conjunction with the projection operators i n the potential and basis 
functions centered on different nuclei. In the NaH and Ν&2 work of 
reference (59) the angular projection integrations were carried out 
by more or less conventional means. In preliminary work however we 
have found a simple alternative useful. Since the radial functions 
i n ifiEP decay very rapidly with increasing r, the product of the 
Ufl,(r) with a function centered on another nucleus can be approximated 
quite accurately by short one-center expansions. Conveniently, the 
angular part of the expansion need not go beyond the highest £ 
quantum number i n the core. For f i r s t row atoms (Li, Be, C, etc.) 
only a small number of s functions are required. Κ or Mg studies 
would require only s and ρ functions. In preliminary studies we have 
found that for K2 the use of s functions alone results i n an error of 
only about a tenth of an eV due to the neglect of ρ functions i n the 
one-center expansion. 

For linear molecules a particularly e f f i c i e n t scheme (in terms 
of the QMC sampling) might be to tabulate the product of the ifi^ 
with each orbital on a coarse two-dimensional grid. In this sense 
one can see that an interesting approach to diatomic REP-QMC could be 
based on numerically determined SCF or MCSCF t r i a l wavefunctions 
(77,78). 

Discussion 

Quantum Monte Carlo techniques have considerable potential for 
application to problems involving open d or f shells where the 
treatment of electron correlation has proven particularly d i f f i c u l t . 
However i f QMC i s to be a viable alternative one must be able to 
li m i t the simulations to small numbers of electrons and i n addition 
rela t i v e i t y must be included. Re l a t i v i s t i c effective potentials 
offer one avenue (at the present time the only avenue) for achieving 
these conditions. However, as we have indicated, REPs do introduce 
complications. 

Because of Equation 3 one must be somewhat more careful i n the 
selection of t r i a l wavefunctions and multiconfiguration algorithms 
are essential, unfortunately the additional configurations 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

02
2

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



22. CHRISTIANSEN Quantum Monte Carlo Studies 317 

necessarily increase the computer requirements. For the Be ground 
state for instance the addition of the p 2 configuration just about 
doubles the amount of processing per QMC time step. On the other 
hand as one can see from the Tables the sampling error i s typically 
reduced by more than a factor of two. Noting that the sampling error 
varies inversely with the square root of the number of samples we see 
that the use of multiconfiguration t r i a l wavefunctions actually 
reduces the overall computer requirements (for a given error level) 
by more than a factor of two. This i s consistent with the arguments 
given i n references (58,59) and with the results of Moskowitz et a l . 
(48,49). 

Though not discussed above, i n a l l the studies mentioned the 
t r i a l wavefunctions included pair correlation functions, J j i , as 
prescribed by Reynolds et a l . (42). Moskowitz et a l . (48,49) have 
shown that the product of a relatively simple multiconfiguration 
wavefunction with pair correlation functions can provide a rather 
accurate approximation to the exact wavefunction. In our 
calculations and i n those of Hammond et a l . (59) the many-electron 
local potential, V 1 ^ , has been obtained by allowing the REP to 
operate only on the determinantal portions of the t r i a l wavefunction. 
The effects of the pair correlation functions have been ignored. As 
pointed out i n (61) the effects of the pair correlation functions on 
the local potentials could be included by means of zeta-function 
expansions (79). However i n our multiconfiguration calculations the 
J i j were parametrized to correct for short range d i f f i c u l t i e s only, 
(We assumed that the configuration expansions properly accounted for 
long-range and near-degeneracy effects), and we would therefore 
expect the J^j to have only a negligible effect on the V^^p. 

A l l of the effective potential QMC studies that we are aware of 
have employed relatively simple fixed-node diffusion Monte Carlo 
algorithms. This i s not to suggest that these are preferable, but 
rather easy to program. One should not underestimate the advantages 
of Green's Function [see references (50,51) for instance] or other 
more recently developed approaches (80). 

Essentially a l l of the effective potential QMC work i n the 
literature to date has been, or could be, carried out on small mini 
or microcomputers. For instance, using QMC algorithms similar to 
those of references (39) and (52), our Be, Mg and Al (two and three 
electron) studies required around 50 to 200 MicroVAX hours for single 
atomic state energies with standard errors of about 0.01 eV. However 
work on larger systems w i l l obviously require more powerful computing 
machinery. Although we would not anticipate dramatic increases i n 
speed due to vectorization, (at least not for problems involving 
smaller numbers of electrons) QMC algorithms are almost t r i v i a l l y 
adaptable to "massively parallel" computing environments (81-83). By 
simply distributing configurations (particles) evenly among 
processors one should be able to obtain near peak parallel 
efficiency. The only complication we forsee would be due to the 
occasional renormalization required by the particle multiplication 
and destruction events. This would necessitate the communication of 
particle coordinates, etc. between processors to maintain an even 
configuration distribution. Fortunately the time required to 
transfer configurations between processors w i l l be proportional to 
the number of electrons per configuration whereas the processing time 
(per time step) i s proportional to the number of electrons squared or 
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cubed (42). As a result one would expect inefficiencies due to 
processor imbalance to become less important for bigger problems. 
Furthermore for "hypercube" machines (81-83) with a thousand or fewer 
processors the transfer of configurations could probably be limited 
to adjacent nodes, thereby minimizing the transfer time. 

Massively parallel (multiple instruction, multiple data) 
computers with tens or hundreds of processors are not readily 
accessible to the majority of quantum chemists at the present time. 
However the cost of currently available hypercube machines with tens 
of processors (each with about the power of a VAX) i s comparable to 
that of supermini s but with up to a hundred times the power. For 
applications of the type discussed above the performance of a machine 
with as few as 32 or 64 processors would be comparable to (or perhaps 
even exceed) that of a single processor supercomputer. Although 
computer requirements currently l i m i t QMC applications (even with 
effective potentials) the proliferation of inexpensive massively 
parallel machines could conceivably make the application of 
r e l a t i v i s t i c effective potentials with QMC quite competitive with 
more conventional electronic structure techniques. 

Our REP-QMC work (60-62) along with the studies by Hammond et 
al . (59) provide evidence that with the proper precautions the 
combination of r e l a t i v i s t i c effective potentials with quantum Monte 
Carlo procedures may provide an alternative for obtaining accurate 
electronic structure information. The possible elimination of 
excessive basis set and configuration expansions for the transition 
and heavier elements i s especially appealing. And at the same time 
the transition to parallel computing i s particularly simple. The 
possi b i l i t y of carrying out definitive calculations on small 
transition metal clusters should not be dismissed offhand. Although 
we would not expect QMC (or REP-QMC) to replace conventional 
approaches (for one thing an accurate conventional t r i a l wavefunction 
appears to be an essential prerequisite) the electron correlation 
problem for elements containing occupied d and f subshells i s 
potentially so enormous that a l l possible avenues should be 
thoroughly researched. 
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Chapter 23 

Relativistic Effects on Compounds Containing 
Heavy Elements 

The Influence of Kinetic Energy on Chemical Bonds 

T. Ziegler1, J. G. Snijders2, and E. J. Baerends2 

1Department of Chemistry, University of Calgary, Calgary, Alberta T2N 
1N4, Canada 

2Department of Theoretical Chemistry, The Free University, Amsterdam, 
Netherlands 

It i s shown that relativity w i l l reduce the 
kinetic energy of the electrons in a number 
of compounds containing heavy elements. 
The reduction of the kinetic energy leads to 
bond sta b i l i z a t i o n and bond contraction 
and influences s i g n i f i c a n t l y the chemistry 
of t h i r d row transition metals. 

Valen c e e l e c t r o n s i n atoms and mole c u l e s have a 
f i n i t e ( a l b e i t small) p r o b a b i l i t y of b e i n g c l o s e t o the 
n u c l e i and t h e y can as a consequence a c q u i r e h i g h 
i n s t a n t a n e o u s v e l o c i t i e s . I n f a c t , t h e v e l o c i t i e s f o r the 
valen c e e l e c t r o n s can approach t h a t of l i g h t as they pass 
i n c l o s e p r o x i m i t y t o h e a v i e r n u c l e i with Ζ >72.It i s f o r 
t h i s reason not too s u r p r i s i n g t h a t r e l a t i v i s t i c e f f e c t s 
become o f importance f o r the c h e m i c a l p r o p e r t i e s o f 
compounds c o n t a i n i n g 5 d - b l o c k elements i n t h e t h i r d 
t r a n s i t i o n s e r i e s or 5 f - b l o c k elements i n the a c t i n i d e 
s e r i e s . 

We s h a l l here d i s c u s s how r e l a t i v i s t i c e f f e c t s 
, r e l a t e d to the high instantaneous v e l o c i t i e s o f e l e c t r o n s 
near heavy n u c l e i , w i l l i n f l u e n c e t h e c h e m i c a l bond 
i n v o l v i n g 5d- and 5 f - e l e m e n t s . I n p a r t i c u l a r , w e s h a l l 

0097-6156/89/0394-0322$06.00/0 
c 1989 American Chemical Society 
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23. ZIEGLER ET AL. Relativistic Effects on Compounds of Heavy Elements 323 

demonstrate t h a t r e l a t i v i t y i n many cases w i l l strengthen 
the bonds and c o n t r a c t the bond d i s t a n c e s by a r e d u c t i o n 
i n the k i n e t i c energy of the e l e c t r o n s . l t w i l l f u r t h e r be 
i l l u s t r a t e d how r e l a t i v i s t i c e f f e c t s i n f l u e n c e the 
p e r i o d i c trends w i t h i n a t r i a d of t r a n s i t i o n metals. 

The f i e l d of r e l a t i v i s t i c quantum chemistry has been 
reviewed by P i t z e r (1) and by Pyykko (Zr2L) · The r e s u l t s 
presented here are based on the r e l a t i v i s t i c Hartree-Fock-
S l a t e r method due t o S n i j d e r s and Baerends (4.) , augmented 
i n some cases by the r e c e n t l y proposed d e n s i t y f u n c t i o n a l 
method by Becke .Our a n a l y s i s w i l l b u i l d on p r e v i o u s 
s t u d i e s (£) due to Z i e g l e r , S n i j d e r s and Baerends. 

R e l a t i v i s t i c T h e o r i e s 

I t i s p o s s i b l e t o extend D i r a c ' s (7_) r e l a t i v i s t i c 
t h e o r y f o r the hydrogen atom t o η-electron systems by 
n e g l e c t i n g r e t a r d a t i o n as w e l l as c e r t a i n magnetic 
e f f e c t s . D i r a c 1 s Hamiltonian f o r a many e l e c t r o n system can 
be w r i t t e n as 

H D - \ V 1 h D ( i ) + V N ( r t ) + f X l / | f ï - r j | (1) 
i = l i = l i * j 

where 

h D ( i ) = c($>(±) . p ( i ) + c 2 p (2) 
and VN(r~i) i s the e l e c t r o n - n u c l e a r a t t r a c t i o n p o t e n t i a l . 

In Eq. (1) a ? ( i ) , j = l,2,3 and β are the 4x4 D i r a c 
matrices, p ( i ) i s the momentum operator,and c the v e l o c i t y 
of l i g h t . T ^ e corresponding D i r a c wave equation reads 

Η ° Ψ ° = E D VF° (3) , 
where the wave f u n c t i o n Ψ ° can be expressed as a l i n e a r 
combination of S l a t e r determinants c o n s t r u c t e d from f o u r -
component D i r a c - s p i n o r s {a 1}. 

The D i r a c wave equation i s somewhat cumbersome to 
s o l v e due t o the presence of f o u r , i n g e n e r a l complex, 
components. F o l d y and Wouthuysen (£_) have f o r t u n a t e l y 
proposed a t r a n s f o r m a t i o n which allows one t o approximate 
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324 THE CHALLENGE OF d AND f ELECTRONS 

the four-component D i r a c e q u a t i o n , E q . ( 3 ) , b y a two-
component SchrOdinger equation i n the f a m i l i a r 2x2 P a u l i 
r e p r e s e n t a t i o n t o any g i v e n A o r d e r i n the f i n e s t r u c t u r e 
constant a .The Hamiltonian H D of Eq. (1) takes a f t e r the 
Foldy-Wouthuysen t r a n s f o r m a t i o n the form of an i n f i n i t e 
sum o f A t e r m s i n i n c r e a s i n g orders of (X2 

H FW = H ° + a 2 H i + a 4H 2 + 0 ( a 6 ) (4 ) , 

where H° i s the 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 . T h e 
e i g e n f u n c t i o n s * F F W of H F W can be w r i t t e n as a l i n e a r 
combination of S l a t e r determinants c o n s t r u c t e d from s p i n 
o r b i t a l s as i n the n o n - r e l a t i v i s t i c case. 

The method of £nijders and Baerends (4) r e t a i n s terms 
i n Eq. (4) up to OC2Hi ,where H^ i s given by 

Hi = H M V + H D a rw + H S 0 Λ (5) . 
The s o - c a l l e d m ass-velocity term HM V Iwhich represents 

the f i r s t order ( i n a 2 ) r e l a t i v i s t i c c o r r e c t i o n t o the 
n o n - r e l a t i v i s t i c k i n e t i c energy operator 

T N R = - \ Σ V ? = j Σ P 2 ( i ) (6) 
i i 

i s given by 

HM V = - | Σ V f = ~ 3" Σ P 4 ( i ) (7a) 
i i 

whereas the Darwin term,from the Zitterbewegung of the 
e l e c t r o n s (ϋ_) , a f t e r n e g l e c t i n g some n u m e r i c a l l y 
i n s i g n i f i c a n t t w o - e l e c t r o n o p e r a t o r s (£a_) , takes on the 
form 

Hoarw = | Σ V ? ( V N ( i i ) ) ( 7 b ) 
i 

Λ 
The s p i n - o r b i t operator Hso does not c o n t r i b u t e t o the 
t o t a l energy of the c l o s e d s h e l l molecules c o n s i d e r e d i n 
the f o l l o w i n g and need not thus be s p e c i f i e d here. 

The r e l a t i v i s t i c wave f u n c t i o n , and r e l a t e d t o t a l 
energy , i s obtained by f i r s t order p e r t u r b a t i o n theory 
,with the n o n - r e l a t i v i s t i c wave f u n c t i o n as z e r o - o r d e r 
s o l u t i o n . 
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23. ZIEGLER ET AL. Relativistic Effects on Compounds of Heavy Elements 325 

R e l a t i v i s t i c Calculations on Metal Dimers and Metal 
H ydrides . R e l a t i v i s t i c Bond C o n t r a c t i o n and 
R e l a t i v i s t i c Bond S t a b i l i z a t i o n 

We p r e s e n t i n Table I r e s u l t s from c a l c u l a t i o n s on 
bond e n e r g i e s ,bond d i s t a n c e s and v i b r a t i o n a l f r e q u e n c i e s 
f o r t h e s i m p l e MH h y d r i d e s o f t h e c o i n a g e t r i a d 
M=Cu,Ag,and Au as w e l l as the i s o e l e c t r o n i c s e r i e s MH+ 

'with M=Zn,Cd,and Hg.Table I c o n t a i n s e x p e r i m e n t a l 
data (10) as w e l l as r e s u l t s from n o n - r e l a t i v i s t i c (JUL) and 
r e l a t i v i s t i c (4_) H a r t r e e - F o c k - S l a t e r (HFS) c a l c u l a t i o n s . 
R e s u l t s from a s i m i l a r set of c a l c u l a t i o n s on the metal-
dimers M2 (M=Cu,Ag,and Au) as w e l l as the d i c a t i o n s M 2 + 2 

(M=Zn,Cd,and Hg) are presented i n Table I I . 
I t f o l l o w s from Tables I and II t h a t r e l a t i v i s t i c 

e f f e c t s have a s i z a b l e i n f l u e n c e on bond energies,bond 
d i s t a n c e s , a s w e l l as v i b r a t i o n a l f r e q u e n c i e s f o r the 
compounds c o n t a i n i n g the h e a v i e r 5d-member (Au or Hg) 
w i t h i n the t r i a d . 

In the n o n - r e l a t i v i s t i c case bond energies f o l l o w s 
the wrong order(compared w i t h experiment) o f f i r s t 
row>second r o w > t h i r d - r o w . R e l a t i v i s t i c c o r r e c t i o n s , w h i c h 
f o r Au and Hg s t a b i l i z e the bonds by some 30 K c a l m o l - 1 

,provide on the other hand the c o r r e c t o r d e r i n g of t h i r d 
row>first row>second row. 

Bond d i s t a n c e s are, i n the n o n - r e l a t i v i s t i c l i m i t , 
c a l c u l a t e d t o f o l l o w the order f i r s t row<second row<third 
row ,whereas i n f a c t experiment f i n d s t h a t homologous 
second and t h i r d row compounds have s i m i l a r bond 
d i s t a n c e s . H o w e v e r , r e l a t i v i s t i c e f f e c t s ,which f o r Au and 
Hg c o n t r a c t the bonds by 0.3 Â or mo r e , b r i n g bond 
d i s t a n c e s o f second and t h i r d row metals i n t o c l o s e 
p r o x i m i t y t o each other. 

R e l a t i v i s t i c e f f e c t s are f i n a l l y seen t o i n c r e a s e 
v i b r a t i o n a l f r e q u e n c i e s of the t h i r d row compounds by up 
to 100%.The r e l a t i v i s t i c frequencies are f u r t h e r i n b e t t e r 
a c c o r d w i t h e x p e r i m e n t t h a n t h e n o n - r e l a t i v i s t i c 
v a l u e s . R e s u l t s s i m i l a r t o ours have been found i n s t u d i e s 
based on other methods (12). 
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Table I. Calculations of bond distances (RAB)r c l i s s o c i a t i o n 
energies(-ΔΕAB)f a n o^ vibrational frequencies(CUAB)from r e l a t i v i s t i c 
HFS-calculations and non-relativistic HFS calculations(figures in 
parentheses) on metal hydrides 

RAB (A) -ΔΕ Α Β (Kcal mol"1) G ) A B (cm"1) 

Compound HFSb Exp.a HFSb. Exp.a HFS. Exp.a 

CuH 1, .50 (1.51) 1.46 61(59) 66 ±2 1905(1884) 1940 
AgH 1, .61(1.71) 1.61 47(39) 53 ±2 1709(1605) 1760 

AuH 1, .55(1.78) 1.52 68 (37) 74 ±3 2241 (1704) 2305 
ZnH+ 1, .58 (1.58) 1.52 58 (58) 65 ±9 1810 (1803) 1916 
CdH+ 1, .74 (1.78) 1.68 48(46) 48 ±9 1669(1665) 1775 
HgH+ 1, .64(1.88) 1.59 62(41) 53±10 2156(1267) 2034 
aRef. 
bWith 

10. 
an exchange factor , a e x , of 0.7 

Table I I . Calculations of bond distances (R A B )r d i s s oc i a t ion 
energies(-ΔΕΑΒ) rand vibrational frequencies(CÛAB)from r e l a t i v i s t i c 
HFS-calculations and non-relativistic HFS calculations(figures in 
parentheses) on metal dimers 

R A B (Α) ~ΔΕ Α Β (Kcal mol"1) ω Α Β (cm x) 

Compound HFS' Exp. H F S C . Exp . H F S C . Exp . 

Cu2 

Ag2 

Au 2 

2. 
2. 
2. 

.24(2, 

.52 (2, 

.44(2, 

.26) 

.67) 

.90) 

2.22 

2.47 

53(51) 
47 (40) 
58 (27) 

45 ±2 
37 ±2 
52 ±2 

274 (268) 
203(184) 
201(93) 

266 
192 
191 

„ 2 + Zn 2 2. .40 (2, .42) - -30(-30)b - 187 (183) -

C d - 2, .73(2, .84) - -34 (-39)b - 160 (141) -
2+ 

Hg 2 
2, .62 (3 .12) - -11(-46)b - 182 (107) -

aRef. 10.bThe Di-cations Z n 2 r c d 2 ' a n d H g 2 a r e a 1 1 u n s t a b l e i n 

vacuum(negative dissociations energies).They w i l l ,however,be 
stabilized in a medium by counterions 
cWith an exchamge factor , Otex' of 0.7 
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R e l a t i v i s t i c Reduction of the K i n e t i c Energy. 
How does r e l a t i v i t y do i t ? That i s , how a r e 

r e l a t i v i s t i c e f f e c t s a b l e to c o n t r a c t and s t a b i l i z e the 
c h e m i c a l bonds? Rather d e t a i l e d n u m e r i c a l a n a l y s e s (£aj 
have shown t h a t th e c r u c i a l term i n the f i r s t o r d e r 
Hamiltonian of Eq. (5) i s H M V r e p r e s e n t i n g the f i r s t order 
r e l a t i v i s t i c c o r r e c t i o n t o the k i n e t i c energy .We s h a l l 
f o r t h i s reason f i r s t d i s c u s s how the k i n e t i c energy of a 
p a r t i c l e i s modified i n going from the n o n - r e l a t i v i s t i c to 
the r e l a t i v i s t i c l i m i t . 

The k i n e t i c energy T R of a p a r t i c l e with the r e s t 
mass mQ i s given by (jà) 

T R = V p 2 c 2 + m 0
2c 4 -m Qc 2 (8) , 

i n c l a s s i c a l r e l a t i v i s t i c k i n e m a t i c s ,where ρ i s the 
momentum.Further, the r e l a t i o n t o the n o n - r e l a t i v i s t i c 
l i m i t can be e s t a b l i s h e d by expanding T R i n powers of a 2 

= ( 1 / c ) 2 as 
ι a 2 

T R = - ^ p 2 - τ — ρ 4 + 0 ( a 4 ) (9), 2mQ
 F 8m0

 r 

where the f i r s t term i n Eq.(9) r e p r e s e n t s the c l a s s i c a l 
n o n - r e l a t i v i s t i c k i n e t i c energy T N R and the second term the 
f i r s t order r e l a t i v i s t i c c o r r e c t i o n . N o t e t h a t the k i n e t i c 
e n e r g y o p e r a t o r i n t h e f i r s t o r d e r r e l a t i v i s t i c 
H amiltonian can b$ o b t a i n e d from Eq. (8) by r e p l a c i n g ρ 
with the operator p, Eq. (6) and Eq. (7a) . 

We provide i n F i g u r e 1 a p l o t of T R, T R, and T N R as a 
f u n c t i o n o f x=|p|/m 0c.It f o l l o w s from F i g u r e 1 t h a t 
T R, T R,and T N R f o r small values of χ ( x< .1) are s i m i l a r i n 
size.However, as χ and |p| i n c r e a s e T R (and T R ) drops below 
T N R . T h a t i s , r e l a t i v i t y w i l l reduce the k i n e t i c energy f o r 
l a r g e r values of |p|.In f a c t , t h e r e l a t i v i s t i c r e d u c t i o n i n 
k i n e t i c energy (compared t o T N R ) i s seen to i n c r e a s e with 
IPl · 

We s h a l l now t i e the r e l a t i v i s t i c r e d u c t i o n of the 
k i n e t i c e n e r g y ( f o r l a r g e |p|) t o the bond c o n t r a c t i o n and 
b o n d s t a b i l i z a t i o n i n m o l e c u l e s o f h e a v y 
elements.However,we must,before we can do t h a t , r e c a l l a 
few f a c t s about p o t e n t i a l energy s u r f a c e s . T o t h i s end 
c o n s i d e r f i r s t , i n the n o n - r e l a t i v i s t i c l i m i t , a d i a t o m i c 

ο 
m o l e c u l e AB o f the t o t a l n o n - r e l a t i v i s t i c energy E A B 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

02
3

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



328 THE CHALLENGE OF d AND f ELECTRONS 

, formed from A and Β w i t h the t o t a l combined non
r e l a t i v i s t i c energy E A + B .The t o t a l energies of AB , as w e l l 
as t h o s e o f the c o n s t i t u t i n g atoms , can f u r t h e r be 
decomposed as 

E° = T° + V ° e + V ° e = τ° + V° (10), 

i n t o c o n t r i b u t i o n s from the n o n - r e l a t i v i s t i c k i n e t i c 
e n e r g y (T°),the n o n - r e l a t i v i s t i c e l e c t r o n - n u c l e i 
a t t r a c t i o n energy V N e ,as w e l l as the n o n - r e l a t i v i s t i c 
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 energy V° .The two terms, 
ο ο e e 

V and V M , can i n a d d i t i o n be combined i n t o the t o t a l 
ee we 0 0 

Coulomb energy V°.We give i n Figure 2 a p l o t of Δ Ε ^ = E ^ -
E A + B a s a f u n c t i o n o f t h e i n t e r a t o m i c d i s t a n c e , 
R AB>decomposed i n t o c o n t r i b u t i o n s from the k i n e t i c energy 
and the Coulomb energy.The k i n e t i c energy , T A B ,of the 
molecule might w e l l be smaller than the sum of the k i n e t i c 
e n e r g i e s o f the two c o n s t i t u t i n g atoms, T A + B , at l a r g e 
i n t e r a t o m i c d i s t a n c e s ,as i t i s shown i n F i g u r e 
2 .However,at the e q u i l i b r i u m d i s t a n c e , R A R ^we have t h a t ο , ο ο ο . ο Τ Α Β i s l a r g e r than Τ Α + Β and i s given by T A B = T A + B " Δ Ε Α Β 

ο 
a c c o r d i n g t o the v i r i a l theorem,where - Δ Ε A B i s t h e 
( p o s i t i v e ) bond energy f o r AB.The Coulomb energy , V A B, of 
the m o l e c u l e AB might on the o t h e r hand at l a r g e 
i n t e r a t o m i c d i s t a n c e s be above the Coulomb energies of the 
c o n s t i t u e n t atoms ,V A + B.However,at the e q u i l i b r i u m d i s t a n c e 
R A B t h e molecular Coulomb energy ,V A B, i s below the Coulomb 
energy of the c o n s t i t u t i n g atoms and given by V A B = V A ° + B + 

2 A E A

C

B according to the v i r i a l theorem. 
What r e a l l y i s of importance i n t h i s somewhat 

lengthy d i s c u s s i o n of a £ext book subject (13.) , i s Q t h a t at 
d i s t a n c e s smaller than R A B the k i n e t i c energy , T A B , w i l l 
r i s e f a s t e r i n energy than V A B w i l l d e c r e a s e , r e s u l t i n g i n 
a minimum f o r the n o n - r e l a t i v i s t i c e n e r g y , E A B , of the 
diatomic molecule AB. 

We can now t u r n t o a d i s c u s s i o n o f how 
r e l a t i v i s t i c e f f e c t s w i l l modify the molecular energies, 
E A B (or Δ Ε Α Β ), as w e l l as t h e i r f u n c t i o n a l dependence on 
the i n t e r a t o m i c d i s t a n c e , RA B · T h e r e are two non-zero 
R e l a t i v i s t i c c o r r e c t i o n s from the f i r s t order Hamiltonian, 
Hi ,of Eq. (5) .One i s the f i r s t order c o r r e c t i o n ^ , T 1 'to 
the k i n e t i c energy from the m a s s - v e l o c i t y term , HM V ,and 
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h 1 1 1 r 
.0 .5 1-0 

P/m0c 

F i g u r e 1.Non-relativistic kinetic energy ,T N R,the f i r s t order 
r e l a t i v i s t i c kinetic energy ,T R , and the total kinetic energy ,TR, 
as a function of the absolute momentum | p | 

\ 
Non-Relativistic 

V 
A ° ° 
' EAB - E A t B 

0.0 1.0 2.0 3.0 4.0 

R(A-B) 

F i g u r e 2 .Non-relativistic bond energy " Δ Ε ^ as a function of the 

interatomic distance , R A B a i n the diatomic molecule ,AB.The total 
non-relativistic energy of A B , E ° ,is decomposed into kinetic 
energy,T° , and Coulomb energy ,V° .The corresponding combined 

no AH 
Ο Ο 

energies for the constituting atoms are given by E
A + B r T A + B ' A 

ο 
V ,respectively. 
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330 THE CHALLENGE OF d AND f ELECTRONS 

the o t h e r a c o r r e c t i o n , ν 1 , A t o the n u c l e a r e l e c t r o n -
a t t r a c t i o n from the Darwin term HuarwThus,the t o t a l energy 
to f i r s t order can be w r i t t e n as 

ER = E° + T 1+ V 1 + O(0C4) (11) 

The c o r r e c t i o n , T 1, i s ,with r e s p e c t t o a S l a t e r -
determinantal wave f u n c t i o n Ψ = | M-1M-2M-3.. .M-n I , given by 

T 1 = - y - Σ < i | V j | i > = - γ Σ J V ^ i ( l ) V ^ i ( l ) d X i (12) 
i i 

It f o l l o w s from Eq. (12) t h a t T 1 c o n s t i t u t e s a negative 
d e f i n i t e c o r r e c t i o n . T h a t i s , Τ 1 w i l l reduce the k i n e t i c 
energy j u s t as i n the c l a s s i c a l case i l l u s t r a t e d i n F i g u r e 
1.The i n f l u e n c e of T 1 on the molecular energy surf a c e i s 
i l l u s t r a t e d i n F i g u r e 3.We observe t h a t the r e l a t i v i s t i c 
r e d u c t i o n i n the k i n e t i c energy , T 1 , i s enhanced as we 
s h o r t e n the bond d i s t a n c e , R A B · The term T 1 w i l l ,as a 
consequence , s t a b i l i z e and c o n t r a c t the chemical bond.The 
dependency of T 1 on R A B can r e a d i l y be understood from 
F i g u r e 1 when we r e c a l l t h a t T° and <p2> i n c r e a s e as we 
s h o r t e n R A B · T h e i n c r e a s e i n T° has two s o u r c e s , t h e 
c o n t r a c t i o n o f the v a l e n c e AOs toward the n u c l e i at 
d i s t a n c e s s h o r t e r t h a n R E and t h e c o r e - v a l e n c e 
o r t h o g o n a l i t y requirement.Both e f f e c t s cause i n c r e a c e d 
w a v e f u n c t i o n and d e n s i t y g r a d i e n t s . T h e r e i s a 
concommittant i n c r e a s e i n the average momentum,i.e. an 
expansion of the momentum d e n s i t y . T h i s g i v e s r i s e t o an 
i n c r e a s e i n <p4> and corresponding decrease i n T 1.There i s 
t h e r e f o r e an i n c r e a s i n g r e d u c t i o n i n the r e l a t i v i s t i c 
k i n e t i c energy(compared t o T°) as the i n t e r a t o m i c d i s t a n c e 
i s reduced. 

The second r e l a t i v i s t i c c o r e c t i o n ,V1' comes from 
the Darwin term Huarw -It i s p o s i t i v e d e f i n i t e since (j£) 

( V N ( r t ) ) = Σ 4 π δ ( I r t - R g ) | ) Z g (13), 
g 

and c o n s t i t u t e s a r e d u c t i o n i n the n u c l e a r - e l e c t r o n 
a t t r a c t i o n energy (see F i g u r e 3) which w i l l weaken the 
bond.It does not seem to be p o s s i b l e t o r e l a t e T A B and V A B 

by a v i r i a l theorem i n the same way as T ^ i s r e l a t e d to 
V A B a t t h e n o n - r e l a t i v i s t i c e q u i l i b r i u m d i s i " a n c e 
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\ \ 

\ J \ 

Relativistic 
μτ°+τ1- τ°0-τΐ 

Κ ^ 

4 

E°+E1- Eg-E1
0 

V +v 1- v°-v0 

0.0 1.0 2.0 3.0 

R(A-D) 

F i g u r e 3. Influence of ΤΛ"ί and vA, on the energy and equilibrium 
A B A B 

distance in AB.Solid lines represent non-relativistic curves of 
Figure 2 . 
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332 THE CHALLENGE OF d AND f ELECTRONS 

R^.However, nu m e r i c a l l y , T A B p r e v a i l s over V A B w i t h the 
r e s u l t t h a t the combined r e l a t i v i s t i c c o r r e c t i o n s w i l l 
i n c r e a s e the bona energy i n AB and c o n t r a c t the bond 
di s t a n c e (Table I,Table II and Figure 3). 

I t should be p o i n t e d out t h a t Schwarz (ZD.), u s i n g 
double p e r t u r b a t i o n theory,has demonstrated t h a t i t i s 
p o s s i b l e t o r a t i o n a l i z e the r e l a t i v i s t i c bond l e n g t h 
c o n t r a c t i o n i n terms of the a t t r a c t i v e Hellmann-Feynman 
f o r c e due t o t h e r e l a t i v i s t i c change i n e l e c t r o n 
d e n s i t y . I n such an approach i t would be n e c e s s a r y t o 
analyze and get a p h y s i c a l p i c t u r e of the r e l a v a n t d e n s i t y 
changes 

We s h a l l now t u r n t o a general d i s c u s i o n of the trends 
i n bond e n e r g i e s i n v o l v i n g a t r i a d o f t r a n s i t i o n 
m e t a l s , w i t h s p e c i a l emphasis on the r o l e p l a y e d by 
r e l a t i v i s t i c e f f e c t s . 

P e r i o d i c Trends within a T r i a d of T r a n s i t i o n Metals 

a. Metal-Metal Bonds 
V a l e n c e e l e c t r o n s i n s - o r b i t a l s have a r e l a t i v e l y 

l a r g e p r o b a b i l i t y f o r being near the n u c l e i and i t i s thus 
not s u r p r i s i n g t h a t r e l a t i v i s t i c e f f e c t s are s u b s t a n t i a l 
i n Au2 and Hg2 ,where the bonding p r i m a r i l y i n v o l v e s the 
two 6s o r b i t a l s . R e l a t i v i s t i c e f f e c t s seem a l s o t o be 
s u b s t a n t i a l i n the hextuple bonded dimers W2,Mo2,and Cr2 
(14.), where one of the σ-bonds i n v o l v e s - o r b i t a l s (15.) . Thus 
,we c a l c u l a t e ( ϋ ) r e l a t i v i t y t o s t a b i l i z e the W-W bond by 
25 K c a l mol" 1 and change the n o n - r e l a t i v i s t i c o r der of 
s t a b i l i t y ,Mo2>W2>Cr2,to W2>Mo2>Cr2.One might a l s o 
s p e culate t h a t r e l a t i v i s t i c e f f e c t s i n c r e a s e the cohesive 
energy i n bu l k metal o f t h i r d row e l e m e n t s . T h i r d row 
metals have i n ge n e r a l l a r g e r cohesive e n e r g i e s i n bulk 
than t h e i r l i g h t e r congeners w i t h i n a t r i a d . 

D ensity f u n c t i o n a l c a l c u l a t i o n s (±) on the strengths 
of m u l t i p l e metal-metal bonds i n b i n u c l e a r complexes such 
as M2Cl4(PR3)4 and M2X6 ,where the bonding p r i m a r i l y 
i n v o l v e s n d - o r b i t a l s r a t h e r than (n+l)s o r b i t a l s , r e v e a l 
(13) on the ot h e r hand o n l y modest c o n t r i b u t i o n s from 
r e l a t i v i s t i c c o r r e c t i o n s (6-10 K c a l mol" 1) f o r the 5d 
homologues.The c a l c u l a t e d order of s t a b i l i t y f o r the M-M 
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bonds i n t h e s e systems , g i v e n by t h i r d row>second 
r o w > f i r s t row , i s , i n s t e a d caused by optimal d-d o v e r l a p s 
f o r t h e 5d o r b i t a l s , combined w i t h l e s s r e p u l s i v e 
i n t e r a c t i o n s i n v o l v i n g c o r e o r b i t a l s o f t h e t h i r d row 
metals compared with the f i r s t row m e t a l s . I t s t i l l remains 
t o be seen t o what degree r e l a t i v i t y i n f l u e n c e s the M-M 
bond s t r e n g t h s i n metal c l u s t e r and p o l y n u c l e a r metal 
complexes. 

b. M e t a l - l i g a n d σ-bonds. 
S i n g l e m e t a l - l i g a n d bonds i n v o l v i n g p r i m a r i l y σ-type 

o r b i t a l s on both the metal center and the l i g a n d are q u i t e 
common.Small s i z e examples would be the two h y d r i d e s AuH 
and HgH +.However,the two species AuH and HgH + are somewhat 
a t y p i c a l i n that the σ-interaction i n v o l v e s the 6 s - o r b i t a l 
on the metals r a t h e r than 5d .The involvement o f 6s i s 
l a r g e l y r e s p o n s i b l e f o r the s u b s t a n t i a l r e l a t i v i s t i c 
c o n t r i b u t i o n t o the M-H bond e n e r g i e s i n AuH and HgH + 

(Table I) . 
M e t a l - l i g a n d σ-bonding i n v o l v e s i n most cases d(j-type 

metal o r b i t a l s r a t h e r than the (n+l)s o r b i t a l , a n d we have 
found ,from a number of studies(16) ,that 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 m e t a l - l i g a n d σ-bond strengths are modest(2-
10 K c a l mol" 1) i n cases where da r a t h e r than (n+l)s i s 
involved.Our s t u d i e s i n c l u d e M-R bond e n e r g i e s (R=H,CH3) 
i n RM(CO) 5 (M=Mn,Tc, Re ) (16a f16b) ,RM(CO) 4 (M=Co,Rh,Ir) 
(15ar15b)fCp2MR(M=Sc,Y,La,V,Mn,Tc,Re) (15c),CpFe(CO)2^r CpNi 
COR (JJlcJ,and RMC13 (M=Ti, Zr, Hf ) (15d) , as w e l l as the M-L 
bond energies i n LMCI3 (M=Ti,Zr,Hf) and LCo(CO)4 (16d) with 
L = SiH3,OH,OCH3,SH,NH2, PH 2 , and CN. 

The order of s t a b i l i t y f o r the M-L σ-bonds was i n a l l 
the s t u d i e s (13.) found t o be t h i r d row>second r o w > f i r s t 
row f o r a homologous s e r i e s of compounds .An a n a l y s i s 
r e v e a l e d f u r t h e r t h a t t h i s t r e n d i s caused by an i n c r e a s e 
i n the o v e r l a p between d<j and the σ-ligand o r b i t a l as we 
decend the t r i a d . 

c. Synergic Metal-Ligand Bonds. 
A number of l i g a n d s such as CO,O2,C2H2, C2H4, CôHg, and 

Cp" ( c y c l o p e n t a d i e n y l ) b i n d t o m e t a l c e n t e r s as π-
accepto r s . T h a t i s , t h e y have empty π-orbitals capable of 
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334 THE CHALLENGE OF d AND f ELECTRONS 

a c c e p t i n g e l e c t r o n d e n s i t y from o c c u p i e d metal based d-
o r b i t a l s ,as i t i s shown f o r CO i n l a .The l i g a n d s have i n 
a d d i t i o n o c c u p i e d σ-type or π - t y p e o r b i t a l s w i t h the 
a b i l i t y to donate d e n s i t y to empty m e t a l - o r b i t a l s ( l b ) . 

o ® 
υ ô V 

Metal-ligand (back)donatlon 
1a 

Ligand metal donation 

1b 

Four-electron two-orbital repulsion 

1c 

A number of d e n s i t y f u n c t i o n a l c a l c u l a t i o n s on metal-
c a r b o n y l s ( l i a ) , complexes of 02,C2H2, and C2H4 (17b) as w e l l 
as X 2,CX,CX 2,H 2CX (X=0,S,Se,Te) (17c) and C6H 6,Cp~ (17d) 
have shown t h a t the s t r e n g t h of s y n e r g i c m e t a l - l i g a n d 
bonds p r i m a r i l y i s due t o the (back) donation of charge 
from the metal center t o the l i g a n d s ( l a i n the case of 
m e t a l c a r b o n y l s ) .The same c o n c l u s i o n has a l s o been 
reached i n s t u d i e s based on other methods ,see (12) f o r 
r e f e r e n c e s . 

In an attempt t o q u a n t i f y the s y n e r g i c e f f e c t i t was 
found(17e) t h a t i f the σ-bonding and π-back-bonding are 
a l l o w e d t o o p e r a t e s i m u l t a n e o u s l y t h e y do i n d e e d 
s i g n i f i c a n t l y r e i n f o r c e each other.The o r b i t a l i n t e r a c t i o n 
c o n t r i b u t i o n t o the bond energy in c r e a s e s by 50 % compared 
to the sum of the σ-bonding and π-back-bonding when each 
acts alone. 

Our i n v e s t i g a t i o n s (17.) i n d i c a t e f u r t h e r t h a t the 
s t r e n g t h s i n the s y n e r g i c m e t a l - l i g a n d bonds , f o r a 
homologous s e r i e s , f o l l o w the o r d e r f i r s t row>second 
r o w ~ t h i r d row i n the n o n - r e l a t i v i s t i c l i m i t ,as shown i n 
F i g u r e 4 i n the case of the metal c a r b o n y l s M (CO) 6 
(M=Cr,Mo,W) and M(CO)s (M=Fe,Ru,Os).This t r e n d , which i s 
set by the (back) donation from metal t o l i g a n d , stems 
from the f a c t t h a t 3 d - o r b i t a l s are of higher energy than 
t h e i r 4d and 5d c o u n t e r p a r t s . The 3d o r b i t a l s are as a 
consequence the b e t t e r donor o r b i t a l s as they are c l o s e r 
i n energy t o the π - a c c e p t o r o r b i t a l s on the l i g a n d s ( s e e 
(17a) and (17b) f o r a q u a l i f i e r of t h i s r a t i o n a l i z a t i o n ) . 

R e l a t i v i s t i c e f f e c t s are found ( H ) t o change the 
order of s t a b i l i t y t o f i r s t row>third row>second row by 
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s t a b i l i z i n g the bonds i n v o l v i n g 5d-elements of the t h i r d 
t r a n s i t i o n s e r i e s ,as i l l u s t r a t e d f o r the m e tal-carbonyls 
i n F i g u r e 4. A s i m i l a r r e l a t i v i s t i c order of s t a b i l i t y i s 
a l s o i l l u s t r a t e d f o r complexes o f C2H2,C2H4,and O2 i n 
F i g u r e 5.The r e l a t i v i s t i c c o r r e c t i o n s do not c o n s t i t u t e a 
change (enhancement) i n the metal t o l i g a n d (back)donation 
.Instead,the r e l a t i v i s t i c c o r r e c t i o n s are r e l a t e d t o the 
l i g a n d σ-type or π-type donor o r b i t a l s . T h e s e o r b i t a l s are 
not o n l y i n v o l v e d i n f a v o r a b l e donations t o empty metal 
o r b i t a l s (lb) but a l s o i n d e s t a b i l i z i n g t w o - o r b i t a l f o u r -
e l e c t r o n i n t e r a c t i o n s w i t h o c c u p i e d metal o r b i t a l s . T h e s e 
i n t e r a c t i o n s ,which are i l l u s t r a t e d f o r the c a r b o n y l s i n 
l c,give r i s e t o a s u b s t a n t i a l i n c r e a s e i n the k i n e t i c 
e n e r g y . R e l a t i v i s t i c e f f e c t s w i l l , a s d i s c u s s e d ,reduce the 
k i n e t i c energy i n compounds o f t h i r d row m e t a l s , i n 
p a r t i c u l a r f o r the type o f t w o - o r b i t a l f o u r e l e c t r o n 
i n t e r a c t i o n s i n v o l v i n g the c o r e - l i k e 5s and 5p o r b i t a l s . 

R e l a t i v i s t i c C o r r e c t i o n s to Bond E n e r g i e s i n 
Compounds of A c t i n i d e s . 

We s h a l l f i n a l l y probe the degree t o which r e l a t i v i s t i c 
e f f e c t s might be o f importance f o r bond e n e r g i e s i n 
compounds i n v o l v i n g a c t i n i d e s ,by r e p r e s e n t i n g r e s u l t s 
from c a l c u l a t i o n s on RMCI3 with M=Th,U and R=H,CH3. 

Table I I I . C a l c u l a t e d B o n d E n e r g i e s 1 8 ( K c a l m o l " 1 ) i n RMCI3 (M=Th,U) 
a n d (R=CH 3 / H) 

D ( M - R ) N R D ( M - R ) R a E x p . 

H T h C l 3 3 0 . 1 7 6 . 0 ~ 80 

CH3THCI3 3 5 . 8 7 9 . 8 ~ 8 0 

HUCI3 1 0 . 5 7 0 . 1 76 

CH3UCI3 1 6 . 8 7 2 . 2 72 

aD(M-R) bond energies from CpM(Cl)R of Ref. 19 
I t f o l l o w s from T a b l e I I I t h a t r e l a t i v i s t i c 

c o r r e c t i o n s to the a c t i n i d e - R bond energies are necessary 
i n o r d e r t o r e p r o d u c e e x p e r i m e n t a l r e s u l t s . N o n 
r e l a t i v i s t i c bond e n e r g i e s are seen t o be too s m a l l by 
some 50-60 K c a l mol" 1.The importance of r e l a t i v i s t i c 
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a 

211 211 210 
178 174 178 

Cr MoW 

Non-Rel 

Cr MoW 

Rel 

b 

216 216 
162 130 162 176 

Fe Ru Os Fe Ru Os 

Non-Rel Rel 

F i g u r e 4 . (a) Relativistic and non-relativistic averaged 
int r i n s i c bond energies f17a) in M(CO)q (m=Cr,Mo,W) . ( b ) i n t r i n s i c 
bond energies (17a) in M(CO)s (m=FefRufOs).Energies in kJ mol"1. 

F i g u r e 5 . (a) Relativistic bond energies (12h) in (PH3)2MX ,with 
M=Ni,Pd, Pt and X= C2H2, C 2 H 4 , 0 2 . (a) Relativistic bond energies (Uh) 

in (PH3)4MX ,with M=Co,Rh,Ir and X=C2H 2 , C2H4, O2 .Energies in kJ mol"1 
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c o r r e c t i o n s f o r the che m i s t r y o f a c t i n i d e s i s c u r r e n t l y 
under i n v e s t i g a t i o n (13.,21) . 
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Chapter 24 

Ground-State Properties of Heme Complexes 
in Model Compounds and Intact Proteins 

Frank U. Axe1, Lek Chantranupong1, Ahmad Waleh1, Jack Collins2, and 
Gilda H. Loew2 

1The Rockefeller University, 701 Welch Road, Suite 213, Palo Alto, 
CA 94304 

2SRI International, 333 Ravenswood Avenue, Menlo Park, CA 94025 

The ground and low-lying spin states of f err ic porphy
r in (heme) complexes found in model compounds and 
intact proteins have been studied using an INDO-RHF-SCF 
method parameterized to include transition metals. The 
results for the model compounds using known crystal 
structure geometries are consistent with and help 
explain the origin of their observed electromagnetic 
properties. These studies demonstrate the ab i l i ty of 
this method to determine with a high degree of 
reliability the relative energies of the manifold of 
spin states of f err ic heme complexes. The same method 
has been used to address unresolved questions regarding 
the resting states of four heme proteins, cytochrome 
P450 which is a monofunctional oxidase, cytochrome c 
peroxidase (CCP) and catalase (CAT) both with peroxi
dase oxidizing act iv i ty , and metmyoglobin (MMB) which 
lacks significant peroxidase oxidizing act iv i ty . The 
characterization of the P450cam resting state leads to 
a possible explanation of the origin of i ts low-spin 
(S = 1/2) form. This result helps resolve the apparent 
contradiction between the presence of water as an axial 
ligand as determined by the x-ray structure and the 
absence of hyperfine spl itt ings in ESR spectra with 65% 
17O enriched water. Comparisons of the resting state 
calculations of CCP and MMB provides an understanding 
of the origins of the differences in observed electro
magnetic properties for MMB and CCP in spite of the 
s imilarity of their active s i tes . Differences in 
function between MMB and CCP could not, however, be 
understood from properties of the active site alone. 
Changing the imidazole ligand to an imidazolate in CCP 
makes i ts active s ite more similar to CAT. Thus, the 
anionic form of the imidazole ligand of CCP, thought to 
be part ia l ly formed by Η-bonding to a nearby Asp 
residue, could account at least in part for the similar 
act iv i t i es of CCP and CAT as oxidizing enzymes. 

0097-6156/89/0394-0339$06.00/0 
ο 1989 American Chemical Society 
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Heme proteins a l l share a common active site or prosthetic group 
consisting of an iron-porphyrin (heme) unit, a nearly planar entity 
embedded in the globular protein and connected to i t by one or at 
most two nearby amino acids which serve as axial ligands. This 
important family of proteins performs three basic biological 
functions (1-5): reversible oxygen transport (globins), electron 
transfer (cytochromes), and metabolic oxidation of small organic 
molecules and peroxides (peroxidases, catalases, and cytochrome 
P450s). In a l l heme proteins, the biological function is centered on 
the heme unit and primarily on the iron i t s e l f ( 1-5). Thus the 
oxidation and spin state of the iron, the nature of the axial 
ligands, and the protein environment of the heme unit serve as subtle 
modulators of biological behavior. The heme group is also the 
principal origin of spectroscopic features of these proteins. Both 
electronic spectra (6-9) and ground-state electromagnetic properties 
such as quadrupole splittings in MOssbauer resonance spectra (10-14), 
anisotropic g values and hyperfine splittings in electron and nuclear 
spin resonance spectra (15-23) and temperature-dependent magnetic 
moments (24-29) originate almost entirely on the heme unit. 
Consequently, a large f i e l d dedicated to the study of model heme 
complexes has emerged in an effort to understand the effect of 
changes in the heme unit i t s e l f on these observed properties. These 
studies are useful in understanding the properties of intact heme 
proteins since isolated heme complexes have electromagnetic proper
ties very similar to heme units embedded in proteins. Some of these 
model heme systems have also been shown to mimic the biological 
activity of intact heme proteins. For instance, model oxo-iron 
compounds have been found to epoxidize olefins much like the 
cytochrome P450s (34, 35). The relative simplicity of model heme 
complexes makes i t possible to study the important role of the axial 
ligands (30-33) in modulating electronic structure and geometries 
without the effect of the nearby amino acid residues present in the 
proteins. The insights gained from such studies can help to 
separately assess the relative importance of the heme unit i t s e l f and 
of i t s protein environment on the function of intact heme proteins. 

Up to now most quantum mechanical studies of the ground and 
excited states of model heme complexes have focused primarily on 
diamagnetic systems (36), with less frequent treatment of heme 
systems with unpaired spins (37-42). With the inclusion of a 
restricted Hartree-Fock treatment (37, 38) within an INDO formalism 
parameterized for transition metals (39, 40, 42), i t is now possible 
to calculate the relative energies of different spin states of fe r r i c 
heme complexes in an evenhanded fashion at a semiempirical level. 

In the work reported here we have used this method in two types 
of studies. The f i r s t study is a systematic investigation of the 
effect of changes in geometry and ligand type on the relative 
energies of the low-lying spin states and observable properties of 
eight model fer r i c heme complexes. This study also represents a test 
of the capabilities of the INDO-RHF method to characterize the lowest 
lying doublet (S = 1/2), quartet (S = 3/2) and sextet (S = 5/2) spin 
states of these model ferri c heme complexes. The eight complexes 
chosen a l l have known crystal structures and include those with 
varying axial ligands and high-, intermediate-, and low-spin ground 
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states as inferred from magnetic susceptibility measurements (43-50) 
and g values in electron spin resonance spectra (47-48). They also 
have known quadrupole splittings ( A E Q ) from Mossbauer resonance 
spectra (44, 45, 49, 51-53), a quantity which we directly calculate. 

In the second type of study, using insights gained from the 
model compound studies, the active site of the resting state (i.e., 
state of the enzyme when not involved in i t s biochemical cycle) of 
four heme proteins, cytochrome P450c , metmyoglobin (MMB), 
cytochrome c peroxidase (CCP), and caualase (CAT) have been 
characterized. These four proteins belong to different classes of 
heme proteins. P450, CCP, and CAT are oxidative metabolizing enzymes 
thought to share a similar highly oxidized biologically active state, 
and MMB is the oxidized form of an oxygen transport protein with 
l i t t l e or no peroxidase or monofunctional oxidase activity Q ) . Each 
of these proteins have ferri c resting states which have been 
characterized by x-ray structure determinations (54-57). 
Paradoxically, while a number of long-standing questions have been 
resolved by these structure determinations, new ones are emerging. 
This study addresses five such specific questions. 

The f i r s t two questions involve properties of the resting state 
of cytochrome P450c , the only P450 with a known structure (54). 
The camphor-free resting state is mostly in a low-spin (S = 1/2) form 
while the camphor-bound state is a high-spin (S = 5/2) f e r r i c 
complex. The x-ray structure (58) reveals, that as previously 
deduced, the camphor-bound state is 5-coordinated with a cysteine 
residue as the single axial ligand and the iron significantly out of 
the porphyrin plane. The camphor-free state retains the cysteine 
ligand, but surprisingly, a water, and not a second amino acid as 
previously thought (5), binds to the iron in the distal ligand 
binding site. There is also evidence that this water is part of an 
Η-bonded network involving four more water molecules. 

With the insight gained from the x-ray structure, two puzzling 
aspects of the camphor-free resting state have emerged. One is the 
origin of the low-spin form deduced from observed electromagnetic 
properties (5). This result is surprising since other fe r r i c heme 
proteins with H20 as a sixth ligand such as MMB have primarily high-
spin (S = 5/2) ground states. The other question raised i s : If 
water is an axial ligand, as reported in the x-ray structure, why is 
no broadening of the ESR spectra from hyperfine interactions observed 
in 65% enriched 1 70 HpO (H. Beinert, private communeiation), as i t is 
in MMB (59). Since the magnitude of the hyperfine splitting depends 
directly on the amount of unpaired spin density on the water oxygen 
atom, the possibility that the negative results obtained for P450 
could be a consequence of reduced spin density on the water has been 
investigated. 

A l l the remaining questions focus on comparisons of CCP, MMB, 
and CAT. The f i r s t question addressed i s : Can the differences in 
the active site of CCP, MMB, and CAT account for the differences in 
their observed electromagnetic properties? MMB and CCP (55, 56) have 
been found to have the same heme unit, a f e r r i c protoporphyrin-IX 
with a water and an imidazole as axial ligands. CAT has a single 
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phenolate group from a nearby tyrosine residue as an axial ligand 
(57). In addition to the crystal structures, the nature of the 
resting states of CCP, MMB, and CAT have been probed by Mossbauer 
(11-13), temperature-dependent magnetic susceptibility (27-29) and 
electron paramagnetic resonance (21-23) experiments. The observed 
properties of both CAT and MMB have been interpreted in terms of a 
definite high-spin resting state, while the properties of CCP have 
been interpreted in terms of a thermal distribution of high- and low-
spin states (_Π, 29). The determination of the relative energies of 
the low-lying sextet (S = 5/2), quartet (S = 3/2) and doublet (S = 
1/2) states of the active sites of these proteins should lead to a 
better understanding of the origin of these properties. 

The final two questions raised are the extent to which the 
active site i t s e l f controls the function of CCP, CAT, and MMB. 
Specifically, we have asked: To what extent can similarities in 
function between CAT and CCP be understood in light of their d i f f e r 
ent active sites? Finally, we have asked: To what extent can 
differences in the function of MMB and CCP be understood in terms of 
their active site characteristics alone? Knowledge of the extent to 
which the active site can account for function should help to under
stand the relative importance of the protein environment around the 
heme in determining the function of each protein. 

A l l calculations were carried out within the approximation of 
intermediate neglect of differential overlap (37-42) (INDO-RHF-SCF) 
which includes parameterization for transition metals. A restricted 
open-shell formalism, developed by Zerner et a l . (37,38), was 
employed to prevent spin contamination and to make the quantitative 
evaluation of the relative spin state energies possible. This method 
has been used successfully to study simple transition metal complexes 
like [FeClJ* (42), [CUC1J2- (42), and ferrocene (4Ί) as well as 
larger and more complicated systems like model oxyheme (6M) and 
carbonylheme (6l_) and model oxyhorseradish peroxidase (62) complexes. 

Energies of the lowest lying sextet, quartet and doublet states 
were calculated for each of the heme units studied. The geometries 
of the complexes were taken from crystal structures and simplified to 
unsubstituted porphyrins. The orientations of the porphyrin 
macrocycles were such that the pyrrole nitrogens were on the x- and 
y-axes. The choice of the lowest energy configurations for each 
state was as follows: 

Doublet state: (d and d ) 3 

The sextet state configuration is unique. The choice of the 
lowest energy configuration for the doublet and quartet states was 
confirmed by comparisons of the relative energies of various quartet 
and doublet configurations, obtained by assignment of unpaired 
electron(s) to different iron d orbitals, in some representative 
complexes. It is also corroborated by a recent detailed study of 

Methods 

Quartet state: 
Sextet state: 
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hemin us ing the INDO/RHF method by Edwards, Weiner and Zerner 
( J . Phys. Chem., i n p r e s s ) . 

The quadrupole s p l i t t i n g ( A E Q ) observed i n Mossbauer resonance 
o f heme compounds was c a l c u l a t e * from the INDO-RHF e i g e n v e c t o r s . 
T h i s q u a n t i t y was determined by f i r s t c a l c u l a t i n g the n ine components 
( V j J o f the e l e c t r i c f i e l d g rad ien t t enso r , u s i n g the a p p r o p r i a t e 
one -e l ec t ron ope ra to r , and c o n s i d e r i n g on ly the c o n t r i b u t i o n o f the 
i r o n from a l l i t s f i l l e d o r b i t a l s . The 3><3 e l e c t r i c f i e l d g r a d i e n t 
tensor was then d i a g o n a l i z e d and the p r i n c i p a l va lues o rde red : | V . ^ | 
> IV j j j > | V k j J . These va lues were then used i n the e x p r e s s i o n : 

A E Q = 8 ( 1 - R)Qq[1 + η 2 / 3 ] * . ( 1 ) 

where q = V i i , η = ( V ^ V , J / V * i (0 < η < 1 ) , ( 1 - R ) = Sternheimer 
S h i e l d i n g cons tan t , ana Q = nuc lea r quadrupole moment. The s i g n o f 
A E Q i s the s i g n o f the l a r g e s t component V . . . Values o f Q and ( 1 - R ) 
used i n these c a l c u l a t i o n s are 0 . 1 8 7 and O.bo, r e s p e c t i v e l y . 

Resu l t s and D i s c u s s i o n 

Model Heme Complexes. Presented i n Table I are the c a l c u l a t e d 
r e l a t i v e energy d i f f e r e n c e s i n k c a l / m o l fo r the s e x t e t , q u a r t e t , and 
double t s t a t e s o f the model f e r r i c heme complexes inc luded i n the 
present s tudy . A l s o i nc luded i n Table I are the c a l c u l a t e d 
quadrupole s p l i t t i n g s U E Q ) fo r the r e l e v a n t s p i n s t a t e , a long w i t h 
the expe r imen ta l ly observed va lues o f A E Q and the measured e f f e c t i v e 
magnetic moments. 

The r e s u l t s c l e a r l y demonstrate tha t the ground s p i n s t a t e 
c a l c u l a t e d fo r each model complex agrees w i t h the one i n f e r r e d from 
measured e f f e c t i v e magnetic moments. Moreover the energy sepa ra t ions 
between these ground s t a t e s and the o ther two s p i n s t a t e s are c l e a r l y 
c o n s i s t e n t w i t h observable e lec t romagne t ic p r o p e r t i e s and he lp 
e x p l a i n t h e i r o r i g i n s . 

The observed e f f e c t i v e magnetic moments ( 4 3 - 4 6 ) fo r the 5 - and 
6 - c o o r d i n a t e d complexes found to have s ex t e t ground s t a t e s are a l l i n 
the range o f 5 . 9 - 6 y b t y p i c a l o f h i g h - s p i n complexes. The c a l c u l a t e d 
A E Q S f o r the h i g h - s p i n s t a t e o f these complexes are a l s o i n good 
agreement w i t h the exper imenta l va lues known fo r three o f them ( 4 4 -
4 6 , 5 0 ) . 

Both 5 - and 6 - c o o r d i n a t e d h i g h - s p i n complexes have s i g n i f i c a n t 
s p i n dens i t y on the porphyr in r i n g , 6 0 ? o f which i s on the p y r r o l e 
n i t r o g e n s . T h i s should be manifes t i n hyper f ine s p l i t t i n g s observ
ab le i n ESR or ENDOR exper iments . The unpaired s p i n d e n s i t y on the 
a x i a l l i g a n d s i s much l e s s than on the po rphyr in r i n g and g rea t e r on 
a n i o n i c than n e u t r a l l i g a n d s . 

The c a l c u l a t e d r e s u l t s fo r the 5 - c o o r d i n a t e d h i g h - s p i n complexes 
i n d i c a t e tha t i t i s d e f i n i t i v e l y more s t a b l e than the double t and 
quar te t s t a t e s by - 3 0 k c a l / m o l and - 1 2 k c a l / m o l , r e s p e c t i v e l y . The 
6 - c o o r d i n a t e d h i g h - s p i n complexes e x h i b i t a s i g n i f i c a n t r e d u c t i o n o f 
the energy sepa ra t ion between the sex te t and the quar te t s t a t e s , 
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attributable mainly to the presence of the second axial ligand which 
increases the tendency of the iron atom to move into the plane of the 
porphyrin. 

In both 5- and 6-coordinated complexes the energy of the doublet 
state is predicted to be too high to play a significant role in 
determining the observed electromagnetic properties. However, 
because of the smaller separation of the sextet and quartet states 
in the 6-coordinated high-spin compounds compared with the 
5-coordinated compounds, spin mixing (\f>S) between them should be 
enhanced. Therefore larger zero f i e l d splittings and more aniso
tropic g values (63) in the ESR spectra should be observed. 

Intermediate-spin (63) heme complexes are rare and two complexes 
inferred to have quartet ground states have been included in our 
studies. As shown in Table I, the predicted ground state of each 
complex is a S = 3/2 state in agreement with the spin state assign
ment deduced from observed properties. The calculated relative 
energy of the doublet spin state is - 20 kcal/mol above the quartet 
spin state, while the sextet states of [Fe(TPP)(ClO^)] and 
[Fe(0EP)(3-Clpy)p]+ are only ~ 1.8 and 2.8 kcal/mol above their 
respective quartet state. These results strongly suggest that 
observable properties can best be understood in terms of significant 
spin-orbit coupling of these two low-lying states, together with the 
possibility of a thermal equilibrium of such spin-mixed states. 

Effective magnetic moment measurements of [Fe(TPP) (ClOi,) ] (47) 
have yielded values in the range of 4.5-5.3 y b at 77-300°K. This 
temperature dependence and range of values is consistent with contri
butions from sextet and quartet states with the quartet lower in 
energy. ESR data (47) for this complex yielded values for g and g|( 

of 4.75 and 2.03, respectively. These results are atypical for a 
high-spin complex and lend further support to the conclusion that the 
ground state is a S = 3/2 or a 3/2,5/2 mixture with predominant S = 
3/2 character. 

Magnetic susceptibility measurements (48) for [Fe(0EP)(3-
C l p y ) 2 ] + , the other intermediate complex studied, yield a range of 
y e f f between 3.7-4.7 y b for the temperature range of 77-294°K. This 
range of magnetic moments is also consistent with an intermediate-
spin or spin-mixed ground state. The EPR spectrum (48) for this 
complex yielded values for g and g» of 4.92 and 1.97 respectively 
which are similar to values obtained for [Fe(TPP)(ClO^)]. 

The A E Q values calculated for the quartet state of these 
complexes also agree very well with the experimentally observed 
values (Table I) for the same complexes. A l l these results taken 
together are highly suggestive that the S = 3/2 spin state is the 
principal contributor to the ground electronic state of these 
complexes. 

For the dicyano and azide-pyridine complexes, our calculated 
results indicate that in each case a S = 1/2 spin state is the lowest 
energy state with the quartet and sextet states much higher in 
energy. The observed effective magnetic moments (Table I) of both 
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the dicyano (49) and the azide-pyridine (50) complexes indicate that 
these two complexes are indeed essentially low-spin at a l l 
temperatures. 

The only experimental A E Q measured for either of the two low-
spin complexes is for the dicyano complex. Our calculated value of 
2.31 mm/sec for the S = 1/2 spin state is in poor agreement with the 
experimental value (53) of 0.35 mm/sec. However, the reported 
experimental A E Q seems to be anomolously low for what is considered 
to be a low-spin complex. There is apparently no experimental A E Q 
measured for the [Fe(TPP)(N^)(py)] complex. The calculated value or 
2.19 mm/sec for the doublet state i s , however, in good agreement with 
the experimental values (53) of 2.45 and 2.25 mm/sec for CCP-N3 and 
MMB-N3, respectively, which differ only by one axial ligand being an 
imidazole rather than pyridine. This provides further evidence that 
[Fe(TPP)(N^)(py)] has a doublet ground state. 

An important conclusion from this study of model compounds is 
the additional evidence obtained for the key role of the S = 3/2 spin 
state in the chemistry of ferri c heme complexes. There are no 
complexes for which S = 5/2 and 1/2 spin states are close enough to 
interact without an even greater contribution of the S = 3/2 spin 
state. Thus, the widely used assumption (64) of high-spin/low-spin 
thermal contributions to explain observable properties of heme 
complexes appears to be incorrect. Explanations involving high-
spin/intermediate-spin interaction are much more plausible, since 
small energy separations between these states were found. 

In general, the relative spin state energies calculated for a l l 
the model heme complexes studied are consistent with and help explain 
their observed electromagnetic properties. Thus the INDO-RHF method 
used appears to be sensitive to the effect of the varying axial 
ligands and predicts the correct energy order of spin states produced 
by each of them. 

The ab i l i t y of the method to predict the patterns of spin state 
behavior in these model complexes lends credence to the use made of 
i t in the second part of these studies, to further characterize the 
heme units in the resting state of four heme proteins. 

Comparative Studies of Resting State Active Sites of Four Heme 
Proteins. In this second type of study reported, we have used the 
x-ray structure of the active site of four heme proteins: cytochrome 
P450 ç a m (54), CCP (55), MMB (56), and CAT (57) simplified to the 
fer r i c porphyrin complexes, shown in Table II, to calculate the 
relative energies and electron and spin distributions in their low-
lying sextet, quartet and doublet states. 

As shown in Table III, a high-spin ground state is definitively 
obtained for camphor-bound p 4 5 0 c a m in which the single axial ligand 
is a mercaptide. For camphor-free p450 c a m, with water and mercaptide 
as axial ligands at their x-ray structure values, the sextet state is 
s t i l l the lowest energy, but the energy separation to the low-spin 
(S = 1/2) state is greatly diminished. In the x-ray structure deter
mination of the resting state, the value of the Fe-water distance was 
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Table II. Ligand Distances (Â, X-Ray) Used for Oxidized 
Resting State of Four Model Heme Proteins 

[MMB] [CCP] [CAT] [P450] 

L 2 H20 H20 - - H20 
L1 Imidazole Imidazole Phenolate (SCH3)" 
Fe-0 1.90 2.40 - - 2.24 
Fe-L 2.02 1.93 1.76 2.32 
7 a *Fe 0.25 0.13 0.13 0.24 

Extent of out-of-planarity of the iron atom from the 
mean porphyrin ring plane. 

constrained and the exact position of the water was not explicitly 
optimized. Thus we have considered the consequences of a shorter 
iron-water distance (2.0 Â) and movement of the iron into the heme 
plane. In this geometry, a low-spin state is calculated to 
predominate. An alternative origin of the stabilization of the low-
spin state comes from the possibility that some anionic character is 
imparted to the water ligand by i t s postulated interaction with the 
network of Η-bonded water molecules, seen in the x-ray structure 
(54). This effect was simulated by using an OH" as an axial ligand 
with an Fe-0 bond length of 1.75 A. As seen in Table III, in this 
model of the resting state, the low-spin (S = 1/2) state is favored 
by 16 kcal/mol over the high-spin state. While this is an extreme 
model for the effect of Η-bonding, i t does demonstrate that partial 
anionic character of the water ligand could account for the 
predominant low-spin ground state observed. 

Table IV gives the spin densities calculated on the water oxygen 
for P450 c a m and for comparison, in MMB. Experimental values of y e f f 
and our calculated results (Table V) indicate MMB is in a high-spin 

American Chemical Society 
Library 

1155 16th St, N.W. 
Washington, D.C. 20036 
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Table III. Origin of the Low-Spin Form 
of the Resting State of Cytochrome P450 

Models for Substrate 
Resting State Bound State 

L1 (SCH 3)~ a (SCH 3)" b (SCH 3)~ C (SCH 3)" d 

L 2 H20 H20 (0ΗΓ — 

ΔΕ (kcal/mol) 

S = 1/2 6 0 0 15 
S = 5/2 0 1.5 16 0 

aGeometry from x-ray structure as shown in Table II (Ref. 54) 
bX-ray structure with Fe-Water distance of 2.00 Â and iron 
moved into the porphyrin plane 

cX-ray structure with Fe-0H~ distance at 1.75 Â as i t is 
in model Fe-0 2 complexes. 

dGeometry form x-ray structure as in Reference 58. 

ground state. In i t s crystal structure geometry, the water oxygen of 
the high-spin ferr i c MMB is calculated to have 0.057e or about 1.1? 
of the total spin. For this protein, a barely detectible amount of 
broadening of the g=2 signal was observed in the ESR spectra in the 
presence of 1 70 enriched H20 (59). By contrast, in both the high-
spin state and the low-spin state of P450, in its crystal structure 
geometry, the spin density on the axial water ligand is much lower 
than in the corresponding state of MMB. Allowing the Fe-0 distance 
of the water ligand to decrease, or simulating i t s ionic character by 
an 0H~, both of which favor a low-spin ground state, somewhat 
increases the spin density on the oxygen. However i t remains at most 
about 1/6 that of MMB. Since the broadening in MMB was barely 
detectable, no measurable broadening of the ESR spectra in 1 70 
enriched water would be expected for either low-spin model of p 4 5 0 c a m 

currently proposed here. These results then account for the absence 
of such broadening in a manner consistent with the presence of water 
as an axial ligand in the resting state of p 4 5 0 c a m as observed in i t s 
x-ray structure. 

Turning now to comparisons of CCP, MMB, and CAT, the relative 
energies of the germane doublet, quartet, and sextet spin states have 
been calculated using the same INDO-RHF-SCF method as for the model 
complexes and the results are presented in Tables V and VI. 

The geometries for the resting states of CCP, MMB, and CAT 
used here were takem dire'ctly from their respective x-ray crystal 
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Table IV. Calculated Spin Densities of Oxygena 

of H20 Ligands in P450 c a m and MMBa 

P450 MMB 
H20 OH" 

MMB 

S = 5/2 0.01 (0.03) B 0.16 0.057 
s = 3/2 (0.03) 0.01 0.030 
s = 1/2 0.0005 (0.004) 0.01 0.004 

aValues underlined are for lowest lying state. 
^Values in parenthesis calculated for H20 
at 2.00 Â and Fe in the porphyrin plane. 

Table V. Effect of Geometry on Resting States 
of CCP, MMB, and CAT 

CCP MMB CAT 
X-Ray D4h X-Ray D4h X-Ray D4h 

ΔΕ (kcal/mol) 

S = 5/2 0 (0) a 0 0 (0) b 0 0 0 
S = 3/2 -1.2 (-2.3) -1.1 2.7 (5.6) 1.5 2.1 2.8 
S = 1/2 8.0 (13.0) 7.7 7.5 (11.4) 5.7 5.8 6.3 

A E Q (mm/sec) 
Cale. 
Exp. 

3.20 0.76 
1.33 

0.72 
0.84 

y e f f Exp. (y b) 4.86 6.00 5.92 

aValues in parenthesis without distal water 
bValues in parenthesis with iron moved 0.1 Â further out of mean 
plane of porphyrin ring. 
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Table VI. Effect of Ionization State 
of Axial Ligand in CCP and Catalase 

CCP Catalase 
L 1 H20 H20 
L 2 Im Im" Phenolate Phenol 

ΔΕ (kcal/mol) 
S = 5/2 
S = 3/2 
S = 1/2 

Net Charge 
Fe 

t1 

L 2 

Porph. 
Spin 
Fe 
L 1 
2 

Porph. 
L 2 

1.2 0 0 4.7 
0.0 2.4 2.1 0 
9.2 9.5 5.8 12.2 

1.25a 1.35b 1.37b 1.28* 
0.11 0.10 — — 

0.18 -0.63 -0.55 0.14 
•0.55 -0.83 -0.82 -0.42 

2.79 4.26b 4.24 2.74 
0.02 0.02 — — 

0.07 0.16 0.25 0.11 
0.12 0.56 0.51 0.15 

aFor S = 3/2 spin state 
bFor S = 5/2 spin state 

coordinates (55-57). However, in order to examine various geometric 
effects on the spin states of each heme unit, calculations were also 
carried out at several step-wise regularized geometries, starting 
from the crystal geometry of each protein. The effects of porphyrin 
ruffling and doming were examined by regularizing the porphyrin 
crystal geometry to symmetry for CCP, MMB, and CAT, while leaving 
the axial ligands at the same geometry as in their crystal structure. 
Further differences in the geometries of CCP and MMB were examined by 
removal of the axial water in CCP and by increasing the out of plane 
distance of the iron in MMB by 0.1 Â. 

The calculated relative energies of CCP (Table V) indicate that 
the S = 3/2 state is the lowest energy spin state in CCP, with the 
S = 5/2 and S = 1/2 spin states being -1 kcal/mol and ~9 kcal/mol 
higher in energy. Furthermore, the energy ordering and separation of 
the spin states are rather insensitive to regularization of the 
porphyrin and axial ligand geometries. The predominance of the 
quartet state in CCP appears to be due to a combination of near 
planarity of the iron and a weak axial ligand. The Fe-water distance 
in CCP at 2.4 Â is considerably longer than that in MMB. Indeed, 
calculations at the crystal geometry in which the water ligand is 
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removed r e s u l t s i n the enhanced s t a b i l i t y o f the qua r t e t s t a t e o f the 
complex i n s p i t e o f the 5 -coord ina te nature o f the i r o n (Table V ) . 

For MMB (Table V ) , the s ex t e t s t a t e i s the lowest energy s t a t e 
fo r the n e u t r a l imidazo le l i g a n d w i t h the quar te t and double t s t a t e s 
~3 and ~8 k c a l / m o l h igher i n energy. In con t r a s t to CCP where 
r e g u l a r i z a t i o n o f the po rphyr in r i n g to symmetry had l i t t l e 
e f f e c t ; fo r MMB i t lowers the energy o f both the quar te t and double t 
s t a t e s r e l a t i v e to the s e x t e t . These r e s u l t s suggest tha t the 
enhanced doming o f the po rphyr in r i n g observed i n MMB r e l a t i v e to CCP 
i s a f a c to r i n s t a b i l i z i n g the sex te t s p i n s t a t e i n MMB. However, 
s i nce the s ex t e t s t a t e i s s t i l l lowest i n energy even when the 
porphyr in i s r e g u l a r i z e d to D j ^ symmetry, the enhanced o u t - o f - p l a n e 
d i s t ance o f the i r o n must be the main c o n t r i b u t o r to the s t a b i l i 
z a t i o n o f the sex te t s t a t e . Th i s e f f e c t i s v e r i f i e d by the fu r the r 
s t a b i l i z a t i o n o f the s ex t e t r e l a t i v e to the quar te t s t a t e when the 
i r o n atom i n MMB i s moved by an a d d i t i o n a l 0.1 Â out o f the mean 
porphyr in plane (Table V ) . 

The c a l c u l a t e d r e l a t i v e s p i n s t a t e energ ies fo r CAT (Table V) a t 
the c r y s t a l geometry shows tha t the the sex te t s t a t e i s the most 
s t a b l e s t a t e w i t h the S = 3/2 and S = 1/2 s t a t e s , r e s p e c t i v e l y , ~2 
k c a l / m o l and ~6 k c a l / m o l h igher i n energy. The c l o s e e n e r g e t i c 
p rox imi ty o f the S = 3/2 s p i n s t a t e i s a r e s u l t o f the s m a l l 
displacement o f the i r o n atom from the p y r r o l e n i t r o g e n p lane . 
Changing the h i g h l y r u f f l e d porphyr in macrocycle o f CAT to one o f 
pure Djj n symmetry leads on ly to a very s m a l l s t a b i l i z a t i o n o f the 
sex te t s p i n s t a t e o f - 0 . 5 k c a l / m o l r e l a t i v e to the quar te t and 
doublet s p i n s t a t e s . Thus, the h i g h l y i r r e g u l a r po rphyr in macrocycle 
i n the c r y s t a l s t r u c t u r e has very l i t t l e e f f e c t upon the r e l a t i v e 
s p i n s t a t e o rde r ings i n t h i s system. 

In a d d i t i o n to geometry v a r i a t i o n s , the e f f e c t s o f hydrogen 
bonding and the r e s u l t i n g i o n i c i t y o f the prox imal l i g a n d s i n CCP and 
CAT were s imula ted by depro tona t ion o f the imidazo le Ν δ i n CCP and 
p ro tona t ion o f the t y r o s i n e oxygen i n CAT. Deprotonat ion to form an 
Im" l i g a n d i n CCP reverses the order o f the sex te t and quar te t s t a t e 
energies (Table V I ) . S ince t h i s i s an extreme model fo r the p a r t i a l 
proton t r a n s f e r tha t cou ld occur as a r e s u l t o f the imidazo le b i n d i n g 
to a nearby aspar ta te res idue i n CCP, the p a r t i a l a n i o n i c nature 
cou ld r e s u l t i n near degeneracy o f the quar te t and s ex t e t s t a t e s . 

Both the q u a l i t a t i v e and q u a n t i t a t i v e r e s u l t s ob ta ined fo r the 
a c t i v e s i t e s o f the three p r o t e i n s p rov ide an improved b a s i s fo r 
understanding the observed e lec t romagnet ic p r o p e r t i e s o f the r e s t i n g 
s t a t e s o f CCP, MMB, and CAT. An important aspect o f the present 
r e s u l t s i s tha t for these p r o t e i n a c t i v e s i t e s , the s ex t e t and 
quar te t s t a t e s are c l o s e i n energy and the doublet s t a t e i s s i g n i f i 
c a n t l y h i g h e r . Thus, the dominant c o n t r i b u t i o n s to observed 
p r o p e r t i e s i n these p r o t e i n s are expected to come from the S = 5/2 
and S = 3/2 s p i n s t a t e s , which can mix by s p i n - o r b i t c o u p l i n g (63) as 
w e l l as be i n thermal e q u i l i b r i u m . These r e s u l t s p rov ide a 
c o n s i s t e n t exp lana t ion o f the e lec t romagnet ic p r o p e r t i e s o f the 
r e s t i n g s t a t e s o f CCP, MMB, and CAT. The a l t e r n a t i v e e x p l a n a t i o n , a 
thermal e q u i l i b r i u m between sex te t and doublet s t a t e s , wi thout a 
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contribution from the quartet state, does not seem possible in these 
proteins. 

These results are particularly important for a correct 
qualitative understanding of the the observed properties of CCP. For 
CCP the experimentally observed magnetic susceptibility ( 2 9 ) and 
MOssbauer spectra (JM) have been interpreted in terms of a thermal 
mixing between high- and low-spin states, ignoring any contribution 
from the intermediate-spin state. This explanation is contrary to 
our findings of Eç^ 2 ~ E3/2 < < E 1 / 2 * Measured values of y e f f ( 2 9 ) 
for CCP that are in the range of 3 . 7 to 4 . 0 y b over a temperature 
range of 7 7 - 2 5 0 ° K can more correctly be understood in terms of a 
thermal contribution from heavily spin-mixed sextet and quartet spin 
states. These results also strongly indicate that a re-analysis of 
the Mossbauer resonance spectra of CCP (JM) as a mixture of quartet 
and sextet states would also be more appropriate. 

The observed properties of MMB are also best understood in the 
light of our calculated sextet ground state and close lying quartet 
state. For example, magnetic susceptibility measurements ( 2 7 ) of MMB 
indicate that i t is primarily a high-spin complex at low temperature 
( 2 7 ) but that y e f f decreases from pure high-spin values as the 
temperature increases. Mossbauer spectra (V2) of MMB gave a value of 
A E Q = 1 . 3 3 mm/sec. This value also appears to reflect a contribution 
from both the sextet state with a calculated value of A E Q = 0 . 7 6 
mm/sec and from the quartet state with A E Q = 2 . 7 2 . 

The calculated spin state ordering in CAT with a sextet ground 
state and a low-lying quartet state is also consistent with and helps 
explain the observed y e f f» values ( 2 8 ) between 5 . 9 and 4 . 4 5 yu in the 
temperature range of 4 . 2 - 2 9 3 ° K . The calculated A E Q of 0 . 7 2 mm/sec 
for the sextet spin state of CAT (Table V) is in good agreement with 
the experimental value of 0 . 8 4 mm/sec from Mossbauer spectra ( 1 2 ) . 

These studies of the active sites of four heme proteins appear 
to allow a consistent explanation of their observed electromagnetic 
properties and confirm the central role of the heme unit i t s e l f in 
determining these properties. 

The question remains as to the extent to which the heme unit 
i t s e l f controls function. In this context, i t is of interest to 
examine whether comparisons of the resting state description of CCP 
and CAT can help us understand why both function in a similar manner 
as oxidizing enzymes. The resting states of these two enzymes have a 
number of common features. Both are functionally 5-coordinated. 
While a water is found as a second axial ligand in CCP, i t is too far 
away to have a significant effect on the heme unit. In fact, as 
shown in Table V, with or without the H 2 0 ligand, the relative order 
of spin states is the same for CCP. A second common feature is that 
the extent of anionic character in the endogenous axial ligand 
modulates active site properties in a similar manner. As shown in 
Table VI, protonation of the phenolate oxygen leads to a quartet 
ground state in CAT just as the neutral imidazole ligand does for 
CCP. Moreover, when a proton is removed from the imidazole of CCP, a 
sextet state is favored as i t is for the phenolate resting state 
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of CAT. The calculated net charges, and spin distributions for CCP 
(InT), shown in Table VI, are also very similar to those calculated 
for CAT in both the S = 5/2 and 3/2 spin states. In the Im" form of 
CCP, there is electron donation (0.15e) from the proximal ligand to 
the metal-porphyrin unit and an increased amount (0.1e) of spin 
density on this ligand which was also seen in the model systems. 

The similarities between CCP (Im") and CAT tend to reinforce the 
belief that the anionic character of the proximal ligand in these two 
proteins promotes peroxidase activity or at least stabilizes the 
active form of these proteins. A recent study (65) of a model f e r r i c 
heme system in which internally hydrogen-bonded imidazoles were shown 
to increase peroxidase activity also supports this hypothesis. 

The results obtained in this study however cannot account for 
differences in function between MMB and CCP. The Im" form of CCP 
also closely resembles MMB: Both have sextet ground states with low-
lying quartets and both have similar electron and spin distributions. 
Thus, for these proteins, the amino acid environment around the heme 
unit, rather than the heme i t s e l f appears to be a predominant factor 
in controlling function. These results then, by ruling out a major 
role of the heme unit i t s e l f , lend support to the proposed Q) key 
role of polar residues surrounding the distal ligand binding pocket, 
present in CCP and absent in MMB, in contributing to peroxidase 
function. Full protein studies of CCP are underway to further 
explore this possiblity (Collins, Axe, and Loew). 
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Chapter 25 

Atom-Transfer Reactivity of Binuclear d 8 

Complexes 
Photochemical and Electrocatalytic Reactions 

David C. Smith and Harry B. Gray 
Arthur Amos Noyes Laboratory, California Institute of Technology, 

Pasadena, CA 91125 

The long-lived 3(dσ*pσ) state of binuclear d8 complexes 
undergoes a variety of reactions. One prominent reac
tion, photooxidative addition of halocarbons, apparently 
proceeds by halogen atom transfer rather than outer-
sphere electron transfer. Excited-state hydrogen atom 
transfer occurs in reactions between several binuclear d8 

complexes and a number of organic and organometallic 
substrates. Specific results for Pt 2(P 2O 5H 2)44- and 
Ir 2 (TMB) 42 + (TMB = 2,5-diisocyano-2,5-dimethyl-
hexane) are discussed. Production of a hole in the dσ* 
orbital is believed to be an important factor in these 
photochemical atom-transfer reactions. Electrochemical 
generation of such a hole produces a highly reactive 
intermediate that can undergo atom abstraction, thereby 
yielding net oxidation of an organic substrate. The net 
reaction is electrocatalytic in metal complex. 

An electronic excited state of a metal complex is both a stronger reductant 
and a stronger oxidant than the ground state. Therefore, complexes with 
relatively long-lived excited states can participate in intermolecular elec
tron-transfer reactions that are uphill for the corresponding ground-state 
species. Such excited-state electron transfer reactions often play key roles 
in multistep schemes for the conversion of light to chemical energy (1). 

While electron-transfer processes are common in inorganic 
photochemistry, excited-state atom transfer is limited to a small class of 
inorganic complexes. For UC>22+, the diradical excited state (-U-0) is 
active in alcohol oxidation (2). The primary photoprocess is hydrogen atom 
abstraction by the oxygen-centered radical. Photoaddition to a metal 
center via atom transfer has been observed for binuclear metal complexes 
such as Re2(CO)io (3-5). The primary photoprocess is metal-metal bond 
homolysis. The photogenerated metal radical undergoes thermal atom-
abstraction reactions. Until recently, atom transfer to a metal-localized 
excited state had not been observed. 

Atom transfer to a metal complex is facilitated if localized electron or 
hole generation occurs at one or more open coordination sites. Binuclear d8 
complexes have been found to undergo photochemical atom transfer to one 

0097-6156/89/0394-0356$06.00/0 
ο 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

02
5

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



25. SMITH & GRAY Atom-TransferReactivity ofBinuclear d8[Complexes 357 

of the metal centers (Roundhill, D. M.; Gray, H. B.; Che, C.-M. Accts. Chem. 
Res., in press, 6-8). These complexes possess open coordination sites in 
addition to an electronic structure that localizes the electron (hole) 
necessary for atom transfer to the metal center. 

Much effort has been directed toward elucidating the electronic 
structure of binuclear d& metal complexes (9-14). Several years ago, a 
simple molecular-orbital model was presented to explain the electronic 
spectroscopic features (15). Starting from a monomer orbital scheme, two 
square-planar units areTïrought together in a face-to-face orientation 
(Figure 1). The orbitals perpendicular to the molecular plane, dZ2 and p z , 
interact strongly, yielding <ίσ,σ* and ρσ,σ* orbitals. Perturbational mixing 
of orbitals of the same symmetry will stabilize the lower set and destabilize 
the upper one; stabilization of the filled lower set was viewed as a source of 
intermonomer binding. This scheme has been used to assign spectral 
transitions and to explain many of the photophysical properties. Recently, 
detailed spectroscopic studies have suggested that a valence-bond 
interpretation may be more appropriate in describing certain excited states 
(Smith, D. C ; Miskowski, V. M.; Gray, Η. B., in preparation). Adoption of a 
valence-bond model, however does not alter the interpretation of the 
thermal chemistry, photophysics, photochemistry, or the conceptual picture 
of the electronic structure-to-chemistry relationship. 

The lowest energy optical transition for the binuclear systems is 
do*-*pa. The excitation results in formation of a formal metal-metal single 
bond in the excited state. The transition is metal localized and can be 
viewed as movement of an electron from an orbital localized on the exterior 
of the M2 unit (the do* orbital) to an orbital localized in the interior of the 
dimer cage (the ρσ orbital). The excitation results in hole formation 
localized on a metal center at an open coordination site (Figure 2). The 
lifetime of the 3(do*po) excited state, normally in between 100 ns and 10 ps, 
makes M2 systems attractive for bimolecular photoprocesses. 

Our initial interest in these systems was stimulated by observations 
of their photochemical electron-transfer reactivity (6,12). From 
spectroscopic and electrochemical studies, the 3(do*po) excited state is 

Î>redicted to be a powerful reductant, with E°(M2 +/3M2*) estimated to range 
rom -0.8 to -2.0 V vs SSCE in CH3CN. That this state is a powerful 

reductant has been confirmed by investigation of the electron-transfer 
quenching of 3M2* by a series of pyridinium acceptors with varying 
reduction potentials (13). For several binuclear complexes, the excited-
state reduction potential cannot be calculated accurately due to the 
irreversibility of the ground-state electrochemistry; but it can be estimated 
from bimolecular electron-transfer quenching experiments. 

For systems that are powerful excited-state reductants, photo-
reduction of alkyl halides is observed (6,16). This reaction was initially 
interpreted to be an outer-sphere electron transfer to form the radical 
anion, which rapidly decomposes to yield R« and X". Subsequent thermal 
reactions yield the observed products, an S R N I mechanism (Figure 3a). 
While such a mechanism, S R N I , appears plausible for a metal complex with 
E 0 (M 2

+ /3M 2 *) < -1.5 V (SSCE), it seems unlikely for complexes with 
E°(M 2

+ / 3M 2 *) > -1.0 V (SSCE). Reduction potentials for alkyl halides of 
interest are generally more negative than -1.5 V (SSCE) (17). Alkyl halide 
photoreduction is observed for binuclear d& complexes whose excited-state 
reduction potentials are more positive than -1.0 V (SSCE) in CH3CN. 

An alternative pathway to outer-sphere electron transfer, which 
yields similar photoredox products with alkyl halides, is excited-state atom 
transfer (Figure 3b). Data obtained for Pt2(P20sH2)4 4~ indicate that alkyl 
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Figure 2. Pictorial representation of the M2-localized hole in a 
3(da*pa) state. 
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b. RX + M-M • 

RX + .M-M. · 

°M-M + RX 

•M-M-X + R. 

•M-M-X + R. 

R. = / \ R. = .CR'X (R* = alkyl, aryl) 

X-M-M-X + C H 2 C H 2 R-M-M-X 

Figure 3. a. SR^I mechanistic scheme for halocarbon photooxida 
tive addition to binuclear d^ complexes, b. Atom-transfer 
mechanism for halocarbon photooxidative addition. 
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and aryl halides react with the 3(<1σ*ρσ) excited state via halogen atom 
transfer (Roundhill, D. M.; Che, C.-M.; Gray, Η. B. Accts. Chem. Res., in 
press). Additional work in this area is underway. 

Although the primary photoprocess for alkyl halide photoreduction 
may not be atom transfer in all cases, 3(do*po) excited-state hydrogen atom 
transfer has been established as the mechanism of the reactions between 
several binuclear d& complexes and a number of organic and organometallic 
substrates (Roundhill, D. M.; Che, C.-M.; Gray, Η. B. Accts. Chem. Res., in 
press, 628). Initial work in this area focused on Pt2(P2Û4H2)44", for which 
the catalytic conversion of isopropanol to acetone (Equation 1) had been 
first observed (18). 

hv 
Pt2(P20 5H 2)4 4- + (CH 3 )3CHOH + Pt 2(P205H 2)4 4- + H 2 + (CH 3) 2CO (1) 

From detailed studies of this system, it was concluded that the primary 
photoprocess is abstraction of the α-hydrogen by the 3Pt2* to form a mono-
hydride species (directly observed by transient absorption spectroscopy for 
a number of substrates) and the organic radical (Equation 2), with the final 
photoproduct being Pt2U2 and acetone (Equation 3). The Pt2U2 complex 
has been characterized by NMR, UV-Vis, and IR (but has not been 
successfully isolated) (19). 

3Pt 2* + (CH 3) 2CHOH - P t 2 H + (CH 3) 3COH (2) 

P t 2 H + (CH 3) 3COH - P t 2 H 2 + (CH 3)2CO (3) 

The hydrogen atom-transfer reactivity of the 3(do*po) excited state 
has been generalized to other d8-d8 complexes. Among these metal com
plexes, Ir2(TMB)42 + has been studied in detail (Smith, D. C; Gray, Η. B., in 
preparation). Stern-Volmer quenching rates for 3Ir2* are listed in Table 1 
and compared to rates for 3Pt2*. 

Results for 3Pt2* have been interpreted as supporting a hydrogen-
abstraction pathway in which the Η atom transfers via a linear Pt-H-E 
transition state with negligible charge transfer. The reactivity of 3Pt2* has 
been compared to that of the ηττ* excited states of ketones with similar 
triplet energies (7). For 3Ir2*, a similar interpretation is possible; however, 
the analogy to the mr* excited states of ketones cannot be made in that the 
triplet energy for this complex is 30 kcal/mol compared to 60 kcal/mol for 
3Pt 2*. 

If the photoreaction is truly an atom-transfer process, the observed 
rate in the absence of steric effects should track the homolytic C-H bond 
energies of the substrates. In a series of quenchers, the observed rate 
constant decreases with increasing C-H bond energy (2 > > 3 > 4 > 5) (20). 
However, this trend is not general. For 1, whose homolytic C-H bond 
energy is ~10 kcal/mol greater than that of 2, a larger rate constant is 
observed. However, steric arguments may be sufficient to reconcile the 
order of rates. Observation of a large kinetic isotope effect is supportive of 
an atom-transfer process for 3Ir2*. 

In comparing rate constants for 3Ir2* and 3Pt2*, some surprising 
trends emerge. For small substrates, such as 2, the rate observed for ̂ Pt2* 
is greater. This is expected, due to the more energetic excited state. 
However, for 3 and possibly 4, a larger rate is observed for 3Ir2*. This 
might be understood from the greater steric demands about the open axial 
site in Ρΐ2(Ρ2θδΗ 2)4 4" in comparison to Ir2(TMBU2 +. 
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Table I. Stern-Volmer quenching rate constants for lr2(TMB)4 2 + and Pt2(P 2 05H 2 )4 4 " 

Substrate BDE (kcal/mol) a 3 l r 2 * ( M ' V 1 ) 3 P t 2 * ( M - V 1 ) 

- 0 

OH 
7 

82 b 

73 b 

84.4 b 

85.5 b 

88.0 b 

8.1 x 10 5 

(k H /kD > 3) 

5.4 χ 10 5 

3.2 χ 10 5 

2.2 χ 10 5 

9.7 χ 10 4 

6.5 χ 10 4 

8.2 χ 10 6 

1 0 4 

1 0 4 

91.0 b 5 χ 10 3 

OH 

0 ^ 
Et3SiH 
BuaSnH 

1.9 χ 10 6 

( k H / k D - 4.6) 

2.0 χ 10 4 

1.2 χ 10 7 

a. C-H bond dissociation energy. 
b. Reference 20. 
c. Not known. 
d. The gas phase (298 Κ) E-H bond energies of (CH3)3EH species have been reported: 
90 (Si) and 74 kcal/mol (Sn). Jackson, R.A. J . Organomet. Chem. 1979, 166. 17-19. 
e. Reacts upon mixing. 
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The dihydride of Ir2(TMB)42+ (Ιτ2Η2> has been characterized as the 
primary photoproduct. For some substrates (3 and 4), very little Ir2H2 
product is observed. For 1, Ir2H2 appears slowly. This behavior might be 
understood if efficient ΙΓ2Η2 formation requires a rapid in-cage reaction of 
Ιτ2Η with the organic radical, or if the factors that govern the second Η 
atom-transfer reaction are unfavorable with either the substrates or 
substrate radicals present. 

The IT2H2 complex has been isolated and characterized. (Character
ization of tIr2(TMB)4(H)2](BPh4)2-CH3C6H5. Calculated: C, 64.3; H , 6.5; 
N,6.3. Found: C, 64.8; H , 6.8; N, 6.2. NMR (400 MHz JNM-GX400 FT 
NMR spectrometer, C D 3 C N , 20°C): 6(ppm) -10.6 (singlet, IH), 1.4 (broad 
singlet, CH3), 1.6 (broad singlet, CH 3 ) , 1.8 (broad singlet, CH2), 6.9 (triplet, 
8H), 7.04 (triplet, 16H), 7.33 (multiplet, 16H). IR (Nujol mull, NaCl plates): 
1940 cm-l (m), v(Ir-H); 2160 cm-l (s), v(CN). UV-Vis ( C H 3 C N , 25°C): 320 
nm (ε = 17000 M-l cm-l). in addition to NMR, UV-Vis, and IR spectra, the 
complex has been characterized crystallographically. Crystallographic 
data for [Ir2(TMB)4(H)2](BPh4)2-C;H3C6H5: M r = 1774.03; monochnic, 
space group P2i/c; α = 10.54 (2) Â; b = 31.02(4) A; c = 27.05(4) Α; β = 
91.57(3)°: V = 8840.7 A3; Ζ = 4; p c a i c = 1.333 g/cm3; ΜοΚα radiation, λ = 
0.71069 A; Goodness-of-fit = 1.16 for 4692 measured intensities; R = 0.118 
for 3915 reflections with I>0; R = 0.045 for 2005 reflections with 
Ι>3.0σ(Ι): Smith, D. C ; Marsh, R. E . ; Schaefer, W. P.; Gray, Η. B., in 
preparation.) This is the first example of a binuclear metal complex with a 
trans-dihydride (H-M-M-H) structure. The metal-metal separation is 
2.920(2) A, approximately 0.3 Â shorter than in the starting d& dimer, 
indicating formation of an Ir-Ir bond. This Ir-Ir separation is ~0.1 A longer 
than that in the analogous Ir2l2 complex, presumably a result of the two 
trans-hydride effects. The hydrogen atom positions were not refined; in the 
final difference Fourier map, electron density was observed -1.6 A away 
from each Ir atom and assigned to the hydrogen positions. 

An exciting aspect of atom-transfer reactivity is the possibility of 
photocatalytic processes. The metal dihydrides formed in the initial 
photochemical hydrogen atom-transfer reaction may be turned over to 

Eroduce H2 and d8-d8 complex (M2) or reacted with a substrate to effect 
ydrogenation (and again production of M2). 

Isolation and characterization of M2H2 afford an opportunity to 
explore its reactivity. Some of this work has already been reported for 
Pt2H2 (Roundhill, D. M.; Gray, Η. B.; Che, C.-M. Accts. Chem. Res., in 
press). For Ιτ2Η2, photolysis results in production of the starting Ir2 
complex. This reaction is not clean and we observe a large amount of 
decomposition of the iridium material. A potentially more useful reaction 
has been found. Reaction of Ir2H2 with styrene results in a slow, clean 
conversion to &2 and ethylbenzene. The reaction may be related to the 
hydrogénation of alkenes by Co(CN)5 3-, which involves a coordinatively 
saturated metal hydride that can effect hydrogen atom transfer to give a 
stable 1-electron reduced transition metal ion (21). Thus, combination of 
the photochemical hydrogen atom-transfer reaction with the 
hydrogénation step completes a catalytic cycle in which the Ir2 complex 
functions as a photochemical two-hydrogen transfer reagent (Figure 4). 

The 3(do*po) excited state of the d8-d8 complexes has been shown to be 
involved in the photochemical hydrogen atom-transfer reaction. The atom-
transfer reactivity of this state is attributed to the presence of a hole in the 
do* orbital, analogous to the 3ηπ* state of organic ketones. Interaction of 
the oxidizing hole with the electron pair of the C-H bond is the presumed 
pathway. 
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M 2H 2 

R'H2 R' 

Figure 4. Photochemical two-hydrogen transfer catalytic cycle. 
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364 THE CHALLENGE OF d AND f ELECTRONS 

If production of an oxidizing hole in the do* orbital is the important 
factor in the photochemical reaction, then electrochemical generation of 
such a hole should produce a highly reactive intermediate that would 
mimic the initial step in the 3(do*po) photoreaction. Several of the 
binuclear d8 complexes undergo reversible one-electron oxidations in 
noncoordinating solvents (22-24). The complex R h 2 ( T M B U 2 + possesses a 
quasireversible one-electron oxidation at 0.74 V (Electrochemical 
measurements for [Rh2(TMB)4](PFe)2: CH2CI2/TBAPF6 (0.1 M), glassy 
carbon electrode, 25°C, SSCE reference electrode). Electrochemical 
oxidation of Rh2(TMB)42+ in the presence of 1,4-cyclohexadiene exhibits an 
enhanced anodic current with loss of the cathodic wave, behavior indicative 
of an electrocatalytic process (25). Bulk electrolysis of Rh2(TMB)42 + in an 
excess of 1,4-cyclohexadiene results in the formation of benzene and two 
protons (Equation 4). 

C 6 H 8 - C 6 H 6 + 2 H + + 2e~ (E° = 0.4 V NHE) (4) 

The maximum number of turnovers observed is ten. This is limited by the 
amount of substrate relative to solvent. The complex Rh2(TMB)42 + is 
slowly lost due to a competitive reaction with CH2CI2 to produce 
Rh 2(TMB)4(Cl) 22 +. 

Extension of our work on binuclear d& species to include 
electrochemical oxidations points to new directions. We hope to develop 
systems that possess either long-lived excited states or reversible one-
electron oxidations whose oxidizing potentials are increased from those we 
have observed so far. Increasing the oxidizing power of the oxidized form of 
the binuclear complex should allow us to activate C-H bonds in the most 
inert hydrocarbons. One way to achieve highly oxidizing species is to 
employ fluorinated ligands. The first step will be to examine several 
rototype photochemical and electrochemical oxidations by oxidizing 
inuclear complexes. In subsequent research, we intend to elucidate the 

mechanisms of these reactions, as they should be a promising start in the 
search for effective thermal catalysts for hydrocarbon oxidations. 

Acknowledgments. Our research on binuclear complexes has been 
supported by the Sun Company and by National Science Foundation Grant 
CHE84-19828. This is contribution no. 7897 from the Arthur Amos Noyes 
Laboratory. 
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Chapter 26 

Spin Coupling and Electron Delocalization 
in Mixed-Valence Iron—Sulfur Clusters 
Stephen F. Sontum1, Louis Noodleman2, and David A. Case2 

1Department of Chemistry, Middlebury College, Middlebury, VT 05753 
2Department of Molecular Biology, Research Institute of Scripps Clinic, 

La Jolla, CA 92037 

We extend our previous analysis of spin coupling in fully 
oxidized Fe3 clusters [L. Noodleman, D.A. Case and A. 
Aizman, J. Am. Chem. Soc. 1988, 110, 1001] to cases where 
one or two of the iron atoms is reduced. This requires a 
spin Hamiltonian that contains "resonance" delocalization 
terms in addition to the usual Heisenberg spin coupling. 
Energies from broken symmetry Χα scattered wave calculations 
have been fit to simple spin Hamiltonians in order to gain 
a better understanding of the interactions between the metal 
ions in these clusters. We find that the Heisenberg 
coupling constants J are significantly smaller in the 
reduced than in the oxidized clusters, and that resonance 
parameters Β are negative, with typical values of |B | /J in 
the range 1.5 to 3.0. Complexation with Zn at one apex of 
a tetrahedron stabilizes the reduced forms of the Fe3 

complexes, but has l i t t le effect on the spin interactions. 
Prospects for the use of such an analysis in other 
transition metal complexes are discussed. 

Many m e t a l l o p r o t e i n s i n v o l v e d i n e l e c t r o n t r a n s f e r a n d r e l a t e d 
c a t a l y t i c t a s k s c o n t a i n p o l y n u c l e a r t r a n s i t i o n m e t a l c o m p l e x e s . 
E x a m p l e s i n c l u d e n i t r o g e n a s e s , c y t o c h r o m e o x i d a s e , h e m e r y t h r i n , a n d 
v a r i o u s i r o n - s u l f u r p r o t e i n s . A l l o f t h e s e e x h i b i t s t r o n g m a g n e t i c 
c o u p l i n g , i n w h i c h t h e s t a t e e n e r g y d e p e n d s t o a n i m p o r t a n t e x t e n t o n 
t h e r e l a t i v e o r i e n t a t i o n o f t h e m e t a l i o n s p i n v e c t o r s . T h e s e 
c l u s t e r s t y p i c a l l y c o n t a i n h i g h - s p i n m e t a l i o n s i n m i x e d - v a l e n c e 
o x i d a t i o n s t a t e s , a n d may d i f f e r i n i m p o r t a n t ways f r o m " c l a s s i c a l " 
m i x e d - v a l e n c e c o m p l e x e s c o n t a i n i n g l o w - s p i n m e t a l i o n s . Some o f t h e 
s i m p l e s t e x a m p l e s a r e f o u n d i n s y n t h e t i c a n d n a t u r a l l y - o c c u r r i n g 
i r o n - s u l f u r c l u s t e r s , i n w h i c h h i g h - s p i n F e ( I I ) o r F e ( I I I ) i o n s a r e 
b r i d g e d b y s u l f i d e s ( 1 ) . A l t h o u g h u s e f u l q u a l i t a t i v e t h e o r i e s o f t h e 
o r i g i n s o f a n t i f e r r o m a g n e t i c c o u p l i n g a r e w e l l known ( 2 ) , i t r e m a i n s 
a d i f f i c u l t t a s k t o c o m p u t e m a g n i t u d e s o f " c o u p l i n g c o n s t a n t s , " t h e i r 
d e p e n d e n c e u p o n m o l e c u l a r g e o m e t r y , o r e v e n t h e g r o u n d s p i n s t a t e t o 
b e e x p e c t e d f o r a p a r t i c u l a r c l u s t e r . T h i s i s p a r t i c u l a r l y t r u e f o r 
" r e d u c e d " f o r m s o f i r o n - s u l f u r c l u s t e r s ( w h i c h h a v e a t l e a s t one i r o n 
i n t h e F e ( I I ) f o r m a l o x i d a t i o n s t a t e ) , s i n c e d e r e a l i z a t i o n o f t h e 
h i g h e s t d e l e c t r o n s c a n i n t e r a c t s t r o n g l y w i t h s p i n c o u p l i n g e f f e c t s . 

0097-6156/89/0394-0366$06.00/0 
ο 1989 American Chemical Society 
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C o n s i d e r a b l e p r o g r e s s h a s b e e n made i n t h e p a s t f ew y e a r s i n t h e 
a p p l i c a t i o n o f " v e c t o r c o u p l i n g " o r s p i n H a m i l t o n i a n m o d e l s t o i r o n 
s u l f u r c l u s t e r s . T h e s e f o l l o w t h e c l a s s i c a p p l i c a t i o n b y G i b s o n a n d 
c o - w o r k e r s (3) o f t h e H e i s e n b e r g H a m i l t o n i a n 

H - J S l e S 2 (1) 

t o d e s c r i b e F e 2 S 2 c l u s t e r s . H e r e S1 a n d S 2 d e s c r i b e s p i n s a s s o c i a t e d 
w i t h e a c h i r o n a t o m , a n d h a v e m a g n i t u d e s 5 / 2 a n d 2 f o r t h e 
m i x e d - v a l e n c e F e ( I I I ) / F e ( I I ) c l u s t e r . I n i s o l a t e d t w o - i r o n c l u s t e r s , 
a n t i f e r r o m a g n e t i c c o u p l i n g i s f a v o r e d (J>0) a n d t h e c l u s t e r s h a v e a 
t r a p p e d v a l e n c e c h a r a c t e r , w i t h i d e n t i f i a b l e F e ( I I ) a n d F e ( I I I ) 
s i t e s . I n t h r e e - a n d f o u r - i r o n c l u s t e r s , h o w e v e r , p a r a l l e l s p i n 
a l i g n m e n t o f t e n o c c u r s , i n w h i c h F e ( I I ) a n d F e ( I I I ) s i t e s c o u p l e t o 
a s u b s y s t e m w i t h s p i n S ' = 9 / 2 , a n d i n w h i c h e l e c t r o n d e r e a l i z a t i o n 
i s s u f f i c i e n t l y s t r o n g t o make t h e two s i t e s s p e c t r o s c o p i c a l l y 
i n d i s t i n g u i s h a b l e (4) . T h e s e s e e m i n g l y c o n f l i c t i n g r e s u l t s c a n b e 
r a t i o n a l i z e d b y r e c o g n i z i n g t h a t s p i n i n t e r a c t i o n s a n d e l e c t r o n 
d e r e a l i z a t i o n a r e s t r o n g l y r e l a t e d , s o t h a t t h e d i m e r e n e r g i e s a r e 
n o t g i v e n b y j u s t t h e H e i s e n b e r g f o r m u l a Ε - ( J / 2 ) S ' ( S ' + Ι ) , b u t a r e 
more c l o s e l y a p p r o x i m a t e d a s 

Ε - ( J / 2 ) S ' ( S ' + l ) ± B ( S ' + 4 ) (2) 

H e r e Β i s a r e s o n a n c e p a r a m e t e r , a n d t h e p r o p o r t i o n a l i t y f a c t o r , 
(S'+h) c a n b e d e r i v e d i n a v a r i e t y o f w a y s , p e r h a p s m o s t 
t r a n s p a r e n t l y f r o m t h e " d o u b l e e x c h a n g e " m o d e l o f A n d e r s o n a n d 
H a s e g a w a ( 5 ) . F o r t h e a n t i f e r r o m a g n e t i c d i m e r ( S ' = h ) , t h e r e s o n a n c e 
s p l i t t i n g i s q u i t e s m a l l , s o t h a t m i n o r s t a t i c o r d y n a m i c d i s t o r t i o n s 
t h a t b r e a k t h e s t r i c t e q u i v a l e n c e o f t h e i r o n s i t e s w i l l l e a d t o 
t r a p p e d v a l e n c e s t a t e s . F o r t h e f e r o m a g n e t i c ( S ' = 9 / 2 ) c a s e , h o w e v e r , 
t h e r e s o n a n c e I n t e r a c t i o n p r e d i c t e d b y E q . (2 ) i s much l a r g e r , a n d 
d e l o c a l i z e d s t a t e s a r e o b t a i n e d . I n a s i m p l e l a n g u a g e , i t i s e a s i e r 
f o r t h e f i n a l d - e l e c t r o n t o " h o p " b e t w e e n i r o n s i t e s when t h e s p i n s 
a r e p a r a l l e l t h a n when t h e y a r e o p p o s e d , s i n c e no n e t c h a n g e i n 
e x c h a n g e i n t e r a c t i o n s i s i n v o l v e d i n t h e f o r m e r s h i f t . (A d e t a i l e d 
a n a l y s i s a l o n g t h e s e l i n e s f o r F e 2 S 2 d i m e r s h a s b e e n g i v e n b y 
N o o d l e m a n a n d B a e r e n d s ( 6 ) . ) F o r t h e s e c l u s t e r s J i s p o s i t i v e , 
f a v o r i n g l o w S ' , w h i l e t h e r e s o n a n c e i n t e r a c t i o n s t a b i l i z e s s t a t e s o f 
h i g h S ' , s o t h a t t h e f i n a l s p i n s t a t e o f t e n r e p r e s e n t s a b a l a n c e o f 
o p p o s i n g f o r c e s . 

The e x t e n s i o n o f t h i s t h e o r y t o t h r e e - i r o n c l u s t e r s h a s b e e n 
p i o n e e r e d b y M u n c k , G i r e r d a n d t h e i r c o - w o r k e r s ( 7 ) . H e r e t h e t o t a l 
s y s t e m s p i n S e n t e r s i n t o t h e H a m i l t o n i a n a l o n g w i t h t h e s u b d i m e r 
s p i n S ' . The i n i t i a l m o t i v a t i o n came f r o m a n a l y s i s o f t h e r e d u c e d 
t h r e e i r o n c l u s t e r i n D. gigas f e r r e d o x i n , w h i c h s h o w e d c l e a r l y t h a t 
one c o m p o n e n t o f t h i s c l u s t e r was a d e l o c a l i z e d F e ( I I ) / F e ( I I I ) d i m e r 
w i t h S ' = 9 / 2 . L a t e r s t u d i e s h a v e c o n f i r m e d t h a t a s p i n H a m i l t o n i a n 
t h a t l e a d s t o e n e r g i e s a n a l o g o u s t o t h o s e g i v e n i n E q . (2 ) c a n e x p l a i n 
many o f t h e p r o p e r t i e s i n a v a r i e t y o f c l u s t e r s . I n p a r a l l e l w o r k , 
we h a d b e e n s t u d y i n g i r o n s u l f u r c l u s t e r s f o r many y e a r s ( 6 , 8 ) a n d h a d 
shown how b r o k e n - s y m m e t r y m o l e c u l a r o r b i t a l c a l c u l a t i o n s c a n b e u s e d 
t o p r o v i d e a p h y s i c a l l y c o n s i s t e n t p i c t u r e o f many o f t h e i r 
p r o p e r t i e s ; t h i s i n c l u d e d a n a l t e r n a t e d e r i v a t i o n o f t h e (S'+H) f a c t o r 
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r e l a t i n g r e s o n a n c e e n e r g i e s t o c l u s t e r s p i n (6 ) . We r e c e n t l y e x t e n d e d 
t h i s a n a l y s i s t o t h e o x i d i z e d f o r m s o f t h r e e i r o n c l u s t e r s ( w i t h b o t h 
l i n e a r a n d c u b a n e - l i k e g e o m e t r i e s ( 9 ) . ) H e r e we c o n s i d e r t h e r e d u c e d 
f o r m s o f t h e t h r e e i r o n c l u s t e r s , a n d a n a l o g o u s Z n F e 3 c l u s t e r s , i n t h e 
r e d u c e d a n d d o u b l y - r e d u c e d o x i d a t i o n s t a t e s . 

T h e s y s t e m s we h a v e c h o s e n f o r i l l u s t r a t i o n a r e t h e m s e l v e s o f 
c o n s i d e r a b l e i n t e r e s t a s m o d e l s f o r t h e a c t i v e s i t e s i n c e r t a i n 
f e r r e d o x i n s ( f r o m D. gigas a n d Azobacter vinlandii) a n d i n a c o n i t a s e 
(10) . Many o f t h e s e s i t e s c a n b e r e a d i l y c o n v e r t e d t o f o u r - i r o n 
c l u s t e r s , a n d i t h a s r e c e n t l y b e e n shown t h a t c o b a l t a n d z i n c c a n b e 
u s e d i n p l a c e o f t h e f o u r t h i r o n t o c r e a t e n o v e l m i x e d - m e t a l s y s t e m s 
(11) . T h e Z n c o m p l e x i s o f p a r t i c u l a r i n t e r e s t b e c a u s e i t s t a b i l i z e s 
t h e more r e d u c e d f o r m s o f t h r e e - i r o n c l u s t e r s b u t d o e s n o t a f f e c t t h e 
s p i n c o u p l i n g p r o b l e m s i n c e i t i s d i a m a g n e t i c . 

B r o k e n Symmet ry A n a l y s i s f o r a T h r e e - I r o n C l u s t e r . 

The c r u x o f o u r c o m p u t a t i o n a l a p p r o a c h a r i s e s f r o m t h e r e c o g n i t i o n 
t h a t b r o k e n s y m m e t r y w a v e f u n c t i o n s ( i n w h i c h o t h e r w i s e e q u i v a l e n t 
m e t a l s i t e s h a v e d i f f e r e n t s p i n p o p u l a t i o n s ) a r e r e l a t i v e l y e a s y t o 
c o m p u t e a n d i n t e r p r e t , e s p e c i a l l y i f l o c a l d e n s i t y f u n c t i o n a l m e t h o d s 
a r e u s e d . By c o n t r a s t , t h e " c o r r e c t " w a v e f u n c t i o n s ( w h i c h a r e 
e i g e n f u n c t i o n s o f S 2 ) a r e g e n e r a l l y m u l t i c o n f i g u r a t i o n s t a t e s t h a t a r e 
c o n s i d e r a b l y more d i f f i c u l t t o a p p r o x i m a t e a n d u n d e r s t a n d . H e n c e , we 
c h o o s e t o f i t a n ( a s s u m e d ) s p i n H a m i l t o n i a n t o e n e r g i e s c o m p u t e d f r o m 
b r o k e n s y m m e t r y w a v e f u n c t i o n s , a n d u s e t h e r e s u l t i n g p a r a m e t e r s t o 
e s t i m a t e t h e l o c a t i o n s o f t h e p u r e s p i n s t a t e s , i n c l u d i n g t h e 
p u r e - s p i n g r o u n d s t a t e . We h a v e e a r l i e r a p p l i e d t h i s p r o c e d u r e t o 
t h r e e S=5 /2 s p i n s , a s i n o x i d i z e d t h r e e - i r o n c l u s t e r s ( £ ) . H e r e we 
e x t e n d t h e a n a l y s i s t o t h e r e d u c e d a n d d o u b l y r e d u c e d s p e c i e s , w h e r e 
f o r t h e f i r s t t i m e we c o n s i d e r t h e e f f e c t s o f e l e c t r o n d e r e a l i z a t i o n 
i n p o l y n u c l e a r c l u s t e r s . 

We assume t h a t t h e t r u e e l e c t r o s t a t i c i n t e r a c t i o n s t h a t c o u p l e 
i r o n s p i n s t o g e t h e r c a n b e r e p l a c e d b y a n i n t e r a c t i o n o f t h e 
H e i s e n b e r g t y p e : 

H — J 1 2 S i S 2 + J i 3 S 1 ' S 3 + J 2 3 S 2 S 3 (3) 

a n d t h a t t h e o f f - d i a g o n a l m a t r i x e l e m e n t s c o n n e c t i n g s t a t e s w h e r e 
e l e c t r o n d e r e a l i z a t i o n i s " a l l o w e d " w i l l b e o f t h e f o r m B ( S ' + H ) , a s 
d i s c u s s e d a b o v e . The e s s e n c e o f c h o o s i n g a s p i n H a m i l t o n i a n m o d e l 
t h e n c o n s i s t s o f c h o o s i n g t h e b a s i s s t a t e s t o b e i n c l u d e d , 
d i a g o n a l i z i n g t h e r e s u l t a n t s p i n m a t r i c e s , a n d c o m p a r i n g t h e r e s u l t i n g 
e i g e n v a l u e s t o t h e c o m p u t e d Χ α e n e r g i e s i n o r d e r t o e s t i m a t e Β a n d J . 
I n t h i s p a p e r , we w i l l c o n s i d e r o n l y t h e s i m p l e s t m o d e l s t h a t h a v e t h e 
i m p o r t a n t p h y s i c a l i n t e r a c t i o n s ; more c o m p l e x s p i n H a m i l t o n i a n m o d e l s 
may b e n e c e s s a r y f o r q u a n t i t a t i v e i n t e r p r e t a t i o n s o f a l l t h e 
e x p e r i m e n t a l d a t a . 

We c o n s i d e r f i r s t a t h r e e i r o n c l u s t e r w i t h t h r e e e q u i v a l e n t 
m e t a l s i t e s i n t h e " s i n g l y r e d u c e d " , F e ( I I ) / F e ( I I I ) / F e ( I I I ) f o r m a l 
o x i d a t i o n s t a t e . I n t h e h i g h s p i n c o n f i g u r a t i o n s , t h e f i r s t f i v e 
d - e l e c t r o n s o n e a c h s i t e a r e a l i g n e d i n a p a r a l l e l f a s h i o n , s a y 
s p i n - u p . We f o r m t h r e e b a s i s c o n f i g u r a t i o n s b y a l l o w i n g t h e f i n a l 
d - e l e c t r o n ( w h i c h m u s t b e s p i n - d o w n ) t o r e s i d e i n t u r n o n e a c h o f t h e 
t h r e e s i t e s . We h a v e w o r k e d o u t t h e m a t r i x e l e m e n t s o f t h e 
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H e i s e n b e r g p o r t i o n o f t h e H a m i l t o n i a n i n e a r l i e r w o r k (9) ; f o r t h e 
d e l o c a l i z a t i o n t e r m s we assume t h a t a s i n g l e p a r a m e t e r B ' 
c h a r a c t e r i z e s r e s o n a n c e i n t e r a c t i o n s b e t w e e n e a c h p a i r o f s i t e s . 
H e n c e , t h e s p i n H a m i l t o n i a n m a t r i x b e c o m e s : 

H „ s = 
( 6 5 / 4 ) J 

5 B ' 
5 B ' 

5 B ' 
( 6 5 / 4 ) J 

5 B ' 

5 B ' 
5 B ' 

( 6 5 / 4 ) J 
(4) 

H e r e a n d b e l o w , t h e d i a g o n a l e l e m e n t s r e p r e s e n t s t h e s y s t e m e n e r g y 
i n t h e a b s e n c e o f d e l o c a l i z a t i o n , a n d t h e o f f - d i a g o n a l e l e m e n t s g i v e 
t h e s p e c i f i c r e s o n a n c e d e l o c a l i z a t i o n e f f e c t s , r e c o g n i z i n g t h a t (S'+^s) 
- 5 f o r p a r a l l e l s p i n F e ( I I ) / F e ( I I I ) d i m e r s . We a r e a s s u m i n g t h r e e 
e q u i v a l e n t s i t e s s o t h a t J 1 2 = J 2 3 = J 1 3 = J- The e i g e n v a l u e s a r e E x = 
( 6 5 / 4 ) J + 1 0 B ' , a n d E 2 3 = ( 6 5 / 4 ) J - 5 B ' ( d o u b l y d e g e n e r a t e ) . F o r 
t h e s e c l u s t e r s , we f i n d B '<0 a n d , h e n c e Ελ l i e s l o w e s t . F o r t h e 
b r o k e n s y m m e t r y s t a t e , t h e f i r s t f i v e d - e l e c t r o n s o f one o f t h e i r o n 
a t o m s ( w h i c h we c a l l "a" ) i s o f o p p o s i t e s p i n t o t h a t o f b o t h 
e q u i v a l e n t a toms i n t h e p a i r " b " . T h e r e a r e s t i l l t h r e e b a s i s 
c o n f i g u r a t i o n s , c o r r e s p o n d i n g t o t h e t h r e e p o s s i b l e l o c a t i o n s o f t h e 
l a s t d - e l e c t r o n . F o l l o w i n g P a p a e f t h y m i o u et al. ( 7 ) , we w i l l a d o p t 
t h e s i m p l e s t d e l o c a l i z a t i o n h y p o t h e s i s , t h a t r e s o n a n c e i n t e r a c t i o n i s 
i m p o r t a n t o n l y b e t w e e n t h e two i r o n s o f t h e same s p i n , p a i r " b " . H e r e 
t h e s p i n m a t r i x i s : 

( 2 5 / 4 ) J 
0 
5B 

0 
• ( 1 5 / 4 ) J 

0 

5B 
0 

• ( 2 5 / 4 ) J 
(5) 

H e r e we h a v e a l l o w e d t h e d e l o c a l i z a t i o n p a r a m e t e r i n t h e b r o k e n 
s y m m e t r y s t a t e , B , t o d i f f e r f r o m t h a t i n t h e h i g h s p i n s t a t e ; t h e Χ α 
r e s u l t s r e p o r t e d b e l o w show t h a t t h i s i n d e e d h a p p e n s . E i g e n v a l u e s f o r 
t h e b r o k e n s y m m e t r y c a s e a r e E 1 > 2 - - ( 2 5 / 4 ) J + 5B a n d E 3 = - ( 1 5 / 4 ) J . 

The J ' s a n d B ' s c a n , t h u s , be e s t i m a t e d b y c o m p a r i n g t h e e n e r g y 
d i f f e r e n c e s a r i s i n g f r o m t h e s e f o r m u l a s w i t h t h o s e c o m p u t e d f r o m a 
b r o k e n s y m m e t r y m o l e c u l a r o r b i t a l a p p r o a c h , a n d e s t i m a t e s o f t h e p u r e 
s p i n s t a t e e n e r g i e s ( i n c l u d i n g t h e g r o u n d s t a t e e n e r g y a n d i t s s p i n 
v a l u e ) a r e t h e n made f r o m t h e r e s u l t i n g p a r a m e t r i z e d s p i n 
H a m i l t o n i a n . ( F o r t h e s i m p l e m o d e l u s e d h e r e , t h e e i g e n s t a t e s f o r 
v a r i o u s v a l u e s o f Β a n d J a r e g i v e n i n R e f . 7 . ) I n t h e l a n g u a g e o f 
o u r p r e v i o u s p a p e r s , we a r e u s i n g t h e H e i s e n b e r g H a m i l t o n i a n a s a t o o l 
t o c a r r y o u t a n a p p r o x i m a t e s p i n p r o j e c t i o n o n t h e b r o k e n s y m m e t r y 
w a v e f u n c t i o n s . 

F o r t h e d o u b l y r e d u c e d c o m p l e x e s , t h e s p i n a l g e b r a i s o n l y 
s l i g h t l y d i f f e r e n t f r o m t h a t c o n s i d e r e d a b o v e . T h e h i g h s p i n m a t r i x 
b e c o m e s : 

1 4 J 
5 B ' 
5 B ' 

5 B ' 
14J 
5 B ' 

5B 
5 B ' 
1 4 J 

(6) 

w h e r e t h e c o l u m n s o f t h e m a t r i x now i d e n t i f y t h e s i t e t h a t d o e s n o t 
h a v e a s i x t h e l e c t r o n a d d e d t o i t . E i g e n v a l u e s a r e E x - 1 4 J + 1 0 B ' , 

5 B ' ( d o u b l y d e g e n e r a t e ) . T h e b r o k e n s y m m e t r y m a t r i x i s : 
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- 4 J 0 5B 
0 - 6 J 0 

5 B ' 0 - 4 J 

w i t h E 1 > 2

 = ± 5 B » E 3 * - 6 J . T h e r e s o n a n c e f o r m u l a s u s e d h e r e a r e 
b a s e d o n t h e m o d e l o f a s i n g l e a t o m i c o r b i t a l o n e a c h s i t e t o a c c e p t 
t h e s i x t h d - e l e c t r o n . A s we show b e l o w , t h i s m o d e l b e g i n s t o b r e a k 
down, e s p e c i a l l y f o r t h e d o u b l y r e d u c e d c o m p l e x e s , w h e r e a t l e a s t two 
d - o r b i t a l s o n e a c h s i t e a r e c l o s e i n e n e r g y . We p l a n i n t h e f u t u r e 
t o p u r s u e more c o m p l e x s p i n H a m i l t o n i a n s t h a t i n c o r p o r a t e s u c h 
f e a t u r e s ; f o r q u a l i t a t i v e p u r p o s e s , h o w e v e r , t h e p r e s e n t s i m p l e 
H a m i l t o n i a n s i n c o r p o r a t e m o s t o f t h e e s s e n t i a l f e a t u r e s o f t h e s p i n 
i n t e r a c t i o n s . 

S c a t t e r e d Wave C a l c u l a t i o n s 

To a p p l y t h e s e i d e a s , we h a v e c a r r i e d o u t s c a t t e r e d wave c a l c u l a t i o n s 
(12) o n m o d e l s f o r F e 3 a n d Z n F e 3 c l u s t e r s , u s i n g t h e X a a p p r o x i m a t i o n 
f o r e x c h a n g e a n d c o r r e l a t i o n e f f e c t s . S t r u c t u r e s o f " c u b a n e " 3 - F e 
c l u s t e r s a r e n o t known f r o m h i g h r e s o l u t i o n X - r a y c r y s t a l l o g r a p h y , s o 
we p r e p a r e d a g e o m e t r y f o r [ F e 3 S A ( S H ) 3 ] 2 " b y r e m o v i n g t h e M o ( S H ) 3 

" c o r n e r " f r o m a n M o F e 3 c l u s t e r r e c e n t l y s t u d i e d b y C o o k a n d K a r p l u s 
(13 ) w i t h o u t c h a n g i n g t h e r e m a i n i n g g e o m e t r y o r s p h e r e r a d i i . T h i s 
s t r u c t u r e i s i n a c c o r d w i t h EXAFS d a t a o n 3 - F e p r o t e i n s i n s o l u t i o n 
(14) a n d i s a l s o c o n s i s t e n t w i t h t h e 3 . 0 À r e s o l u t i o n X - r a y m o d e l o f 
a c o n i t a s e ( 1 5 ) . F o r t h e Z n c l u s t e r , Z n was p l a c e d i n t h e C o o k a n d 
K a r p l u s Mo p o s i t i o n , a n d a l i n e a r SH a t t a c h e d t o i t a l o n g t h e 
t h r e e f o l d a x i s . T h i s 1 8 0 ° Z n - S - H a n g l e i s c e r t a i n l y u n r e a l i s t i c , b u t 
a l l o w s u s t o m a i n t a i n t h e o v e r a l l C 3 v s y m m e t r y o f t h e n u c l e a r 
g e o m e t r y ; i t seems l i k e l y t h a t t h e e f f e c t o f t h i s l e s s t h a n o p t i m a l 
l i g a n d g e o m e t r y o n t h e s p i n c o u p l i n g among t h e i r o n s w i l l b e s l i g h t . 

C o o r d i n a t e s a n d s p h e r e r a d i i f o r t h e l i n e a r t h r e e - i r o n c l u s t e r 
a r e g i v e n i n o u r e a r l i e r p a p e r (9) b a s e d o n s y n t h e t i c m o d e l c l u s t e r s 
( 1 6 ) . 

T h e s i n g l y r e d u c e d F e 3 c l u s t e r was c o m p u t e d i n t h e f o l l o w i n g 
m a n n e r . A h i g h - s p i n u n r e s t r i c t e d s e l f - c o n s i s t e n t w a v e f u n c t i o n ( w i t h 
15 s p i n - u p d - e l e c t r o n s a n d one s p i n - d o w n d e l e c t r o n ) was c o m p u t e d i n 
t h e u s u a l manner f r o m s t a n d a r d p r o g r a m s ( 1 7 ) . T h e n , t h e s p i n - u p a n d 
s p i n - d o w n p o t e n t i a l s o f one i r o n a tom w e r e i n t e r c h a n g e d , a n d t h e 
s o l u t i o n r e - c o n v e r g e d t o a b r o k e n s y m m e t r y s t a t e w i t h a l a r g e s p i n - u p 
p o p u l a t i o n o n two i r o n s a n d a l a r g e s p i n - d o w n p o p u l a t i o n o n t h e t h i r d . 
A s i n o u r p r e v i o u s c a l c u l a t i o n s , s i g n i f i c a n t s p i n p o p u l a t i o n s a r e a l s o 
f o u n d o n s u l f u r c e n t e r s . F i g u r e s 1 a n d 2 show t h e r e s u l t i n g m o l e c u l a r 
o r b i t a l d i a g r a m s . A s i n a l l o u r p r e v i o u s c a l c u l a t i o n s , t h e h i g h e s t 
o c c u p i e d , o r b i t a l s ( e x c e p t f o r t h e l a s t o n e ) a r e p r i m a r i l y o f s u l f u r 
p - c h a r a c t e r , a n d t h e m a j o r i t y - s p i n F e d - o r b i t a l s a r e b e l o w t h e s e . 
F o r e a c h w a v e f u n c t i o n , t h e v e r y h i g h e s t o c c u p i e d o r b i t a l i s p r i m a r i l y 
o f m i n o r i t y - s p i n F e d - c h a r a c t e r . F o r t h e h i g h s p i n c a s e , t h e two 
p o t e n t i a l o r b i t a l s f o r t h i s l a s t e l e c t r o n ( o f a x a n d e s y m m e t r y ) l e a d 
t o t o t a l e n e r g i e s t h a t a r e s e p a r a t e d b y 450 c m " 1 , w h i c h c a n b e 
i d e n t i f i e d w i t h 1 5 B ' t h r o u g h E q . ( 4 ) . H e n c e , t h e e f f e c t i v e r e s o n a n c e 
i n t e r a c t i o n B ' i s f a i r l y s m a l l , a b o u t - 3 0 c m " 1 . I n t h e b r o k e n 
s y m m e t r y c a s e , w h e r e d e l o c a l i z a t i o n c a n o c c u r o v e r o n l y two c e n t e r s 
( t h e " b " p a i r , w h i c h h a v e t h e same s p i n ) we f i n d g a n d u s t a t e s ( o f 
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A 1 A 2 
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93 

8 2 * 88 
34 
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•26 

F e 3 S ; (SH)3

3" 
high spin, reduced 

15 
19 

12 
16 
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19 

Figure 1. Orbital energies (in Rydberg atomic units) for 
the high spin form of the cubane three-iron cluster. Solid 
lines show spin-up orbital energies, dashed lines show spin-down. 
Numbers beside each line give the percent iron d-character in 
that orbital. The two orbitals marked with an asterisk (of a x 

and e symmetry) are the potential locations for the f i n a l 
electron. The plot corresponds to the state with the f i n a l 
electron in the a-, orbital marked with an asterisk. 
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A " A' 
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-0.2 L 

85% b 
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66% b + 6%a 

79% b + 2% a 

79% a 

89% b 

-0.3 

-0.4 

35%b + 2%a 

20% b 
7%b + 23%a 

33%b + 11%a 
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36%b + 15%a 

9%b + 6% a 
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23% b + 5%a 
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28%b + 6% a 
8%b + 14%a 

14%b + 14%a 

33%b + 16%a 

14%b + 3%a 

b b 

a 

F e 3 S * 4 ( S H ) 3 

broken symmetry, reduced 

Figure 2. As in Figure 1, but for the broken symmetry 
state. Iron "a" is the unique iron, and "b" labels the 
equivalent pair. The three orbitals marked with an asterisk show 
the g and u spindown orbitals on the "b" irons (whose energy 
difference determines Β), and the spin-up orbital mostly 
localized on iron "a". The plot corresponds to the state with 
the f i n a l electron in the lower a' orbital marked with an 
asterisk. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ch

02
6

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



26. SONTUM ET AL. Spin Coupling and Electron Delocalization 373 

a' and a" symmetry) which are s p l i t by a much larger amount, 4060 cm 
(which by Eq. (5) is 10B) , so that Β is -406 cm"1. The J value for 
this complex is determined primarily by the difference in the high 
spin and broken symmetry energies; f i t t i n g the Χα energies to the 
eigenvalues given above yields J - 297 cm"1. Other calculations were 
carried out in a similar fashion. 

Results. 

Table I summarizes the results of our calculations, along with 
previous work on two- and three-iron clusters. As we have noted 
before, the general tendency of the Χα scattered wave method is to 
overestimate J : for example, the experimental estimate of J for the 
oxidized linear three-iron cluster (18) is 300 cm"1, about 45% lower 
than the value we estimate. Estimates for J in oxidized two-iron 
clusters are smaller than our estimates by similar amounts ( 6 ) . We 
expect the behavior to be about the same for the reduced species, but 
that the qualitative trends should be correct. We have discussed the 
results of the oxidized three-iron clusters in our previous paper ( 9 ) , 
showing that the Χα calculations predict a S=h ground state for the 
cubane-like geometry and S=5/2 for the linear cluster, in agreement 
with experiment. 

Table I. Spin Hamilton Paramters (cm-1) 

Compound Jred B' Β Jred/Jox M A W * 

Fe 2S 2
+ 2 / + 1 530 346 -516 0.65 1.5 

Fe 3S 4
+ 1 / 0 linear 544 B 407 B -568 0.75 1.4 

Fe 3S 4
+ 1 / 0 cubane 369 297 -30 -406 0.81 1.4 

ZnFe 3S 4
+ 3 / + 2 360 282 -28 -407 0.78 1.4 

ZnFe 3S 4
+ 1 45 C -64 -426 0.16 D 9.5 

aSince the computed values of J are systematically higher than 
those observed, we expect | B | / J to be larger than indicated above. 

kj value for neighboring irons; J values connecting the two 
"outside" iron atoms are very small, see Ref. 9. 

cBased on a model of a single orbital on each iron atom, which 
breaks down significantly for this cluster; see text. 

"Ratio for the +1 and +2 oxidation states. 

Several interesting features emerge from Table I. First, the 
magnitude of J decreases as the complexes are reduced. This happens 
even when the geometries are unchanged, as we have assumed here. It 
is l i k e l y that reduction of complexes w i l l in addition lead to slight 
expansions of the core, which would reinforce this drop in J as the 
complexes are reduced. The magnitudes of J appear to be correlated 
with geometry: the linear two- and three-iron complexes (with nearly 
identical bridging geometries) have higher values for J than do other 
cubane-like clusters. Second, the resonance parameters Β are 
negative, indicating that the symmetric combination of atomic orbitals 
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o n t h e " b " i r o n s l i e s b e l o w t h e a n t i s y m m e t r i c c o m b i n a t i o n . A s w i t h 
J , t h e m a g n i t u d e s o f Β a p p e a r t o b e r e l a t e d t o t h e g e o m e t r y o f t h e 
b r i d g e , w i t h l a r g e r a b s o l u t e v a l u e s f o r t h e l i n e a r t h a n f o r t h e 
c u b a n e g e o m e t r y . C o m p u t e d m a g n i t u d e s o f | B | / J a r e a r o u n d 1 . 5 ( f o r 
a l l c l u s t e r s e x c e p t t h e d o u b l y Z n c o m p l e x , d i s c u s s e d b e l o w ) ; s i n c e , 
h o w e v e r , we e x p e c t t h e c o m p u t e d J ' s t o b e t o o l a r g e , we l i k e w i s e 
e x p e c t t h e t r u e v a l u e s o f | B | / J t o b e l a r g e r t h a n t h o s e shown i n t h e 
T a b l e , p r o b a b l y i n t h e r a n g e 2 . 0 t o 3 . 0 . F o r t h e c u b a n e - l i k e 
t h r e e - i r o n c l u s t e r , w i t h a l l J ' s e q u a l , t h e g r o u n d s t a t e i s p r e d i c t e d 
t o b e S - 2 ( a s i s o b s e r v e d ) when |B|/J> 2 . 0 ( 7 ) . I t i s w o r t h 
r e m e m b e r i n g , t h o u g h , t h a t t h e e x p e r i m e n t a l g e o m e t r i e s o f t h e 
t h r e e - i r o n c l u s t e r s a r e n o t k n o w n , n o r do we h a v e much k n o w l e d g e 
a b o u t t h e s e n s i t i v i t y o f J a n d Β t o c h a n g e s i n s t r u c t u r a l p a r a m e t e r s . 

T h e d o u b l y r e d u c e d Z n F e 3 c l u s t e r h a s some s p e c i a l f e a t u r e s , 
a r i s i n g f r o m s t a b i l i z a t i o n o f t h e i r o n d - o r b i t a l s b y t h e z i n c i o n . 

F i g u r e 3 shows t h e m o l e c u l a r o r b i t a l s n e a r t h e F e r m i l e v e l f o r t h i s 
c l u s t e r , f o r o u r l o w e s t - e n e r g y b r o k e n s y m m e t r y s t a t e , w i t h one e x t r a 
e l e c t r o n l o c a l i z e d o n t h e " a " i r o n ( i n o r b i t a l 5 7 a ' ) , a n d t h e o t h e r 
d e l o c a l i z e d o v e r t h e " b " p a i r ( i n t h e g o r b i t a l 5 5 a ' ) . T h i s 
c o r r e s p o n d s t o a n t i f e r r o m a g n e t i c c o u p l i n g o f a n S ' - 9 / 2 F e ( I I ) / F e ( I I I ) 
d i m e r a n d a S - 2 F e ( I I ) monomer , y i e l d i n g a n e t s p i n o f 5 / 2 , a s 
o b s e r v e d ( 1 1 ) . ( A n a l t e r n a t i v e o c c u p a t i o n , i n w h i c h b o t h o f t h e " b " 
i r o n s a r e r e d u c e d t o F e ( I I ) a n d t h e u n i q u e " a " i r o n r e m a i n s F e ( I I I ) 
i s c o m p u t e d t o b e h i g h e r i n e n e r g y b y 1 , 3 0 0 c m " 1 ) . H o w e v e r , s e v e r a l 
o t h e r l o w - e n e r g y o r b i t a l s a r e now p o s s i b l e a c c e p t e r s o f t h e s e e x t r a 
e l e c t r o n s . I n a d d i t i o n t o t h e u c o m b i n a t i o n o f t h e " b " p a i r ( 3 6 a " ) , 
t h e r e a r e now a d d i t i o n a l l o w - l y i n g o r b i t a l s b o t h t h e r e ( e . g . , 5 6 a ' 
a n d 3 7 a " ) a n d o n t h e u n i q u e , " a " s i t e ( 3 8 a " a n d 6 0 a ' ) . T h e s e e x t r a 
o r b i t a l s i m p l y t h e e x i s t e n c e o f many more s t a t e s t h a n i n o u r m o d e l 
o f E q . (7 ) , a n d s u g g e s t t h a t more c o m p l i c a t e d s p i n H a m i l t o n i a n m o d e l s 
may b e n e c e s s a r y t o d e s c r i b e t h e m o l e c u l a r o r b i t a l c a l c u l a t i o n s . 
H e n c e , t h e e s t i m a t e o f 45 c m " 1 f o r J i n t h e d o u b l y r e d u c e d c o m p l e x i s 
r a t h e r a p p r o x i m a t e ; n e v e r t h e l e s s , t h e q u a l i t a t i v e c o n c l u s i o n o f a 
much s m a l l e r J f o r t h e d o u b l y r e d u c e d c o m p l e x s h o u l d b e r e l i a b l e . 

T h e r e s u l t s r e p o r t e d h e r e u s e t h e Χ α e x c h a n g e - c o r r e l a t i o n 
f u n c t i o n , w h i c h h a s h i s t o r i c a l i n t e r e s t a n d c a n b e c o m p a r e d t o p a s t 
c a l c u l a t i o n s . W i t h i n t h e l o c a l d e n s i t y a p p r o x i m a t i o n , 
p a r a m e t r i z a t i o n s t h a t i n c l u d e t h e c o r r e l a t i o n e f f e c t s f o u n d i n a 
u n i f o r m e l e c t r o n g a s o f t e n g i v e a b e t t e r a c c o u n t o f s p i n - d e p e n d e n t 
p r o p e r t i e s ( 1 9 ) . S i n c e c o r r e l a t i o n e f f e c t s g e n e r a l l y s t a b i l i z e l o w 
s p i n s p e c i e s more t h a n h i g h - s p i n s t a t e s ( 2 0 ) , one w o u l d e x p e c t 
c o r r e l a t i o n e f f e c t s t o i n c r e a s e J o v e r t h e v a l u e s r e p o r t e d h e r e , a n d 
t h i s was i n d e e d f o u n d i n o u r e a r l i e r s t u d i e s o f o x i d i z e d t h r e e - i r o n 
c l u s t e r s ( 9 ) . C a l c u l a t i o n s o n t h e r e d u c e d s p e c i e s u s i n g i m p r o v e d 
e x c h a n g e - c o r r e l a t i o n p o t e n t i a l s a r e i n p r o g r e s s . 

C o n c l u s i o n 

The c a l c u l a t i o n s p r e s e n t h e r e among t h e f i r s t t o g i v e s e r i o u s 
c o n s i d e r a t i o n t o t h e c o m p e t i n g e f f e c t s o f s p i n c o u p l i n g a n d e l e c t r o n 
d e l o c a l i z a t i o n i n p o l y n u c l e a r t r a n s i t i o n m e t a l c l u s t e r s . T h e 
q u a l i t a t i v e f e a t u r e s s u p p o r t t h e " d o u b l e e x c h a n g e " m o d e l p u t f o r t h 
t o d e s c r i b e e x p e r i m e n t a l s p e c t r a ( 7 ) , a l t h o u g h we do n o t p o s t u l a t e 
a p a r t i c u l a r m e c h a n i s m i n t h e s e c a l c u l a t i o n s - - t h e r e s u l t s a r i s e 
s o l e l y f r o m a n a l y s i s o f c o m p u t e d t o t a l e n e r g i e s f o r v a r i o u s s t a t e s . 
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Figure 3. As in Figure 1, for the lowest energy broken 
symmetry state of the doubly-reduced ZnFe3 cluster. Valence 
orbitals are numbered within each symmetry and have been placed 
in three columns depicting the location of their primary charge 
distribution. Vertical bars indicate occupied orbitals. 
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E v e n t h o u g h t h e m a g n i t u d e s o f J we p r e d i c t a r e o f t e n t o o h i g h , t h e 
g e n e r a l t r e n d s s e e n i n T a b l e I a r e l i k e l y t o b e r e l i a b l e . E v e n s u c h 
q u a l i t a t i v e i n f o r m a t i o n c a n b e q u i t e u s e f u l : one o f u s ( L . N . ) shows 
e l s e w h e r e (21) t h a t a s i m p l e e x t e n s i o n o f t h e s e i d e a s c a n e x p l a i n 
s p i n c o u p l i n g i n F e 4 S A

+ 3 c l u s t e r s , w h e r e t h e e x p e r i m e n t a l r e s u l t s a r e 
a t f i r s t s i g h t p e r p l e x i n g . A l t h o u g h t h e r e a r e c l e a r l i m i t a t i o n s t o 
t h e Χ α a n d s c a t t e r e d wave m o d e l s , t h e y o f f e r a c l e a r a n d 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 p a t h t o o b t a i n i n g u s e f u l m o d e l s t h a t i n c o r p o r a t e 
e s s e n t i a l p h y s i c s o f e x c h a n g e i n t e r a c t i o n s a n d e l e c t r o n 
d e l o c a l i z a t i o n i n c o m p l e x c l u s t e r s , a n d t h e m e t h o d i s b e i n g a d a p t e d 
b y o t h e r s ( 2 2 ) . F u r t h e r m o r e , t h e l o c a l e x c h a n g e a n d m u f f i n - t i n 
a p p r o x i m a t i o n s a r e n o t e s s e n t i a l t o t h e m e t h o d , a n d one c a n l o o k 
f o r w a r d ( w i t h f a s t e r c o m p u t e r s ) t o ab i n i t i o s t u d i e s a l o n g t h e same 
l i n e s ( 2 3 ) . T h u s , t h e scheme o u t l i n e d h e r e s h o u l d e n a b l e c o n n e c t i o n s 
t o b e made b e t w e e n s p i n H a m i l t o n i a n m o d e l s a n d p r a c t i c a l c a l c u l a t i o n s 
f o r a w i d e r a n g e l o c a l i z e d a n d d e l o c a l i z e d p o l y n u c l e a r t r a n s i t i o n 
m e t a l c o m p l e x e s . 
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Chapter 27 

Role of High- and Low-Spin Electronic States 
in the Co(NH 3)6 2 + / 3 + Exchange Reaction 

Marshall D . Newton1 

Institute for Molecular Science, Myodaiji, Okazaki 444, Japan 

Ab initio SCF and Möller Plesset calculations with flexible 
valence basis sets including 4f orbitals are carried out for the 
ground and first excited spin states of the Co(NH3)62+ and Co(NH3)63+ 

complexes. The results of the calculations in conjunction with a 
first-order spin-orbit coupling model yield an estimate of 10-2 for 
the electronic transmission factor in the Co(NH3)62+/3+ exchange 
reaction using an apex-to-apex approach of reactants, thus providing 
a mechanism characterized by only a modest degree of 
non-adiabaticity, consistent with the experimental kinetic data. 

The mechanistic analysis of the kinetics of electron transfer 
processes involving transition metal complexes in solution continues 
to stimulate intense theoretical activity (1-17). In terms of the 
conventional transition state expression for the rate constant for 
activated electron transfer, 

it is of particular importance to assess the various contributions to 
the activation energy (Ε†) and to the electronic transmission 
factor (κel), which is a measure of the probability of successful 
reaction once the reactants have been activated (vn and Γη are, 
respectively, the effective harmonic frequency associated with the 
reaction coordinate, and the nuclear tunnelling factor). In the 
context of the present volume, it is to be emphasized that the 
techniques of computational quantum chemistry have proven to be 
valuable tools for estimating and analyzing the relevant activation 
energies and electronic transmission factor (2-11). Since electron 
transfer between transition metal complexes generally involves the 
nominal exchange of valence d-electrons, it is seen that the 
particular challenge to quantum chemistry is that of treating 
"d-electrons" -- including the energetics of the various possible 
electronic states associated with d-electron manifolds, and the 

1Permanent address: Department of Chemistry, Brookhaven National Laboratory, Upton, 
NY 11973 

0097-6156/89/0394-0378$06.00/0 
c 1989 American Chemical Society 
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27. NEWTON High-and Low-Spin Electronic States 379 

n a t u r e o f t h e c o u p l i n g b e t w e e n m e t a l d - o r b i t a l s and t h e v a l e n c e 
o r b i t a l s o f t h e i r c o o r d i n a t e d l i g a n d s . The d e n s i t y o f l o w - l y i n g 
e l e c t r o n i c s t a t e s may be h i g h f o r t r a n s i t i o n m e t a l c o m p l e x e s , and i t 
i s n o t a l w a y s o b v i o u s w h i c h i s t h e k i n e t i c a l l y d o m i n a n t s t a t e — 
e i t h e r f r o m t h e p o i n t o f v i e w o f m i n i m i z i n g t h e a c t i v a t i o n e n e r g y o r 
m a x i m i z i n g t h e e l e c t r o n i c t r a n s m i s s i o n f a c t o r . A b a l a n c e d t r e a t m e n t 
o f t h e e n e r g i e s o f d i f f e r e n t s t a t e s i s i m p o r t a n t f o r d e t e r m i n i n g t h e 
l a t t e r q u a n t i t y s i n c e i t i s o f t e n d o m i n a t e d by v a r i o u s i n t e r m e d i a t e 
" v i r t u a l " s t a t e s t h r o u g h s u p e r - e x c h a n g e m e c h a n i s m s ( 7 - 1 0 , 1 6 ) . 

A l t h o u g h t h e H a r t r e e F o c k m o d e l c a n y i e l d v a l u a b l e i n f o r m a t i o n , 
t h e r e l i a b l e c a l c u l a t i o n o f t h e p r o p e r t i e s o f t r a n s i t i o n m e t a l 
c o m p l e x e s o f t e n n e c e s s i t a t e s t h e i n c l u s i o n o f e l e c t r o n c o r r e l a t i o n . 
E l e c t r o n c o r r e l a t i o n i s n e c e s s a r y i n some c a s e s e v e n t o o b t a i n 
r e a s o n a b l e m e t a l - l i g a n d b o n d l e n g t h s ( 1 8 - 2 5 ) » and i s c e r t a i n l y 
r e q u i r e d i n g e n e r a l f o r r e l i a b l e e x c i t a t i o n e n e r g i e s , e s p e c i a l l y f o r 
s t a t e s w i t h d i f f e r e n t s p i n m u l t i p l i c i t i e s o r d i f f e r e n t e l e c t r o n 
p a i r i n g s c h e m e s ( 1_1 ) . Among t h e v a r i o u s t y p e s o f e l e c t r o n 
c o r r e l a t i o n e f f e c t s a r i s i n g i n t r a n s i t i o n m e t a l c o m p l e x e s , a n g u l a r 
( v i a a v a i l a b l e 4 f o r b i t a l s ) as w e l l as r a d i a l ( v i a r e l a t i v e l y d i f f u s e 
d - o r b i t a l s ) c o r r e l a t i o n o f d - e l e c t r o n s i s e x p e c t e d t o be i m p o r t a n t 
( 2 6 - 3 3 ) . 

W i t h t h i s b a c k g r o u n d we now c o n s i d e r a s p e c i f i c p r o c e s s o f 
i n t e r e s t , t h e C o ( N H 3 ) £ 2 + / 3 + e x c h a n g e r e a c t i o n : 

C o ( N H 3 ) 6 2 + + C o ( N H 3 ) 6

3 + - C o ( N H 3 ) 6

3 + + C o ( N H 3 ) 6

2 + ( 2 ) 

r 5 2. 4 m , r 6 . 1 A , r 6 , 1 4 , r 5 2 , 4 m , 
[ t 2 g e g / T l g ] [ t 2 g / A l g ] [ t 2 g / A l g ] [ t 2 g e g / T l g ] 

( t h e l o w e s t e n e r g y e l e c t r o n i c c o n f i g u r a t i o n and s t a t e f o r e a c h 
s p e c i e s a t e q u i l i b r i u m i s i n d i c a t e d i n b r a c k e t s ) . W h i l e t h e 
e x p e r i m e n t a l d a t a (34 ) do n o t i n d i c a t e a s t r o n g l y n o n a d i a b a t i c 
r e a c t i o n ( i . e . , one w h e r e K e ^ < 1 ) , t h e r e a c t i o n a s w r i t t e n 
c o r r e s p o n d s f o r m a l l y t o a " t h r e e - e l e c t r o n " p r o c e s s ( a t 2 g *+ e g 

i n t e r c h a n g e w i t h i n e a c h r e a c t a n t , as w e l l as t h e i n t e r - c o m p l e x e g 

e x c h a n g e ) , and t h u s w o u l d be e x p e c t e d t o h a v e a v e r y l o w p r o b a b i l i t y 
r e l a t i v e t o a c o n v e n t i o n a l " 1 - e l e c t r o n " p r o c e s s ( 1_6). A c c o r d i n g l y , 
one s e e k s t o i n v o k e l o w l y i n g l i g a n d - f i e l d e x c i t e d s t a t e s s o as t o 
p r o v i d e " 1 - e l e c t r o n " p a t h w a y s f o r e g e x c h a n g e ( 1 1 , 1 7 ) : 

C o ( N H 3 ) 6

2 + + C o ( N H 3 ) 6

3 + - C o ( N H 3 ) 6

3 + + C o ( N H 3 ) 6

2 + ( 3 ) 

[ t 2 g e g / 2 E g ] l 4 g / XAig] [t6

2g/
 lAig] [ t f g e { / 2 E g ] 

C o ( N H 3 ) 6

2 + + C o ( N H 3 ) 6

3 + - C o ( N H 3 ) 6

3 + + C o ( N H 3 ) 6

2 + ( 4 ) 

[ t 2 g e g / 4 T i g ] [ t i g e { / 3 T l g ] [ t ^ / 3 T l g ] [t\ge2

g/ 4 T l g ] 

and t h e two " c r o s s r e a c t i o n s " , 

C o ( N H 3 ) 6

2 + + C o ( N H 3 ) 6

3 + - C o ( N H 3 ) 6

3 + + C o ( N H 3 ) 6

2 + ( 5 ) 

r 6 1 , 2 ^ Ί r 5 1 , 3 m ι r 6 , 1 A -ι r « . 5 2. 4_ Ί [ t 2 g e g / E ] [ t 2 g e g / T l g ] [ t 2 g / A l g ] [ t 2 g e g / T 2 g ] 
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C o ( N H 3 ) 6

2 + + C o ( N H 3 ) 6

3 + - C o ( N H 3 ) 6

3 + + C o ( N H 3 ) 6

2 + ( 6 ) 

[ t ' g e g / 4 T l g ] [ t | g / l A i g ] [ t | g . J / 3 T l g ] [ t f g e { / 2 E g ] 

T h e s e e x c i t e d s t a t e s , w h i c h h a v e b e e n a n a l y z e d i n p r e v i o u s 
t h e o r e t i c a l s t u d i e s ( 1 1 . 1 7 ) . may p a r t i c i p a t e i n t h e r e a c t i o n e i t h e r 
t h r o u g h t h e r m a l p o p u l a t i o n ( a s d e t e r m i n e d by a p p r o p r i a t e B o l t z m a n n 
f a c t o r s ) o r v i a s p i n - o r b i t m i x i n g i n t o t h e g r o u n d e l e c t r o n i c s t a t e s . 
I n e i t h e r c a s e , r e l i a b l e e s t i m a t e s o f t h e h i g h - s p i n / l o w - s p i n e n e r g y 
s e p a r a t i o n s a r e r e q u i r e d : i . e . , f o r d i r e c t e s t i m a t i o n o f t h e 
B o l t z m a n n f a c t o r s i n t h e f o r m e r c a s e , and f o r e s t i m a t e s o f s p i n - o r b i t 
m i x i n g t h r o u g h f i r s t - o r d e r p e r t u r b a t i o n t h e o r y i n t h e l a t t e r c a s e . 
W i t h s p i n - o r b i t c o u p l i n g , we may c o m b i n e E q u a t i o n s 2 - 6 , t o y i e l d ( 17 ) 

C o ( N H 3 ) 6

2 + + C o ( N H 3 ) 6

3 + -> C o ( N H 3 ) 3 + + C o ( N H 3 ) 6

2 + ( 7 ) 

[ 4 T l g + c 2 E g ] [lAig+ C 3 T l g ] llAig+ C 3 T l g ] [ 4 T l g + c 2 E g ] 

w h e r e c and c 1 a r e t h e s p i n - o r b i t m i x i n g c o e f f i c i e n t s f o r t h e 2+ and 
3+ s t a t e s , r e s p e c t i v e l y . The o v e r a l l e l e c t r o n - t r a n s f e r m a t r i x 
e l e m e n t , H^f = J $ i H $ f ( 1 - 1 7 ) . w h i c h c o u p l e s t h e i n i t i a l and 
f i n a l s t a t e s ( c o r r e s p o n d i n g t o t h e l e f t and r i g h t h a n d s i d e s o f 
E q u a t i o n 7 , r e s p e c t i v e l y ) , w i l l be a sum o f t h e v a r i o u s " 1 - e l e c t r o n 
p a t h w a y s " and w i l l v a r y q u a d r a t i c a l l y w i t h t h e s p i n - o r b i t 
c o e f f i c i e n t s . S i n c e K e ^ i s p r o p o r t i o n a l t o t h e s q u a r e o f H^f i f 
t h e d e g r e e o f a d i a b a t i c i t y i s n o t t o o g r e a t ( e . g . , v i a t h e 
L a n d a u - Z e n e r m o d e l ) ( .16), and s i n c e t h e s p i n - o r b i t c o e f f i c i e n t s v a r y 
i n v e r s e l y w i t h t h e h i g h - s p i n / l o w - s p i n e n e r g y s e p a r a t i o n s ( v i a 
f i r s t - o r d e r p e r t u r b a t i o n t h e o r y ) , we e x p e c t κ β ^ t o h a v e an i n v e r s e 
f o u r t h - o r d e r d e p e n d e n c e o n t h e e n e r g y s e p a r a t i o n s , t h u s u n d e r s c o r i n g 
t h e i m p o r t a n c e o f h a v i n g r e l i a b l e e s t i m a t e s f o r t h e s e q u a n t i t i e s . 
F u r t h e r m o r e , t h e s e e n e r g y s e p a r a t i o n s m u s t be known a t t h e t r a n s i t i o n 
s t a t e , w h e r e t h e i r m a g n i t u d e s may be s u b s t a n t i a l l y s m a l l e r t h a n f o r 
e q u i l i b r i u m g e o m e t r i e s ( U ) . T h i s s i t u a t i o n a r i s e s b e c a u s e l o w - s p i n 
s t a t e s become r e l a t i v e l y l e s s f a v o r a b l e a t l a r g e r C o - N b o n d l e n g t h s 
due t o r e d u c e d l i g a n d - f i e l d s t r e n g t h . 

T h e v e r t i c a l * A ^ g •+ ^ T j g e n e r g y f o r t h e 3+ c o m p l e x i s known 
f r o m e x p e r i m e n t ( 3 5 ) t o be ~ 1 3 , 7 0 0 c m " * . A v a r i e t y o f e s t i m a t e s 
f o r t h e a n a l o g o u s " ~ ^ T i g •+ 2 E g v e r t i c a l s e p a r a t i o n i n t h e 2+ 
c o m p l e x a r e a v a i l a b l e ( 1 1 . 1 7 . 3 6 ) . r a n g i n g f r o m t h e r e c e n t e s t i m a t e o f 
L a r s s o n e t a l . (~ 3 3 0 0 - 3 8 0 0 c m - * ) (1_1) t o an e a r l i e r e s t i m a t e o f 
9000 c m " 1 ( 1 7 ) . A c o n v e n t i o n a l l i g a n d - f i e l d m o d e l y i e l d s an e s t i m a t e 
o f 7000 c m ~ T ~ ( 3 6 ) . L a r s s o n e t a l . c a r r i e d o u t C I c a l c u l a t i o n s u s i n g 
a m o d i f i e d INDO m o d e l , and c o n c l u d e d t h a t t h e t r a n s i t i o n s t a t e 
a s s o c i a t e d w i t h t h e 2 E g / 1 A ^ g r e a c t a n t s may be no h i g h e r i n e n e r g y 
t h a n t h e ^ " T ^ g / ^ A ^ g t r a n s i t i o n s t a t e . 

I n t h e p r e s e n t w o r k , we e v a l u a t e t h e h i g h - s p i n / l o w - s p i n e n e r g y 
s e p a r a t i o n s f o r v a r i o u s C o - N b o n d l e n g t h s , u s i n g ab i n i t i o m o l e c u l a r 
o r b i t a l t h e o r y (RHF and U H F ) , i n c l u d i n g e l e c t r o n c o r r e l a t i o n v i a 
p e r t u r b a t i o n t h e o r y . T h e known e n e r g y s e p a r a t i o n f o r t h e 3+ c o m p l e x 
a t i t s e q u i l i b r i u m g e o m e t r y i s u s e d t o c a l i b r a t e and a d j u s t t h e raw 
c a l c u l a t e d r e s u l t s . 
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C o m p u t a t i o n a l D e t a i l s 

T h e ab i n i t i o c a l c u l a t i o n s w e r e c a r r i e d o u t a t t h e S C F and 
s e c o n d - o r d e r M ô l l e r - P l e s s e t l e v e l (MP2) (37, ) , u s i n g a v e r s i o n o f t h e 
G a u s s i a n 82 c o m p u t e r p r o g r a m ( 3 8 ) a d a p t e d f o r t h e H I T A C c o m p u t e r s a t 
t h e I n s t i t u t e f o r M o l e c u l a r S c i e n c e . F o r t h e Co a t o m s , a W a c h t e r s 
b a s i s (.39) ( 1 4 s , 9 p , and 5d p r i m i t i v e s ) was s u p p l e m e n t e d w i t h two 
a d d i t i o n a l p - G T O ' s ( c o n t r a c t e d a s a 2 - G T O l e a s t - s q u a r e s f i t t o an STO 
4p o r b i t a l w i t h o r b i t a l e x p o n e n t 1 .0 a Q 1 ) , an a d d i t i o n a l , d i f f u s e 3d 
GTO ( a f t e r H a y ) ( 4 0 ) , and a s i n g l e 4 f GTO ( w i t h GTO o r b i t a l e x p o n e n t 
2 . 5 8 a ^ 2 , b a s e d o n o p t i m i z a t i o n o f t h e C o 2 + and C o 3 + i o n s a t t h e MP2 
l e v e l , u s i n g UHF o r b i t a l s ) . T h e f u l l c o n t r a c t e d b a s i s f o r Co 
c o n s i s t s o f W a c h t e r s 1 o r i g i n a l ( 8 / 4 / 2 ) c o n t r a c t e d b a s i s ( c o n t r a c t i o n 
n o . 1 i n T a b l e V I o f R e f e r e n c e 3 9 , e x c e p t t h a t we e m p l o y e d a [ 4 / 1 ] 3d 
c o n t r a c t i o n i n s t e a d o f [ 3 / 2 ] ) , e x t e n d e d a s n o t e d a b o v e , t h u s y i e l d i n g 
a n ( 8 / 5 / 3 / 1 ) b a s i s . F o r t h e N H 3 l i g a n d s , t h e 4 - 3 1 G b a s i s ( 4 1 ) was 
e m p l o y e d . 

T h e p a r a m e t e r s o f t h e c o n t r a c t e d b a s i s d e s c r i b e d a b o v e f o r Co 
w e r e o p t i m i z e d d i r e c t l y f o r t h e C o 2 + and C o 3 + i o n s a t t h e S C F l e v e l , 
u s i n g t h e c o m p u t e r p r o g r a m o f H u z i n a g a , O b a r a , a n d T a t e w a k i ( 4 2 ) . 
T h e p a r a m e t e r s s o o b t a i n e d d i f f e r e d l i t t l e f r o m t h e o r i g i n a l 
p a r a m e t e r s . A c c o r d i n g l y , t h e l a t t e r p a r a m e t e r s w e r e e m p l o y e d i n a l l 
s u b s e q u e n t c a l c u l a t i o n s , e x c e p t f o r t h e o u t e r two Co s - f u n c t i o n s and 
t h e o u t e r p - f u n c t i o n , whose GTO e x p o n e n t s w e r e s c a l e d by 2 . 0 i n t h e 
C o ( N H 3 ) $ c a l c u l a t i o n s , b a s e d o n m i n i m i z a t i o n o f t h e S C F e n e r g y f o r 
t h e * A j g s t a t e . 

T h e a b o v e b a s i s s e t c o r r e s p o n d s t o a t o t a l o f 45 c o n t r a c t e d 
f u n c t i o n s f o r t h e Co a tom and 135 c o n t r a c t e d f u n c t i o n s f o r t h e 
C o ( N H 3 ) $ c o m p l e x e s . 

T h e C r a t o m c a l c u l a t i o n s r e p o r t e d i n t h e n e x t s e c t i o n e m p l o y e d a 
b a s i s a n a l o g o u s t o t h a t d e f i n e d f o r t h e Co a t o m , w i t h a 4 f e x p o n e n t 
o f 1 .14 a g 2 , b a s e d o n t h e r e s u l t s o f B o t c h e t a l . ( 2 6 ) . 

F o r t h e C o ( N H 3 ) ô 2 + / 3 + c o m p l e x e s , t h e C o - N b o n d l e n g t h s o f t h e 
* A g ( 3 + ) , ^ T j g ( 2 + ) , and 2 E g (2+) c o m p l e x e s w e r e o p t i m i z e d 
s u b j e c t t o t h e c o n s t r a i n t o f o c t a h e d r a l s y m m e t r y f o r t h e C0N5 
f r a m e w o r k . A l t h o u g h t h e C o ( N H 3 ) $ s t r u c t u r e s e m p l o y e d i n t h e 
c a l c u l a t i o n s c o r r e s p o n d s t r i c t l y t o D 3 ( j s y m m e t r y , t h e d e p a r t u r e 
f r o m o c t a h e d r a l s y m m e t r y i n d u c e d by t h e N H 3 p r o t o n s i s q u i t e s m a l l 
( s p l i t t i n g s i n t h e t 2 g l e v e l s x< 10"" 3 a u ) . A c c o r d i n g l y , o c t a h e d r a l 
n o t a t i o n i s u s e d , e v e n t h o u g h t h e a c t u a l c a l c u l a t i o n s r e f l e c t t h e 
s m a l l d e p a r t u r e s f r o m 0 n s y m m e t r y . F o r t h e t § g e g / ^ E g s t a t e , 
we a s c e r t a i n e d t h a t t h e c h o i c e s o f x 2 - y 2 o r z 2 f o r t h e 
s i n g l y - o c c u p i e d e g o r b i t a l y i e l d t o t a l e n e r g i e s w i t h i n 1 0 ~ 5 a u 
( c f . c a u t i o n s n o t e d i n R e f e r e n c e 43,) . R e p r e s e n t a t i o n o f t h e 
t ^ g e g / 3 T j g s t a t e a s a s i n g l e d e t e r m i n a n t r e q u i r e d t h e u s e o f an 
x y h o l e i n t h e t | g m a n i f o l d and an o x c u p i e d x 2 - y 2 e g o r b i t a l . A n 
x y h o l e was a l s o e m p l o y e d f o r t h e t 2 g e g / ^ T i g s t a t e . 

T h e MP2 c a l c u l a t i o n s w e r e i n t e n d e d t o p r o v i d e a n e s t i m a t e o f t h e 
d i f f e r e n t i a l c o r r e l a t i o n e n e r g y a s s o c i a t e d w i t h v a r i o u s v a l e n c e - s t a t e 
c o n f i g u r a t i o n s . A c c o r d i n g l y , t h e l s - 2 p ( C o ) and l s ( N ) c o r e s w e r e n o t 
" a c t i v e " i n t h e MP2 c a l c u l a t i o n s . E x t e n s i o n o f t h e Co c o r e t o 
i n c l u d e t h e 3 s / 3 p s h e l l was f o u n d t o y i e l d r e s u l t s s i m i l a r t o t h o s e 
b a s e d o n t h e l s - 2 p c o r e , and some o f t h e r e s u l t s r e p o r t e d b e l o w w e r e 
o b t a i n e d a t t h i s l e v e l . 
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C a l c u l a t i o n s f o r A t o m i c I o n s 

B e f o r e p r o c e e d i n g t o t h e C o ( N H 3 ) 5 2 + / 3 + c o m p l e x e s , we c o n s i d e r t h e 
e f f e c t o f i o n i c c h a r g e on e l e c t r o n c o r r e l a t i o n by e x a m i n i n g v a r i o u s 
a t o m i c s p e c i e s . We f i r s t c o m p a r e t h e 3 d ^ / ^ D e l e c t r o n i c s t a t e s i n t h e 
i s o e l e c t r o n i c C r ^ and C o 3 + s p e c i e s ( T a b l e I ) . The d ^ c o n f i g u r a t i o n 
i s o f i n t e r e s t s i n c e i t i s t h e n o m i n a l c o n f i g u r a t i o n o f t h e Co a tom 
i n t h e C o i N ^ ) ^ " 1 " c o m p l e x . Of c o u r s e , i n t h e l a t t e r c a s e one h a s a 
l o w - s p i n d ^ c o n f i g u r a t i o n i n t h e g r o u n d s t a t e . H o w e v e r , s o as t o 
a l l o w c o m p a r i s o n w i t h o t h e r c a l c u l a t i o n s , we c o n s i d e r t h e h i g h - s p i n 
5 D s t a t e s . B o t c h e t a l . ( 2 £ ) h a v e p r e v i o u s l y d e m o n s t r a t e d t h e 
i m p o r t a n c e o f d i f f u s e d - o r b i t a l s f o r r a d i a l c o r r e l a t i o n e n e r g y i n 
n e u t r a l f i r s t t r a n s i t i o n row e l e m e n t s i n c o n f i g u r a t i o n s o f t h e 
3 d n + 1 4 s and 3 d n + 2 t y p e , and t h e u t i l i t y o f MCSCF and 
m u l t i - r e f e r e n c e C I c a l c u l a t i o n s i n a c c o u n t i n g f o r t h e i r c o r r e l a t i o n 
e n e r g y . The t e n d e n c y t o p l a c e a t l e a s t one o f t h e C r ( d ^ ) e l e c t r o n s 
i n a d i f f u s e d - o r b i t a l i s m a n i f e s t e d i n t h e p r e s e n t c a l c u l a t i o n s i n 
t h e a p p r e c i a b l e d i f f e r e n c e i n t h e UHF and RHF e n e r g i e s , and i n t h e 
<S 2 > v a l u e o f 6 . 5 , w h i c h c o r r e s p o n d s r o u g h l y t o f i v e " t i g h t " 3d 
o r b i t a l s o f α s p i n and one o r b i t a l o f β s p i n w h i c h c a n be v i e w e d as 
a p p r o x i m a t e l y a 5 0 - 5 0 m i x t u r e o f a t i g h t 3d o r b i t a l ( s i m i l a r t o t h o s e 
f o r t h e α - s p i n e l e c t r o n s ) and an o r t h o g o n a l d o r b i t a l more d i f f u s e i n 
c h a r a c t e r . T h u s r e l a t i v e t o t h e RHF r e f e r e n c e , t h e UHF w a v e f u n c t i o n 
a l r e a d y c a p t u r e s n e a r l y 1 eV o f c o r r e l a t i o n e n e r g y . T h e M P - l e v e l i n 
t h e p r e s e n t s t u d y y i e l d s a c o r r e l a t i o n e n e r g y ( 3 . 4 e V ) s i m i l a r t o t h e 
v a l u e o f 3 . 7 eV o b t a i n e d i n t h e p r e v i o u s v a r i a t i o n a l s t u d y ( 2 6 ) » 
w h i c h e m p l o y e d a s i m i l a r b a s i s s e t . The f i n a l e n t r y f o r t h e C r a t o m 
i n T a b l e I o f f e r s an e s t i m a t e o f t h e l i m i t o f and d2 -> f 2 

c o r r e l a t i o n e n e r g y , b a s e d on v a r i a t i o n a l c a l c u l a t i o n s e m p l o y i n g v e r y 
l a r g e b a s i s s e t s and a n a t u r a l o r b i t a l e x p a n s i o n . I n a l l o f t h e s e 
s t u d i e s , a n g u l a r d 2 -» f 2 c o r r e l a t i o n i s f o u n d t o a c c o u n t f o r ~ 20% 
o f t h e t o t a l c a l c u l a t e d c o r r e l a t i o n e n e r g y . 

T u r n i n g t o t h e i s o e l e c t r o n i c Co3+ i o n , we f i n d i n d i c a t i o n s o f 
t h e r e d u c e d i m p o r t a n c e o f d i f f u s e d - o r b i t a l s and t h e a s s o c i a t e d 
r a d i a l d - e l e c t r o n c o r r e l a t i o n ( m a n i f e s t e d i n t h e s i m i l a r i t y o f UHF 
and RHF r e s u l t s ) . F u r t h e r m o r e , w h i l e t h e m a g n i t u d e o f t h e 
c o r r e l a t i o n e n e r g y i s s e e n t o d e c r e a s e w i t h i n c r e a s i n g ( p o s i t i v e ) 
a t o m i c c h a r g e ( f o r a g i v e n e l e c t r o n i c c o n f i g u r a t i o n ) , t h e a n g u l a r 
c o n t r i b u t i o n a s s o c i a t e d w i t h t h e f - o r b i t a l i s s e e n t o i n c r e a s e i n 
m a g n i t u d e . S i m i l a r b e h a v i o r h a s b e e n o b s e r v e d by J a n k o w s k i e t a l . 
( 3 3 ) i n t h e i r s t u d i e s o f t h e ( 3 d ) ^ i s o e l e c t r o n i c s e r i e s . 

A d d i t i o n a l c o m p a r i s o n s o f c a l c u l a t e d c o r r e l a t i o n e n e r g i e s a r e 
p r o v i d e d i n T a b l e I I . Once a g a i n , t h e i n c r e a s i n g i m p o r t a n c e ( b o t h 
a b s o l u t e and r e l a t i v e ) o f a n g u l a r c o r r e l a t i o n ( d 2 •+ f 2 ) w i t h 
i n c r e a s i n g p o s i t i v e c h a r g e , and t h e r e l a t i v e u n i m p o r t a n c e o f d i f f u s e 
d o r b i t a l s , a r e o b s e r v e d . The c a l c u l a t e d c o r r e l a t i o n e n e r g i e s do n o t 
d e p e n d s t r o n g l y o n t h e o r d e r o f t h e MP c a l c u l a t i o n (MP2 - M P 4 ) . 

T h e v a l e n c e s h e l l c o r r e l a t i o n e n e r g i e s i n T a b l e s I and I I w e r e 
b a s e d o n a f r o z e n l s - 3 p UHF c o r e . A d d i t i o n a l c a l c u l a t i o n s w i t h o n l y 
a I s o r l s - 2 p UHF c o r e i n d i c a t e t h a t c o r r e l a t i o n e n e r g y d i f f e r e n c e s 
f o r d i f f e r e n t d - e l e c t r o n i c c o n f i g u r a t i o n s c a n c h a n g e t y p i c a l l y by 
< 0 .1 eV when c o r r e l a t i o n o f t h e 3 s / 3 p s h e l l i s i n c l u d e d i n t h e MP 
m o d e l . W h i l e t h e s e c h a n g e s a r e r a t h e r s m a l l , t h e y c a n c o r r e s p o n d t o 
a p p r e c i a b l e r e l a t i v e c h a n g e s ( t y p i c a l l y 1 0 - 2 0 % ) . So a s t o e l i m i n a t e 
t h i s s o u r c e o f u n c e r t a i n t y , we h a v e e m p l o y e d a f r o z e n l s - 2 p c o r e f o r 
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27. NEWTON High- and Low-Spin Electronic States 383 

T a b l e I. V a l e n c e S h e l l C o r r e l a t i o n E n e r g y ( e V ) f o r t h e 

3 d 6 / 5 D S t a t e s o f C r and Co3+ a 

S p e c i e s C o r r e l a t e d / S C F B a s i s S e t a 

Wave / R e f e r e n c e ( 8 / 5 / 3 / 1 ) ( 8 / 5 / 3 ) 
F u n c t i o n 

Cr 
present results 

UMP3 

previous results m 7 + l + 2 

RHF+1+2 

Co3 + present results ^ 

XJMP3 

/ UHF 2 . 6 1 .9 
( < S 2 > = 6 . 5 ) C 

/ R H F 3 . 4 2 . 7 

/ R H F d 3 . 7 3 .1 
/ R H F 6 4 . 6 3 . 5 

/ UHF 2 . 0 0 . 9 
( < S 2 > = 6 . 0 ) C 

/ RHF 2 . 2 1.1 

a ) The c o r r e l a t i o n e n e r g y i s t h e e n e r g y o f t h e c o r r e l a t e d 
w a v e f u n c t i o n r e l a t i v e t o t h e e n e r g y o f t h e r e f e r e n c e S C F 
w a v e f u n c t i o n . I n t h e p r e s e n t w o r k , t h i s c o r r e s p o n d s t o t h e UMP3 
e n e r g y r e l a t i v e t o t h e UHF o r RHF e n e r g y . B o t h t h e s p i n and s p a t i a l 
c o n s t r a i n t s o f t h e RHF w a v e f u n c t i o n were r e l a x e d i n t h e UHF 
c a l c u l a t i o n s . The UMP3 r e s u l t s a r e s i m i l a r ( t o w i t h i n 0 . 2 e V ) t o 
t h o s e f r o m UMP2 and UMP4 ( s e e a l s o T a b l e I I ) . T h e MP c a l c u l a t i o n s 
e m p l o y e d a f r o z e n l s - 3 p c o r e . 

b ) F o r t h e p r e s e n t r e s u l t s , t h e b a s i s s e t s a r e a s d e f i n e d i n t h e 
p r e v i o u s s e c t i o n , e i t h e r w i t h o r w i t h o u t t h e 4 f f u n c t i o n ( s e e a l s o 
f o o t n o t e s d and e ) . 

c ) T h e e x p e c t a t i o n v a l u e s o f t h e o p e r a t o r a t t h e UHF l e v e l a r e t o 
be c o m p a r e d w i t h t h e e x a c t v a l u e o f 6 . 0 . 

d ) V a r i a t i o n a l s i n g l e s and d o u b l e s C I r e l a t i v e t o a RHF r e f e r e n c e 
( 2 6 ) , u s i n g a b a s i s s e t s i m i l a r t o t h a t u s e d i n t h e p r e s e n t w o r k . A 
m u l t i r e f e r e n c e s i n g l e s and d o u b l e C I , u s i n g c o n f i g u r a t i o n s o b t a i n e d 
f r o m a MCSFC c a l c u l a t i o n , and w i t h a 4 f v i r t u a l , y i e l d e d a 
c o r r e l a t i o n e n e r g y o f 4 . 2 eV ( r e l a t i v e t o t h e RHF e n e r g y ) . 

e ) C I c a l c u l a t i o n u s i n g a v e r y l a r g e a t o m i c o r b i t a l b a s i s s e t 
(M. S e k i y a , p r i v a t e c o m m u n i c a t i o n ) . 
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384 THE CHALLENGE OF d AND f ELECTRONS 

Co i n t h e Co(NH3>6 c a l c u l a t i o n s . The h i g h e s t f i v e u n o c c u p i e d 
o r b i t a l s were a l s o e x c l u d e d ( " v i r t u a l " l s - 2 p o r b i t a l s ) , a l o n g w i t h 
t h e Ν a t o m I s o r b i t a l s , f r o m t h e MP a c t i v e s p a c e . 

F r o m t h i s b r i e f c o n s i d e r a t i o n o f a t o m i c c o r r e l a t i o n e n e r g i e s , we 
c o n c l u d e t h a t f o r t h e p o s i t i v e l y c h a r g e d c o m p l e x e s o f i n t e r e s t h e r e , 
t h e s i n g l e - r e f e r e n c e MP2 l e v e l , w i t h a s p l i t d - l e v e l b a s i s , and a 
s i n g l e s e t o f 4 f p r i m i t i v e s , p r o v i d e s a s u i t a b l e e l e c t r o n i c s t r u c t u r e 
m o d e l . T h i s i s t o be c o n t r a s t e d w i t h some n o t a b l e c a s e s o f 
z e r o - v a l e n t g r o u n d s t a t e t r a n s i t i o n m e t a l s y s t e m s ( 2 6 - 3 2 ) t w h e r e t h e 
r e d u c e d C o u l o m b i c f i e l d f r o m t h e n u c l e u s and t h e f o r m a l o c c u p a t i o n o f 
t h e v a l e n c e s - l e v e l i n c r e a s e t h e i m p o r t a n c e o f i n c l u d i n g a 
m u l t i - c o n f i g u r a t i o n r e f e r e n c e s t a t e and more d i f f u s e d and f 
o r b i t a l s . E v e n t h o u g h i t d i d n o t a p p e a r t o be c r u c i a l , we i n c l u d e d 
t h e a d d i t i o n a l d i f f u s e Co d - o r b i t a l ( 40 ) i n t h e C o ( N H 3 ) $ 
c a l c u l a t i o n s . 

P r o p e r t i e s o f C o ( N H ^ ) ^ 2 + / 3 + C o m p l e x e s a t t h e S C F L e v e l 

A s a p a r t i a l m e a s u r e o f t h e q u a l i t y o f t h e S C F c a l c u l a t i o n s , we 
c o m p a r e i n T a b l e I I I c a l c u l a t e d and e x p e r i m e n t a l C o - N b o n d l e n g t h s 
f o r t h e * A i g and ^ T j g s p e c i e s , t h e g r o u n d e l e c t r o n i c s t a t e s f o r 
t h e 3+ and 2+ c o m p l e x e s , r e s p e c t i v e l y . I n a d d i t i o n , we h a v e o b t a i n e d 
t h e b o n d l e n g t h o f t h e o c t a h e d r a l l y - c o n s t r a i n e d 2 E (2+) c o m p l e x ( t h e 
e q u i l i b r i u m b o n d l e n g t h s d i s p r o p o r t i o n a t e a b o u t t h i s c e n t e r o f 
g r a v i t y , a s n o t e d i n t h e e a r l i e r w o r k o f L a r s s o n e t a l . ) ( 1_1 ) . A s 
e x p e c t e d ( 1 8 - 2 5 ) t t h e c a l c u l a t e d b o n d l e n g t h s a r e l o n g e r t h a n t h e 
e x p e r i m e n t a l v a l u e s . H o w e v e r , t h i s b i a s i s u n i f o r m ( 0 . 1 0 Â f o r e a c h 
s p e c i e s ) and r e l a t i v e l y m o d e s t when c o m p a r e d t o c a s e s o f m a j o r 
e x a g g e r a t i o n o b s e r v e d f o r some t r a n s i t i o n m e t a l c o m p l e x e s . P e r h a p s 
c o n s i s t e n t w i t h t h e p r e s e n t r e s u l t s f o r p o s i t i v e o x i d a t i o n s t a t e s , i t 
h a s b e e n n o t e d p r e v i o u s l y (2V) t h a t c a l c u l a t e d m e t a l - l i g a n d b o n d 
l e n g t h s f o r m e t a l l o c e n e p o s i t i v e i o n s a r e i n s i g n i f i c a n t l y b e t t e r 
a g r e e m e n t w i t h e x p e r i m e n t t h a n t h o s e f o r t h e n e u t r a l p a r e n t s . 

I n t h e c o n t e x t o f a c t i v a t e d c h a r g e - t r a n s f e r r e a c t i o n s , one o f 
t h e m o s t i m p o r t a n t q u a n t i t i e s i s t h e d i f f e r e n c e i n b o n d l e n g t h s o f 
t h e o x i d i z e d and r e d u c e d s p e c i e s ( .16), and we f i n d t h a t t h e 
c a l c u l a t i o n s g i v e t h e same v a l u e f o r t h i s q u a n t i t y ( 0 . 2 2 Â ) a s t h e 
e x p e r i m e n t a l d a t a . T h e " i n n e r - s h e l l " c o m p o n e n t o f t h e t r a n s i t i o n 
s t a t e g e o m e t r y f o r t h e e x c h a n g e r e a c t i o n i s d e f i n e d by t h a t CoN b o n d 
l e n g t h ( r t ) , common t o b o t h t h e o x i d i z e d and r e d u c e d r e a c t i o n 
p a r t n e r s , w h i c h m i n i m i z e s t h e t o t a l e n e r g y o f b o t h s p e c i e s ( .16). I f 
e a c h s p e c i e s h a d t h e same s y m m e t r i c b r e a t h i n g f o r c e c o n s t a n t , t h e n 
r t f o r t h e * A i g ( 3 + ) / ^ T i g (2+) s y s t e m w o u l d s i m p l y be t h e 
a r i t h m e t i c mean o f t h e two e q u i l i b r i u m C o - N d i s t a n c e s . S i n c e t h e 
f o r c e c o n s t a n t f o r t h e 3+ s p e c i e s i s a b o u t t w i c e t h a t f o r t h e 2+ 
s p e c i e s ( .14), we e s t i m a t e a v a l u e o f 2 . 1 5 Â f o r r t , b a s e d on t h e 
e q u i l i b r i u m S C F b o n d l e n g t h s ( t h e c o r r e s p o n d i n g e x p e r i m e n t a l v a l u e i s 
t h u s e s t i m a t e d t o be ~ 2 . 0 5 Â ) , w i t h t h e v a l u e o f t h e c a l c u l a t e d 
a c t i v a t i o n e n e r g y ~ 15 k c a l / m o l e ( S C F ) and ~ 16 k c a l / m o l e ( M P 2 ) . 
The e x p e r i m e n t a l i n n e r - s h e l l a c t i v a t i o n e n e r g y i s e s t i m a t e d t o be 
a b o u t 17 k c a l / m o l e ( 1 4 . 1 5 ) . T h u s a s i d e f r o m t h e u n i f o r m h o r i z o n t a l 
s h i f t o f 0 . 1 0 Â , t h e c a l c u l a t i o n s g i v e e n c o u r a g i n g a c c o u n t o f 
i m p o r t a n t f e a t u r e s o f t h e p o t e n t i a l e n e r g y s u r f a c e p e r t a i n i n g t o 
v a r i a t i o n s i n CoN b o n d l e n g t h . 
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27. NEWTON High-and Low-Spin Electronic States 385 

T a b l e I I . V a l e n c e S h e l l C o r r e l a t i o n E n e r g y f o r C o 2 + and C o 3 + I o n s 

I o n L e v e l a B a s i s 
( 8 / 5 / 3 / 1 ) ( 8 / 5 / 2 / 1 ) ( 8 / 5 / 3 ) 

C o 2 + ( 3 d 7 / 4 F ) 
MP 2 
MP 3 
M P 4 b 

3 . 2 4 
3 . 2 6 

3 . 2 6 - 3 . 3 5 

3 . 1 9 
3 . 2 2 

1 .86 
1 .84 

C o 3 + ( 3 d 6 / 5 D ) 
MP 2 
MP 3 
M P 4 b 

1.91 
2 .01 

2 . 0 1 - 2 . 0 4 

1 .90 
2 . 0 0 

0 . 8 3 
0 . 8 7 

a ) B a s e d on UHF o r b i t a l s . UHF s p i n c o n t a m i n a t i o n shows up o n l y i n 
t h e f o u r t h s i g n i f i c a n t f i g u r e o f t h e <S 2 > v a l u e s . T h e MP 
c a l c u l a t i o n s e m p l o y e d f r o z e n l s - 3 p UHF c o r e . 

b ) T h e r a n g e c o r r e s p o n d s t o p r e s e n c e o r a b s e n c e o f s i n g l e and t r i p l e 
e x c i t a t i o n s . 

T a b l e I I I . E q u i l i b r i u m C o - N B o n d L e n g t h s ( Â ) 

S p e c i e s P r e s e n t 
R e s u l t s * 5 

E x p e r i m e n t 0 A r d 

R e s u l t s o f 
L a r s s o n e t a l . e 

ab i n i t i o INDO 

N e < 3 + > 
4 T l g (2+) 
2 E g (2+) 

2 . 0 7 
2 . 2 9 
2 . 2 3 

1 . 9 7 f 

2 . 1 9 8 
[ 2 . 1 3 ] h 

0 . 1 0 
0 . 1 0 

[ 0 . 1 0 ] h 

2 . 0 3 2 . 0 2 
2 . 2 7 2 . 1 4 
2 . 2 0 2 . 0 9 

a ) B a s e d on an o c t a h e d r a l C0N5 f r a m e w o r k . 
b ) RHF o r U H F . 
c ) T a k e n f r o m c r y s t a l and a q u e o u s s o l u t i o n d i f f r a c t i o n d a t a . 
d ) C a l c u l a t e d m i n u s e x p e r i m e n t a l v a l u e . 
e ) R e f e r e n c e 1 1 . 
f ) R e f e r e n c e s 14 and 4 5 . 
g ) R e f e r e n c e s 14 and 4 4 . 
h ) E s t i m a t e b a s e d on t h e a s s u m p t i o n t h a t t h e same A r v a l u e a p p l i e s t o 
a l l t h r e e s p e c i e s . 
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386 T H E C H A L L E N G E O F d A N D f E L E C T R O N S 

E n e r g y S p l i t t i n g s o f t h e C o ( N H 3 ) ^ 2 + ^ 3 + C o m p l e x e s a t t h e MP2 L e v e l 

The s a l i e n t r e s u l t s o f t h e MP2 c a l c u l a t i o n s a r e d i s p l a y e d i n 
T a b l e I V . The r e s u l t s o f p r i m a r y i n t e r e s t a r e t h e c o r r e c t e d MP2 
s t a t e s e p a r a t i o n s . S i n c e t h e l o w - s p i n t o h i g h - s p i n t r a n s i t i o n f o r 
e a c h c h a r g e s t a t e c o r r e s p o n d s t o a t2g eg p r o c e s s i n w h i c h a 
t | g p a i r i s b r o k e n , i t seems r e a s o n a b l e t o c o r r e c t t h e c a l c u l a t e d 
(MP2) t r a n s i t i o n e n e r g y f o r e a c h p r o c e s s by t h e same c o n s t a n t t e r m — 
n a m e l y , t h a t w h i c h b r i n g s t h e * A ^ g •+ 3 T ^ g e n e r g y s e p a r a t i o n a t 
t h e c a l c u l a t e d * A ^ g C o - N b o n d l e n g t h ( 2 . 2 9 Â ) i n t o c o i n c i d e n c e w i t h 
t h e known v e r t i c a l t r a n s i t i o n e n e r g y f o r t h e 3+ c o m p l e x ( 1 3 , 7 0 0 cm"" 1) 
( 3 5 ) . A c c o r d i n g l y , t h e raw MP2 s p l i t t i n g f o r t h e v e r t i c a l 
^ l g •* ^ T l g e x c i t a t i o n h a s b e e n i n c r e a s e d by 6000 c m - 1 , and t h e 
^ T l g "* ^ E g e x c i t a t i o n e n e r g y h a s b e e n d e c r e a s e d by t h e same 
a m o u n t . A s i m i l a r p r o c e d u r e was a d o p t e d i n R e f e r e n c e 1 1 . 

C o n v e n i e n t e x p r e s s i o n s f o r e s t i m a t i n g t h e 3+ and 2+ 
h i g h - s p i n / l o w - s p i n s p l i t t i n g s o v e r a r a n g e o f C o - N b o n d l e n g t h s a r e 
p r o v i d e d by l i n e a r i n t e r p o l a t i o n o f r e s u l t s o b t a i n e d f o r 2 . 1 5 Â and 
2 . 0 5 Â , and 2 . 1 5 Â and 2 . 2 5 Â , r e s p e c t i v e l y . T h i s l i n e a r p r o c e d u r e 
i s e x a c t t o t h e e x t e n t t h a t t h e v a r i a t i o n o f e n e r g y w i t h C o - N b o n d 
l e n g t h i s h a r m o n i c ( w i t h a common f o r c e c o n s t a n t ) f o r e a c h s p i n 
s t a t e , d i f f e r i n g o n l y i n t h e m a g n i t u d e o f t h e e q u i l i b r i u m b o n d 
l e n g t h . I n f a c t , t h e f o r c e c o n s t a n t f o r t h e s t a t e o f h i g h e r s p i n i s 
e x p e c t e d t o be somewhat s m a l l e r t h a n t h a t f o r t h e l o w e r s p i n s t a t e , 
due t o a h i g h e r p o p u l a t i o n o f a n t i - b o n d i n g ( e g ) e l e c t r o n s . 
N e v e r t h e l e s s , t h e l i n e a r e x p r e s s i o n s h o u l d p r o v i d e u s e f u l e s t i m a t e s 
o f s t a t e s e p a r a t i o n s . F o r p u r p o s e s o f e s t i m a t i n g t h e e l e c t r o n i c 
t r a n s m i s s i o n f a c t o r , Ke^, d e a l t w i t h i n more d e t a i l i n t h e n e x t 
s e c t i o n , t h e s p l i t t i n g s a t r t (~ 2 . 1 5 Â ) a r e o f g r e a t e s t 
i n t e r e s t . A s i n R e f e r e n c e 11 (where t h e 2 E s t a t e was e s t i m a t e d t o 
l i e s l i g h t l y b e l o w t h e 4 T j ^ g s t a t e a t r t ) , we f i n d t h e two s p i n 
s t a t e s f o r t h e 2+ c o m p l e x e s a t r t t o be v e r y c l o s e i n e n e r g y 
( Δ Ε 2 + = 2200 c m " 1 ) . The c o r r e s p o n d i n g c a l c u l a t e d s t a t e s p l i t t i n g a t 
t h e 4 T j [ g e q u i l i b r i u m g e o m e t r y i s a p p r e c i a b l y l a r g e r ( b y 
~ 4200 c m " * ) t h a n t h a t f o u n d a t r t , a l t h o u g h s t i l l w e l l b e l o w t h e 
e a r l i e r e s t i m a t e o f 9000 c m " ^ ( 1 7 ) . 

A l l MP2 r e s u l t s i n T a b l e IV i n c l u d e t h e Co 3 s / 3 p s h e l l i n t h e 
a c t i v e s p a c e . F r e e z i n g t h i s s h e l l as p a r t o f t h e UHF c o r e i n c r e a s e s 
t h e 4 T i g / 2 E g s p l i t t i n g by 990 c m " 1 and r e d u c e s t h e ^ A i g / ^ T j g 
s p l i t t i n g by 510 c m - 1 a t r c 0 j j = 2 . 1 5 Â . W h i l e e x c i t a t i o n s t o t h e 
4 f v i r t u a l s p a c e i n c r e a s e t h e m a g n i t u d e o f b o t h t h e 4 T ^ g and 2 E g 
c o r r e l a t i o n e n e r g i e s by ~ 0 . 0 6 a u , t h e e f f e c t on t h e 4 T j g / 2 E g 
s p l i t t i n g i s much s m a l l e r ( e . g . , a n e t r e d u c t i o n o f o n l y 440 c n T * a t 
r C o - N = 2 . 2 5 Â ) . 

The s t a t e s p l i t t i n g s d i s c u s s e d a b o v e f o r r t a r e b a s e d on 
i n d i v i d u a l r e a c t a n t s w h i c h , a s i d e f r o m t h e b o n d l e n g t h c o n s t r a i n t 
( r t ) , a r e o t h e r w i s e n o n - i n t e r a c t i n g . I f we now c o n s i d e r t h e f u l l 
i n i t i a l and f i n a l s t a t e s a s s o c i a t e d w i t h t h e e x c h a n g e r e a c t i o n 
( E q u a t i o n s 2 - 7 ) , we n o t e t h a t t h e r e l a t i v e e n e r g i e s o f h i g h - s p i n and 
l o w - s p i n s t a t e s i n t h e b i m o l e c u l a r t r a n s i t i o n - s t a t e c o m p l e x may be 
a f f e c t e d by d i f f e r e n c e s i n i n i t i a l and f i n a l s t a t e c o u p l i n g , as 
r e p r e s e n t e d by t h e e l e c t r o n - t r a n s f e r m a t r i x e l e m e n t , H ^ f , d i s c u s s e d 
i n t h e i n t r o d u c t i o n . W h i l e H^f f o r t h e " t h r e e - e l e c t r o n " 
l A l g / ^ T l g e x c h a n g e ( E q u a t i o n 3) i s e x p e c t e d t o be q u i t e s m a l l , as 
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27. NEWTON High-and Low-Spin Electronic States 387 

T a b l e I V . H i g h - S p i n / L o w - S p i n E n e r g y S e p a r a t i o n s ( 1 0 3 cm"" 1 ) 

f o r C o ( N H 3 ) 6

2 + / 3 + C o m p l e x e s 

Δ Ε 3 + Ξ E ( 3 T l g ) - E ( l A i g ) 

Δ Ε 2 + Ξ E ( 2 E g ) - E ( 4 T l g ) 

A ) R e s u l t s a t r t 

Δ Ε 3 + ( 2 . 1 5 Â ) = 1 0 . 0 ( c o r r e c t e d MP2 r e s u l t ) a 

r 4 . 0 ( u n c o r r e c t e d MP2 r e s u l t ) < » D 

2 . 4 ( S C F r e s u l t ) j 

Δ Ε 2 + ( 2 . 1 5 Â ) = 2 . 2 ( c o r r e c t e d MP2 r e s u l t ) 3 

r 8 .1 ( u n c o r r e c t e d MP2 r e s u l t ) ^ 
^ 1 3 . 8 ( S C F r e s u l t ) J 

B) D e p e n d e n c e on C o - N B o n d L e n g t h 0 

A I i 3 + < rC0N> " 1 0 9 · 3 " 4 6 , 2 "CON 

A E 2 + ( r C o N > " - 6 1 · 6 + 2 9 · 7 r C o N 

C ) R e s u l t s a t E q u i l i b r i u m ^ 

Δ Ε 3 + ( 2 . 0 7 Â ) = 1 3 . 7 ( p r e s e n t r e s u l t s ) 

Δ Ε 2 + ( 2 . 2 9 Â ) = 6 . 4 ( p r e s e n t r e s u l t s ) 
3 . 3 - 4 . 7 ( I N D 0 ) e 

a) Δ Ε 2 + i s s h i f t e d downward by t h e same amount (5900 cm"" 1 ) n e e d e d t o 
s h i f t t h e ^ T i g - ^ ^ g v a l u e ( Δ Ε 3 + ) u p w a r d s o a s t o m a t c h t h e 
e x p e r i m e n t a l s e p a r a t i o n ( 1 3 , 7 0 0 c m " 1 ) a t t h e c a l c u l a t e d ^ i g 
e q u i l i b r i u m CoN b o n d l e n g t h ( 2 . 0 7 Â ) , as d e s c r i b e d i n t h e t e x t . 

b ) T h e t o t a l S C F and u n c o r r e c t e d MP2 ( l s - 3 p c o r e ) e n e r g i e s a r e , 
r e s p e c t i v e l y ( r e l a t i v e t o - 1 7 1 7 a u ) . - 0 . 0 6 8 3 4 6 , - 1 . 2 5 9 4 2 8 
( X A l g ( 3 + ) ) ; - 0 . 0 7 9 1 8 1 , - 1 . 2 4 1 1 9 3 ( ^ T l g ( 3 + ) ) ; - 0 . 7 0 7 0 7 1 , 
- 1 . 8 4 0 1 5 7 ( 4 T l g ( 2 + ) ) ; and - 0 . 6 4 4 1 7 9 , - 1 . 8 0 3 2 6 5 ( 2 E g ( 2 + ) ) . 

c ) L i n e a r i n t e r p o l a t i o n o f r e s u l t s b a s e d o n 2 . 1 5 Â and e i t h e r 
2 . 0 5 Â (3+) o r 2 . 2 5 Â ( 2 + ) . 

d ) B a s e d on c a l c u l a t e d ( S C F ) e q u i l i b r i u m r £ 0 j j v a l u e s . The MP2 
s p l i t t i n g s h a v e b e e n c o r r e c t e d ( s e e f o o t n o t e a and t h e t e x t ) . 

e ) R e f e r e n c e 1 1 . 
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388 THE CHALLENGE OF d AND f ELECTRONS 

n o t e d a b o v e , t h e c o u p l i n g f o r t h e " 1 - e l e c t r o n " * A i g / 2 E g p r o c e s s 
( E q u a t i o n 4 ) may be a s h i g h a s - 1000 c m " " 1 , d e p e n d i n g o n t h e 
o r i e n t a t i o n o f r e a c t a n t s i n t h e t r a n s i t i o n s t a t e ( 6 . 7 . 1 1 ) . We r e c a l l 
( 1 6 ) t h a t t h e z e r o t h - o r d e r a c t i v a t i o n e n e r g y a s s o c i a t e d w i t h t h e 
c r o s s i n g o f t h e d i a b a t i c i n i t i a l and f i n a l s t a t e s w i l l be r e d u c e d by 

l H i f l when t h e 2 - s t a t e s e c u l a r e q u a t i o n i s s o l v e d ( i . e . , t h e 
c r o s s i n g i s a v o i d e d ) . The maximum b a r r i e r r e d u c t i o n o f - 1000 c m " 1 

c o r r e s p o n d s t o a n a p e x - t o - a p e x c o n f i g u r a t i o n i n w h i c h t h e two 
r e a c t a n t s a t t a i n c o n t a c t a l o n g a common 4 - f o l d a x i s o f t h e i r 
o c t a h e d r a l f r a m e w o r k s (2). V a r i o u s s e m i e m p i r i c a l m e t h o d s h a v e 
p r o v i d e d e s t i m a t e s o f t h e s m a l l e r H^f m a g n i t u d e s f o r o t h e r 
o r i e n t a t i o n s ( 7 . 1 1 ) . s u g g e s t i n g t h a t t h e rms v a l u e o f H^f i s 
- 25% o f t h e a p e x - t o - a p e x v a l u e (2), a s s u m i n g e q u a l w e i g h t f o r e a c h 
o r i e n t a t i o n . W h i l e an a c c u r a t e d e t e r m i n a t i o n o f t h e r e l e v a n t 
d i s t r i b u t i o n o f o r i e n t a t i o n s i n t h e e n c o u n t e r c o m p l e x w o u l d r e q u i r e 
d e t a i l e d c o m p u t e r s i m u l a t i o n s , i t i s n e v e r t h e l e s s c l e a r t h a t 
s u p p r e s s i o n o f t h e 1 A ^ g / 2 E g b a r r i e r due t o | H ^ f | , a s w e l l a s a n 
e x p e c t e d J a h n - T e l l e r r e l a x a t i o n e n e r g y (II), may p o s s i b l y p l a c e t h e 
e n e r g y o f t h e ^ A i g / ^ E g c o u p l e somewhat b e l o w t h a t o f 
^ i g / ^ T i g c o u p l e a t t h e * A i g / 4 T i g t r a n s i t i o n s t a t e 
( r * ~ 2 . 1 5 Â ) , i n s p i t e o f t h e f a c t t h a t t h e e n e r g e t i c s o f t h e 
" n o n - i n t e r a c t i n g " r e a c t a n t s f a v o r s t h e * A i g / 4 T i g c o u p l e . F u r t h e r 
c a l c u l a t i o n s ( c u r r e n t l y u n d e r w a y ) a r e r e q u i r e d t o a s c e r t a i n i f t h e 
1 A ^ g / 2 E g a c t i v a t i o n e n e r g y ( b a s e d on t h e a p p r o p r i a t e r t v a l u e ) 
i s l e s s t h a n t h e 1 A x g / 4 T g v a l u e o f - 16 k c a l / m o l e ( s e e p r e v i o u s 
s e c t i o n ) . I n t h e m e a n t i m e , we p r o c e e d i n t h e n e x t s e c t i o n t o 
e v a l u a t e Kep, a t t h e ^ A j g / ^ T i g t r a n s i t i o n s t a t e . 

E l e c t r o n i c T r a n s m i s s i o n F a c t o r ( κ ^ ) 

F o r c a s e s o f e l e c t r o n t r a n s f e r b e t w e e n r e l a t i v e l y w e a k l y c o u p l e d 
r e a c t a n t s , t h e 2 - s t a t e L a n d a u - Z e n e r m o d e l l e a d s t o t h e f o l l o w i n g 
e x p r e s s i o n f o r t h e e l e c t r o n i c t r a n s m i s s i o n f a c t o r , Kep, ( a s i n 
E q u a t i o n 1 ) : 

K efc * 2 H i f

2 ( ^ / E K R T ) 1 / 2 / h v n ( 8 ) 

w h e r e E ^ i s t h e t o t a l r e o r g a n i z a t i o n e n e r g y and v n i s t h e 
e f f e c t i v e h a r m o n i c f r e q u e n c y a s s o c i a t e d w i t h t h e i n i t i a l o r f i n a l 
s t a t e s y s t e m ( 1 5 . 1 6 ) ( t h e e x p a n s i o n o f e x p o n e n t i a l f a c t o r s i m p l i c i t 
i n E q u a t i o n 8 i s a c c u r a t e t o b e t t e r t h a n - 10% when K e^ i s l e s s 
t h a n - 0 . 2 ) . F o r t h e C o ( N H 3 ) é 2 + / 3 + e x c h a n g e r e a c t i o n we t a k e 
v n « 409 c m " 1 and E\ - E^n + E o u t - 9 7 . 7 k c a l / m o l ( f o r 
e x c h a n g e r e a c t i o n s , E ^ ~ 4 E t ; t o i n c l u d e a s m a l l e f f e c t f r o m 
t u n n e l l i n g , 9 7 . 7 k c a l / m o l s h o u l d be r e p l a c e d by 8 7 . 6 k c a l / m o l when 
e v a l u a t i n g E ^ i n E q u a t i o n 8) ( 6 . 1 5 ) . T o c o m p l e t e t h e e v a l u a t i o n o f 
Keg, a t room t e m p e r a t u r e we m u s t e v a l u a t e H^f f o r t h e p r o c e s s 
s c h e m a t i c a l l y r e p r e s e n t e d by E q u a t i o n 7 . F o l l o w i n g B u h k s e t a l . 
( i Z ) » w e e x p r e s s c and c * a s , 

c - - ( J f 4 T l H g Q * 2 E ) / A E 2 + ( r t ) ( 9 ) 

C - - ( J * * 3 τ H * l A ) / A E 3 + ( r t ) ( 1 0 ) 
l l g SO A l g 
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I n t h e 0^ d o u b l e g r o u p ( 4 6 ) , s p i n o r b i t c o u p l i n g v i a H s o 

m i x e s t h e t o t a l l y s y m m e t r i c c o m p o n e n t o f ^ T j g w i t h * A | g . The 
4 T i g s t a t e y i e l d s two d i f f e r e n t f o u r - f o l d d e g e n e r a t e Γ3 s t a t e s 
w h i c h m i x w i t h 2 E g , and a c c o r d i n g l y , E q u a t i o n 9 y i e l d s two d i s t i n c t 
c o e f f i c i e n t s , d e n o t e d c ^ and c2. A t t h e l e v e l o f f i r s t - o r d e r 
p e r t u r b a t i o n t h e o r y , t h e s e two s t a t e s l i e a t ξ 2 + / 2 and 4 ξ 2 + / 3 w i t h 
r e s p e c t t o t h e Γ $ g r o u n d s t a t e , w h e r e ξ 2 + i s t h e e f f e c t i v e s p i n - o r b i t 
c o u p l i n g i n t e g r a l f o r t h e C o 2 + 3d o r b i t a l ( 1 7 ) . 

B e c a u s e two l o w - l y i n g Γ3 l e v e l s a r e a v a i l a b l e f o r t h e C o ( N H 3 ) ^ 2 + 

s p e c i e s i n b o t h t h e i n i t i a l and f i n a l s t a t e s o f t h e r e a c t i o n , t h e 
u s u a l 2 - s t a t e r a t e c o n s t a n t m o d e l f o r a c t i v a t e d e l e c t r o n t r a n s f e r 
( i . e . , one i n i t i a l and one f i n a l s t a t e ) m u s t be g e n e r a l i z e d a s 
f o l l o w s : 

, a c t 
e t 

2 

Σ 
j , k - l 

Y J k i k ( 1 1 ) 

w h e r e t h e n o r m a l i z e d B o l t z m a n n f a c t o r y j i s g i v e n by 

3 
y - g . e x p - ( β Ε ) / ( J g β χ ρ ( - β Ε ) ( 1 2 ) 

J k « 0 K K 

I n E q u a t i o n 1 2 , Epir^) - 0 , and E$(Tj) « £2^3) s i n c e t h e 
d o u b l y - d e g e n e r a t e Γ7 s t a t e i s a c c i d e n t a l l y d e g e n e r a t e w i t h t h e s e c o n d 
Γ3 s t a t e ( t h r o u g h f i r s t o r d e r i n s p i n - o r b i t c o u p l i n g ) . The g j a r e 
t h e d e g e n e r a c y f a c t o r s (2 o r 4 ) , and β Ξ ^ β Τ ) " 1 . 

C o n s i s t e n t w i t h t h e f o r m o f E q u a t i o n 1, we f i n d i t c o n v e n i e n t t o 
r e e x p r e s s E q u a t i o n 11 as f o l l o w s : 

k a ^ - 7 ν Γ β χ ρ ( - β Ι * ) ( 1 3 ) 
e t el l η n r 

w h e r e v n , Tn, and E t = E ^ / 4 a r e t a k e n t o be common t o a l l 
f o u r " p a t h s " i n v o l v e d i n E q u a t i o n 1 1 , and w h e r e ( u s i n g E q u a t i o n 8 ) , 

κ 
2 2 

e i « Σ Υ, κ « 2[ Σ Υ Λ Η | ϊ ) 2 ] ( π 3 / Ι K R T ) 1 / 2 / h v ( 1 4 ) 
e f i f j - i J l j j f k - i J l f x n 

We h a v e e v a l u a t e d t h e t r a n s f e r i n t e g r a l s , H^f ( w h e r e t h e j , k d e n o t e 
t h e f o u r p o s s i b l e c o m b i n a t i o n s o f i n i t i a l and f i n a l Γ3 s t a t e s o f t h e 
C o ( N H 3 ) 5 2 + c o m p l e x ) a s s u m i n g an e f f e c t i v e 1 - e l e c t r o n H a m i l t o n i a n , h , 
w i t h r e l e v a n t r j (3+) and Γ3 (2+) s t a t e s r e p r e s e n t e d by a p p r o p r i a t e 
m u l t i - 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 s , and w i t h t h e c o e f f i c i e n t s c ^ , c2, 
and c ' e v a l u a t e d u s i n g ξ 2 + » 515 c m - i , ξ 3 + - 600 cm"" 1 ( t h e same 
v a l u e s e m p l o y e d i n R e f e r e n c e 1_7). T h e v a l u e s f o r A E 2 + ( r t ) and 
A E 3 + ( r t ) a r e t a k e n f r o m T a b l e IV (2200 c m " 1 and 1 0 , 0 0 0 c m " 1 , 
r e s p e c t i v e l y ) . T h e n u m e r a t o r s i n E q u a t i o n s 9 and 10 h a v e m a g n i t u d e s 
1 / 5 1 / 2 ( C J L ) , 3 / 5 1 ' 2 ( c 2 ) , and 6 1 ' 2 ( c » ) i n u n i t s o f ξ . 

F o r s i m p l i c i t y , we c o n s t r u c t t h e m a n y - e l e c t r o n w a v e f u n c t i o n s 
u s i n g a o n e - e l e c t r o n b a s i s o f 3d s p i n - o r b i t a l s o n e a c h Co s i t e . 
A l t h o u g h t h e s e m o d e l w a v e f u n c t i o n s n o m i n a l l y c o n t a i n o n l y t h e 
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t h i r t e e n e l e c t r o n s o f p r e d o m i n a n t l y 3 d - c h a r a c t e r ( i . e . , t h e d ^ / d ^ and 
d 6 / d 7 c o n f i g u r a t i o n s c o r r e s p o n d i n g , r e s p e c t i v e l y , t o t h e i n i t i a l and 
f i n a l s t a t e s ) , w i t h t h e l i g a n d e l e c t r o n s c o n f i n e d t o a r i g i d c o r e , 
t h e i n f l u e n c e o f t h e m e t a l - l i g a n d m i x i n g i s i m p l i c i t l y c o n t a i n e d i n 
t h e v a r i o u s c o e f f i c i e n t s and e n e r g y p a r a m e t e r s d e f i n e d a b o v e , and 
a l s o i n t h e e f f e c t i v e 1 - e l e c t r o n t r a n s f e r i n t e g r a l s d e f i n e d b e l o w . 

The f o r e g o i n g m o d e l i s somewhat a n a l o g o u s t o t h a t e m p l o y e d i n 
R e f e r e n c e L 7 , b u t d i f f e r s c o n s i d e r a b l y i n t h e d e t a i l e d s p e c i f i c a t i o n 
o f t h e w a v e f u n c t i o n s and e v a l u a t i o n o f t h e H^f i n t e g r a l s . 

The r e s u l t s o f t h e c a l c u l a t i o n s d e p e n d on t h e r e l a t i v e 
o r i e n t a t i o n a s s u m e d f o r t h e r e a c t i n g s p e c i e s i n t h e t r a n s i t i o n s t a t e 
e n c o u n t e r c o m p l e x . T o i l l u s t r a t e t h e m e t h o d , we h a v e a d o p t e d t h e 
a p e x - t o - a p e x c o n f i g u r a t i o n , w h i c h h a s b e e n f o u n d t o be e s p e c i a l l y 
f a v o r a b l e f o r t r a n s f e r o f an e g e l e c t r o n ( 6 , 7 , 1 1 ) . I n t h i s 
e n c o u n t e r g e o m e t r y , t h e i n n e r - s h e l l r e a c t a n t c o m p l e x e s a c h i e v e 
c o n t a c t a l o n g a common 4 - f o l d a x i s . T a k i n g t h i s 4 - f o l d a x i s t o be 
t h e z - a x i s , we assume t h a t t h e e f f e c t i v e 1 - e l e c t r o n H a m i l t o n i a n 
m a t r i x e l e m e n t b e t w e e n 3d 2 ~ t y P e o r b i t a l s on t h e two Co a t o m s , 
n3d 2 3 d z 2 » * s t l i e s a m e f ° r e a c h o f t h e f o u r p o s s i b l e 1 - e l e c t r o n 
" p a t h w a y s " ( s e e E q u a t i o n s 3 - 6 ) . We a s s i g n a v a l u e o f 1000 c m " 1 t o 
t h i s m a t r i x e l e m e n t , b a s e d o n p r e v i o u s c a l c u l a t i o n s ( 6 , 7 ) , and 
n e g l e c t a l l o t h e r 2 - c e n t e r o f f - d i a g o n a l m a t r i x e l e m e n t s o f h , a s w e l l 
as a l l o f f - d i a g o n a l o v e r l a p e l e m e n t s . We f i n a l l y o b t a i n f o r t h e 
b r a c k e t e d q u a n t i t y i n E q u a t i o n 14 , 

[ . j = i V j K Ï ) 2 ] = (0.030 h 3 d z 2 3 d 2 2 ) 2 ( 1 5 ) 

E q u a t i o n 14 i n t u r n y i e l d s 

κ ft - 1 .0 χ 1 0 " 2 ( 16 ) ev, 

T h i s r e s u l t s u g g e s t s t h a t a t l e a s t t o t h e e x t e n t t h a t t h e 
a p e x - t o - a p e x o r i e n t a t i o n i s i m p o r t a n t i n t h e o v e r a l l k i n e t i c s , t h e 
s p i n - o r b i t c o u p l i n g m e c h a n i s m i s c a p a b l e o f y i e l d i n g a r a t e c o n s t a n t 
c h a r a c t e r i z e d by o n l y a m o d e r a t e d e g r e e o f n o n - a d i a b a t i c c h a r a c t e r , 
c o n s i s t e n t w i t h t h e m o s t r e c e n t k i n e t i c d a t a (34 ) and i n c o n t r a s t t o 
p r e v i o u s e s t i m a t e s w h i c h s u g g e s t e d a s i g n i f i c a n t l y g r e a t e r d e g r e e o f 
n o n - a d i a b a t i c i t y ( t y p i c a l l y , K e ^ < 1 0 " ^ ) . W h i l e t h e 10"" 2 v a l u e 
c a l c u l a t e d f o r t h e a p e x - t o - a p e x o r i e n t a t i o n s h o u l d be c o n s i d e r e d a s 
an u p p e r l i m i t , t h e mean v a l u e b a s e d on o r i e n t â t i o n a l a v e r a g i n g i s 
l i k e l y t o be w i t h i n an o r d e r o f m a g n i t u d e o f t h i s v a l u e , a t o p i c 
w h i c h w i l l be d e a l t w i t h i n g r e a t e r d e t a i l i n f u t u r e s t u d i e s . 

T h e p o s s i b l e r o l e o f an a l t e r n a t i v e m e c h a n i s m i n v o l v i n g 
p a r t i c i p a t i o n o f t h e t h e r m a l l y e x c i t e d C o ( N H 3 ) 0

2 + s t a t e o f 
p r e d o m i n a n t l y l o w s p i n c h a r a c t e r ( ^ E g ) i s c u r r e n t l y u n d e r 
i n v e s t i g a t i o n and w i l l be t h e s u b j e c t o f a f u t u r e p u b l i c a t i o n . 

A c k n o w l e d g m e n t s 

M o s t o f t h e w o r k r e p o r t e d h e r e i n was c o m p l e t e d w h i l e t h e a u t h o r was 
on s a b b a t i c a l l e a v e a t t h e I n s t i t u t e f o r M o l e c u l a r S c i e n c e as a 
V i s i t i n g S c i e n t i s t ( 1 1 / 8 7 - 3 / 8 8 ) . The a u t h o r i s v e r y g r a t e f u l t o 
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394 THE CHALLENGE OF d AND f ELECTRONS 

Subject Index 

A 

Ab initio calculations of electronic structure 
advantages and disadvantages, 6 
applications, 3,5 
basis set, 5—6 
classes, 3,4/3 
model core potential techniques, 7 
role in chemistry, 7-8 
technical choices, 5 
transition metal complexes, 6 

Ab initio configuration interaction methods, 
examples, 106 

Ab initio electronic structure techniques, 
transition metal dihydrogen 
chemistry, 92-104 

Ab initio pseudopotential method of Durand 
basis set, 107 
basis set superposition errors, 107 
comparison to other methods, 108 
competing effects for H 2 activation by 

copper, 118,12Qf 
configuration analysis, 107-108 
convergence criterion, 107 
H2 activation by copper, 116 
interactions of excited platinum atom 

states, 113,114-115/ 
limitation, 107 
nitrogen matrix hindrance of H 2 activation 

by copper, 119,120-121/ 
palladium-ethylene interaction, 108,105̂ ,110 
photoexcited copper activation of 

Hj, 116,117/,118 
use of CIPSI algorithm, 107 

Ab initio theory of bonding, transition 
metal complexes, 153-163 

Actinide(s) 
electron correlation, 2 
electronic structure calculation, 7 

Actinide compounds, relativistic corrections 
to bond energies, 335*337 

Agostic hydrogen 
definition, 18 
distortion of geometry, 18 
flattening of methyl hydrogens, 18 

Alkali chemisorption on nickel surfaces 
background, 191 
energy, 191,192i,193/ 
geometry, 192,194-195/,196 
Mulliken populations, 194-195/,196 
properties of clusters, 191,192/ 
structure of clusters, 188/* 

Alkali electron affinities, calculation 
using effective potential quantum Monte 
Carlo simulations, 312/ 

α density, definition, 55 
Antibonding orbitals, definition, 54 
Atomic chemisorption, cluster 

requirements, 130,131̂ ,132 
Atomic correlation problems for transition 

metal complexes 
systematic errors in CI, 154 
systematic errors in relative SCF 

energies, 154/ 
Atomic spectra, transition metal 

clusters, 127-128 
AuH, relativistic configuration 

interaction, 294-296,297/ 
Autocorrelation function, definition, 203 

Β 

Basis sets 
LCGTO-Χα method, 185/,186-187 
titanium, 19 

β density, definition, 55 
Binuclear d 8 metal complexes 
atom-transfer mechanism for halocarbon 

photooxidative addition, 357,35SJf,360 
electrochemical oxidations, 364 
photochemical two-hydrogen transfer 

catalytic cycle, 362,363/364 
pictorial representation of M l̂ocalized 

hole, 357,358f 
Sj^l mechanistic scheme for halocarbon 

photooxidative addition, 35735Sjf 
Stern-Volmer quenching rate 

constants, 360361/ 
structural representations, 357358/" 

Bis(*--allyl)nickel 
electronic structure, 23336 
orbital diagram, 233,235/ 
photoelectron spectrum, 233,234/̂ 36 

Bis(pyridine)(m6?0-tetraphenylporphinato)-
iron(II) 

d electron orbital populations, 43/ 
deformation electron density, 43,45/ 
perspective drawing, 43,44f 

Bis(tetrahydrofuran)(me?0-tetraphenyl-
porphinato)iron(II) 

deformation density, 46,47/ 
iron atom d-orbital populations, 46/ 

Bloch states 
configurations, 281,283/ 
definition, 281 

Bond distances, TiCl4,19,21/,27 
Bonding, relativistic effects, 296 
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INDEX 395 

Broken symmetry analysis for three-iron 
cluster 

choosing a spin Hamiltonian model, 368-369 
Heisenberg-type interaction, 368 
spin Hamiltonian matrix, 369-370 
wave function calculation, 368 

Brown mechanism, olefin hydrogénation, 79-81 
comparison to Halpern mechanism, 90-91 
donation and back-donation, 89 
isomerization, 89-90 
isomerization pathways, 84-85 
olefin insertion, 89 
optimized structures of intermediates, 84,87/ 
optimized structures of transition state, 84,86/ 
potential energy profile of catalytic 

cycle, 84,88 
reductive elimination, 89 

Bulk atoms, definition, 143 

Catalase 
active site vs. electromagnetic properties, 341 
active site vs. function, 342 
description, 341 
effect of geometry on resting 

states, 347-348349/ 
effect of ionization state of axial 

ligand, 34835ÛT 
electromagnetic properties of resting 

states, 350 
heme unit as control of function, 352-353 
ligand distances used for oxidized resting 

states, 346347/ 
stability, 351 

Catalytic system, theoretical design, 77-79 
CH 4, reaction with nickel[lll], 140-150 
Charge deformation, definition, 54 
Chemisorption cluster models 

ab initio treatments, 181 
disadvantages, 181-182 
transition metal clusters, 181 

CIPSI algorithm, configuration interaction, 107 
Closed-shell transition metal atom states, 

activation of small molecules, 108 
CO insertion reaction 
electron correlation, 65 
highest occupied molecular orbital, 67-68 
methyl migration, 65 
reaction, 65 
reaction energy, 65,66/ 
wave function, 67 

Cobalt clusters, reactivity vs. cluster 
size, 132-136 

Cobalt complexes 
effect of basis sets on ab initio 

calculations, 157 
effect of CI on ab initio calculations, 157 

Cobalt complexes—Continued 
optimized SCF geometries, 157 
shape of molecule at calculated 

geometries, 158 
CoCO ground state, 223 
Complete active space self-consistent 

field (CAS SCF) calculations, hydrido 
transition metal carbonyls, 59,61/ 

Complete active space self-consistent field 
(CAS SCF) geometric optimization, 
TiCl3CH3,28/ 

Configuration interaction (CI), 
description, 248 

Configuration space wave functions 
applications, 251-253 
definition, 251 
influencing factors, 251 

Co(NH3)6

2 + y 3 + exchange complexes 
difference in bond lengths of oxidized and 

reduced species, 384 
energy splittings, 386387/388 
equilibrium Co-N bond lengths, 384385/ 
high-spin-low-spin energy 

separations, 386387/388 
properties at SCF level, 384385/ 

Co(NH3) 6

2 + / 3 + exchange reaction 
apex-to-apex configuration, 390 
atomic ion calculations, 382-385 
basis set, 379 
computational procedures, 381 
Co-N bond length optimization, 381 
differential correlation energy 

calculations, 381 
electronic transmission factor, 388-390 
estimation of high-spin-low-spin energy 

separations, 380 
reaction, 379 
three-electron process, 379-380 
valence shell correlation 

energy, 382383/384385/ 
wave function, 389-390 

Conventional effective potential, 
calculation, 312 

Copper 
H 2 activation, 116,118,12Qf 
nitrogen matrix hindrance, 119,120-121/ 

Copper clusters, reactivity with hydrogen 
molecules, 125 

Coulomb integrals, definition, 230-231 
Coupling constants, three-iron 

clusters, 373/374 
CrCO ground state, 222 
Cr(CO)6, orbitals, 205,206̂ ,207 
Cr(CO)4 dihydrogen species 

correlation diagram, 98,101/ 
energies, 98,9S(f 
energies calculated from different 

techniques, 98,103/,104 
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396 Ή IE CHALLENGE OF d AND f ELECTRONS 

Cr(CO)4 dihydrogen species—Continued 
energies from Hartree-Fock and 

configuration interaction 
calculations, 98,102/* 

H-D exchange, 97-104 
mechanisms of H-D exchange, 104 
structural parameters, 98,10Qf 

CuCO ground state, 223 
Cytochrome c peroxidase 
active site vs. electromagnetic 

properties, 341 
active site vs. function, 342 
calculated relative energies, 350-351 
description, 341 
effect of geometry on resting 

states, 347-348349/ 
effect of ionization state of axial 

ligand, 348350* 
electromagnetic properties of resting 

states, 350 
heme unit as control of function, 352—353 
ligand distances used for oxidized resting 

states, 346347/ 
lowest energy state, 351 

Cytochrome P450 
active site vs. function, 342 
calculated spin densities, 347-348349/ 
description, 341 
ligand distances used for oxidized resting 

states, 346347/ 
origin of low-spin form of resting 

state, 346348/ 
resting-state properties, 341 

d-electron systems, electron 
correlations, 279-289 

Density functional methods of electronic 
structure calculation 

advantages and disadvantages, 9,11 
applications, 9,11 
description, 8 
examples, 9,10r 
future work, 11 
Kohn—Sham equations, 8—9 
local density approximation, 9 
techniques for solving Kohn—Sham 

equations, 8 
Density functional theory 

advantages, 165 
exchange-correlation hole 

functions, 166-168 
Kohn-Sham orbitals, 166-167 
local density approximation, 168-172 

Dipole moments, relativistic effects, 296 
Dipole moments of diatomics of heavy 

elements, relativistic 
effects, 304305-306/ 

Dirac's Hamiltonian, equation, 323 
Dirac's wave equation, equation, 323 
Discrete variational method, 

characteristics, 9,10r 

d electron(s), behavioral properties, 3 
Darwin's Hamiltonian, equation, 324 
Deformation density 

GeHjCHy 313y 
iron porphyrin, 4930-51/ 
iron(II) phthalocyanine, 4931/ 
(mero-tetraphenylpoiphinato)-

iron(II), 4932f 
T1H3CH3,3133T 

d-electron complexes, X-ray studies, 39—56 
d-electron density 
definition, 41 
overlap population, 41 

d-electron orbital occupancies, 
calculation, 42 

d-electron orbital populations 
bis(pyridine)(mef0-phenylporphinato)-

iron(II), 43,44-45/ 
bis(tetrahydrofuran)(me5o-tetraphenylpor-

phinato)iron(II), 46/ 
iron(II) phthalocyanine, 48,49/ 
(meso-tetraphenylporphinato)iron(II), 4933/ 

Effective core potentials 
cobalt clusters, 127 
development, 12 
nickel clusters, 127 
parameters, 127 

Effective potentials in quantum Monte Carlo 
studies 

advantages in usage, 310 
alkali electron affinities, 312/ 
applications to transition elements, 315-316 
atomic studies, 312-316 
comparison to energies from other 

techniques, 315/ 
conventional effective potential, 312 
energies, 313/315 
errors, 313 
many-electron local potential, 312 
molecular studies, 316 

Effective potentials in quantum Monte Carlo 
techniques 

advantages, 318 
applications, 316-317 
use of mini- and microcomputers, 317-318 

Eight-atom clusters, reactivity, 135 
Electrical resistivity, heavy electron 

systems, 254-255 
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INDEX 397 

Electron correlations 
calculation of transition metal complex 

properties, 379 
definition, 281-282 
influence on energy difference between 

nonmagnetic and magnetic states, 284 
reduction of charge fluctuations as 

function of d-band filling, 282,283/" 
Electron delocalization, equation, 367 
Electron number, mean square deviation, 282 
Electron spin resonance (ESR) spectroscopy, 

benefits and limitations for transition 
metal studies, 214 

Electron-transfer processes, mechanistic 
analysis of kinetics, 378 

Electronic Gruneisen parameter, 
definition, 288 

Electronic structure 
ab initio calculations, 3—8 
density functional methods, 8-11 
examination methods for transition metal 

systems, 2 
semiempirical methods, 11-15 

Electronic transmission factor 
definition, 388 
description, 378 
relationship to rate constant for 

activated electron transfer, 389 
Embedding theory of processes on metal 

surfaces 
adsorption energies for CH 3 and H on 

Ni[lll] , 145,146i,147 
adsorption sites of CH 4 and CHj + H on 

Ni[lll], 147,14^ 
analysis of electron density, 143 
bulk atoms, 143 
CH 4 adsorption energies on 

Ni[lll], 149,150f 
cluster model of Ni[lll] 

surface, 142£145 
core potential, 145 
d-electron ionization energy, 143,145 
equilibrium distances for CH 3 and H on 

Ni[lll], 145,146r,147 
fraction of charge for each boundary atom 

assigned to effective potential, 147 
local region definition, 141 
mechanism for dissociation of CH4,147,149 
Ni cluster geometry and local region of 

cluster, 141,14^,143 
orientations of CH 4 and CH 3 + H on 

Ni[lll], 147,14^ 
role on Ni in CH 4 dissociation, 149 
SCF eigenvalues for CH 4 and H + CH 3 on 

Ni[lllJ, 143,144̂ ,147 
sites of CH 4, CH 3, and H adsorption, 145 
vibrational frequencies for CH 3 and H on 

Ni[ l l l ] , 141 

Energies, calculation, 342 
Energy, definition, 282 
Energy-dependent phase shift 
definition, 289 
schematic representation, 289/* 

Exchange-correlation energy 
definition, 167,284 
nonlocal character, 286 

Exchange-correlation energy approximation, 
definition, 168 

Exchange-correlation hole functions 
constraints on holes, 167-168 
definition, 167 
exchange-correlation energy, 167 
total charge conditions, 167 
total electronic energy of many-electron 

system, 166 
Exchange-correlation potential, 

definition, 8-9 
Excited platinum atom states 

interactions, 113,114-115/ 
potential energy curves for H 2 

capture, 113,114f 
representation of avoided crossing of 

closed- and open-shell curves, 113,115/ 
Excited-state electron-transfer reactions 
application, 356 
occurrence, 356 

Extended Huckel method, description, 13f,14 

f electron(s) 
behavior at low temperatures, 247 
behavioral properties, 3 

f electron(s) in condensed matter 
analysis of heavy fermion systems, 253-257 
auxiliary wave function, 249-250 
configuration space wave functions, 251-253 
correlation among localized states, 257-258 
radial potential well, 248,249/* 
real space wave functions, 248-251 
wave function, 248-249 

f-electron metals 
application of local density theory, 273-274 
bulk properties, 274 
Fermi surraces, 275 
magnetic properties, 275-276 

f-electron states, atomic-like states, 246 
f-electron systems 
correlations, 287-288,289*/* 
Coulomb repulsion of electrons, 287 
electron correlations, 279-289 
electron-phonon coupling, 288 
energy gain due to singlet 

formation, 287-288 
energy-dependent phase shift, 289/* 
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398 THE CHALLENGE OF d AND f ELECTRONS 

f-electron systems—Continued 
Fermi surface, 288-289 
Hamiltonian, 287 

FeCO ground state, 222-223 
Fenske-Hall method, description, 13r,14 
Fermi surface, f-electron systems, 288-289 
Five-atom clusters, reactivity, 135 
Foldy-Wouthuysen's Hamiltonian, 

equation, 324 
Four-atom clusters, reactivity, 135 

Gas-phase clusters 
challenges in studying, 182 
Ni13,187-191 

GeHjCHj 
deformation density, 31,33/ 
relative energy for rocked methyl 

groups, 293QT31 
self-consistent field geometries, 29r 
vibrational frequency calculations, 29r 

Generalized valence bond (GVB) geometric 
optimization, TiCl3CH3, 27/,28 

Generalized valence bond (GVB) model 
perfect pairing approximation, 200 
perfect pairing wave function, 200 

Generalized valence bond (GVB) model of 
multiple bonds 

bent-bond representation, 200-201,202/" 
introduction of bent bonds as 

artifacts, 201 
PtCO, 207,208/" 
ReH,2", 207,208^209 
validity of bent-bond concept, 201,203 

Geometric optimization of tetrahedral 
Ti(IV) complexes, accuracy, 17-18 

Geometric optimization of TiCl4 

bond-distance calculation, 21,27 
electron deformation density 

plots, 19,2Qf,21 
optimized Ti-Cl bond lengths, 19,21* 
wave function plots of molecular 

orbitals, 21,22-2^ 
Geometric optimization of TiCl3CH3 

complete active space self-consistent 
field geometries, 28r 

generalized valence bond geometries, 27; 
self-consistent field geometries, 27r,28 

Gradient-corrected exchange-correlation 
functional 

applications, 173,174i,175 
definition, 172 
disadvantages, 172-173 

Gradient-type density-dependent exchange 
energy functional 

applications, 176,177* 
definition, 175-176 

H 
H 2 activation 
copper, 116,118,12Qr 
photoexcited Cu, 116,117/118 

H 2 capture 
palladium atoms, 110,111-112/", 113 
potential energy curves, 113,114/" 

H 2 dissociation, transition metal clusters 
and surfaces, 125-137 

H 2 dissociation mechanism on transition 
metal clusters 

exothermic reaction, 128 
low dissociation barriers, 128-129 
presence of open-shell valence orbital on 

cluster, 129 
requirements, 128-130 

Halocarbon photooxidative addition 
atom-transfer mechanism, 35735SJP60 
Sj^l mechanism, 357,35Sjf 

Halpern mechanism, olefin hydrogénation, 79 
activation barrier of reductive 

elimination, 81 
comparison to Brown mechanism, 90-91 
optimized structures, 81,83/ 
potential energy profile, 81,82/" 
rate of olefin insertion, 81,84 
rate-determining step, 81 
steps, 81 

Hamiltonian 
Darwin, 324 
definition, 12-13 
Dirac, 323 
equations, 280 
Foldy-Wouthuysen, 324 
Heisenberg, 367 

Hartree-Fock ground state, definition, 281 
Hartree-Fock orbitals, comparison to 

Kohn-Sham orbitals, 166-167 
H-D exchange involving Cr(CO)4 dihydrogen 

species 
ab initio calculations, 97-104 
background, 97 
mechanisms, 104 

Heavy-atom molecules, relativistic 
effects, 293-294 

Heavy-electron state in metals 
AuBe5 structure, 261,262/" 
effect of chemical composition, 266 
effect of crystal structure, 261,263 
occurrence, 260 
temperature dependence 
of electrical resistivity, 260-261,262/* 
of specific heat, 263,264-265/266 

Heavy-electron systems 
atomic-like character of f electrons, 257 
conduction electrons, 256 
correlation among localized 

states, 257-258 
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INDEX 399 

Heavy-electron systems—Continued 
effective magnetic field, 253 
electrical resistivity, 254-255 
energy vs. electron dynamic effective 

mass, 256,257/ 
examples, 254 
in metals 

critical temperatures determined from 
specific heat measurements, 267,269,27Qf 

influence of nonmagnetic impurities on 
specific heat of superconductivity, 268f 

magnetism, 267,269,27Qf 
superconductivity, 266-267,268/* 

ratio of magnetic susceptibility to electronic 
specific heat parameter, 253-254 

spin susceptibility density, 255-256 
Heavy-fermion systems 
analytical considerations, 253-257 
electron structure, 279-280 

He2Fe(CO)4, CAS SCF calculations, 59,61-64* 
Heisenberg Hamiltonian, equation, 367 
Heme complexes 

magnetic moments, 343345 
magnetic susceptibility measurements, 345 
quadrupole splitting, 345-346 
relative energies of different spin 

states, 343344*346 
spin density on porphyrin ring, 343 
stability vs. state, 343345 

Heme proteins 
active site vs. electromagnetic 

properties, 341-342 
active site vs. function, 342 
biological functions, 340 
camphor-free resting state, 341 
characterization of active site of resting 

state, 341 
effect of changes in geometry and ligand 

type on energies of low-lying spin 
states, 340-341 

factors influencing biological 
behavior, 340 

lowest energy configuration for 
states, 342-343 

quadrupole splitting calculation, 343 
resting-state active sites, 346-353 

H,H coupling constant, TiCl3CH3, 31,34 
High-temperature superconducting materials, 

electron structure, 279 
HfRh^-HXPH^J system 

experimental implications, 72,74 
pathway A, 71 
pathway B, 71-72 
pathway C, 72-73 
pathways for hydrogen transfer between 

metallic centers, 67,69-70 
schematic orbital correlation diagram for 

hydrogen transfer, 10f 

H4Rh2(PH3)4 system, pathways for hydrogen 
transfer between metallic 
centers, 67,69-70 

Hydrido carbonyl systems 
hydrogen and metal atomic orbital 

contribution to active 
orbitals, 63*,64 

orbital character and occupation, 64* 
SCF and CAS SCF populations, 63* 

Hydrido transition metal carbonyls 
bond lengths, 62* 
CAS SCF calculations, 59,61-64* 
covalent character of metal hydride 

bond, 62 
effect of basis set on energy, 59 
energies, 61* 
SCF calculations, 59,61-64* 
structures, 59-60 

Hydrogen transfer between two metallic 
centers 

experimental implications, 72,74 
mechanism, 67 
pathways, 67,69-73 

Hydrogénation, catalytic cycle, 77-79 

Intermediate neglect of differential 
overlap, applications to heme 
proteins, 342 

Ir2H2, reactivity, 362 
Ir2H2 complex, isolation and 

characterization, 362 
Ir2(TMB)4

2+ 

primary photoproduct, 362 
Stern-Volmer quenching rates, 360361* 

Iridium carbonyl clusters, polyhedral hybrid 
representation, 209,21Qf 

Iron clusters, ionization energies vs. 
cluster size, 125-126 

Iron(II) phthalocyanine 
d-electron orbital population, 48,49* 
deformation density, 49,51/ 

Iron porphine 
adequacy of ligand field model, 156 
charge-transfer states, 156 
effect of axial ligands in ab initio 

calculations, 156-157 
geometry, 155 
ground-state symmetry, 155 
ir,x* states, 156 
problems with d orbitals in ab initio 

calculations, 156 
Iron porphyrin 
computed static deformation density 

map, 4930-51/ 
theoretical results for ground state, 48* 
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400 THE CHALLENGE OF d AND f ELECTRONS 

Iron-porphyrin complexes 
advantages for study, 42 
application of multiple formalism, 43-53 

Iron-sulfur clusters 
application of spin Hamiltonian 

models, 367 
electron delocalization, 367 

Isoelectric molecules, definition, 216-217 
Isovalent, definition, 216-217 
Isovalent principle, application to 

transition metal diatomic 
molecules, 217-218 

Iterative method, description, 13*,14 

Κ 

Kinetic energy 
definition, 327 
nonrelativistic bond energy vs. 

interatomic distances, 328,329/" 
plot of energy vs. absolute 

momentum, 327329/" 
relativistic reduction, 327-332 

Kohn-Sham equations 
definition, 8-9 
solution techniques, 9 

Kohn-Sham formalism, description, 166 
Kohn-Sham orbitals, comparison to 

Hartree-Fock orbitals, 166-167 
Kondo suppression effect, local spin density 

approximation, 276 

L 

Lanthanides 
electron correlation, 2 
electronic structure calculation, 7 

Ligand insertion reaction into metal hydride 
bond, CO insertion reaction, 65 

Linear combinations of Gaussian-type orbital 
(LCGTO) implementation 

advantages, 230 
applications, 229 
basis sets, 229-230 
bis(x-allyl)nickel, 23334*35/236 
characteristics, 9,10r 
chemisorption of carbon atoms on Ni [100] 

surface, 229 
electron density basis set, 230 
electronic structures of Zn 

clusters, 238*39,241* 
energy gradient calculations, 231-233 
exchange-correlation potential basis 

set, 230 
integral evaluation, 230-231 
integral storage, 231 
total energy determination, 231 

LCGTO implementation—Continued 
vibrational frequency of CO adsorbed on Pd 

clusters, 236,237*38 
wave function basis set, 230 

Linear combination of Gaussian-type orbitals 
(LCGTO)\-Xa method 

advantages, 183 
analytical fitting procedure, 184 
applications, 184 
basis sets, 185*,186-187,189f 
comparison to Hartree-Fock calculation, 38 
equation, 183 
exchange-correlation potential, 183 
expansion coefficients for charge 

density, 183-184 
Fermi energy, 184-185 
functions used to generate fitting 

bases, 183 
geometry and vibrational frequencies of 

T1CI3CH3,37-38* 
total charge density, 183 
total energy, 183 

Linear muffin-tin orbital technique, 
characteristics, 9,10r 

Local density approximation 
accuracy, 273 
description, 273 
equation, 9 

Local density approximation by f-electron 
metals 

bulk modulus, 274 
equilibrium lattice constants, 274 
Fermi surface topology and effective 

masses, 274 
magnetic properties, 275-276 
stability of crystal structures, 274 

Local density theory, description, 273 
Local spin-density approximation 

accuracy, 173 
advantages, 280 
applications, 168-172 
atomic exchange energies, 176,177* 
bond energies in transition metal 

systems, 173,174*,175 
bond lengths of diatomic 

molecules, 168,169r,172 
dissociation energies, 168,170r,172 
effect of gradient corrections on 

molecular properties, 176 
exchange-correlation energy 

approximation, 168 
gradient-corrected exchange-correlation 

functional, 172-173 
gradient-type density-dependent exchange 

energy functional, 175-176 
vibrational frequencies, 168,171*,172 

Local spin-density functional theory, 
applications, 229 
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INDEX 401 

Local spin-density method, See Local 
density approximation 

M 

Magnetic interaction between ions in 
magnetic metals, physical origin, 246 

Magnetic metals, Fermi-level 
wavelengths, 246-247 

Magnetism, heavy electron systems in 
metals, 267,269,27Qf 

Many-electron local potential, 
calculation, 312 

Matrix isolation experimental techniques, 
advantages, 106 

Mean-field theory, back-bonding, 207 
Metal-hydride bond, ligand insertion 

reaction, 65-68 
Metal-ligand bonding orbitals, 

definition, 54 
Metal-ligand σ bonds, transition metals, 333 
Metal-metal bonds, transition metals, 332-333 
Metalloproteins, examples involved in 

catalysis, 366 
Methanation reaction on nickel 

rate-determining step, 140-141 
steps, 140 

Methane molecules, orientation, 209,21Qf 
Metmyoglobin 

active site vs. electromagnetic 
properties, 341 

active site vs. function, 342 
calculated relative energies, 350-351 
calculated spin densities, 347-348349/ 
description, 341 
effect of geometry on resting 

states, 347-348349/ 
electromagnetic properties of resting 

states, 351-352 
heme unit as control of function, 353 
ligand distances used for oxidized resting 

states, 346347/ 
lowest energy state, 351 

MnCO ground state, 222 
Model core potential calculation of 

electronic structure, description, 7 
Molecular correlation problems for 

transition metal complexes 
inaccuracies in estimation of 

wave functions, 155 
inaccuracies in excited-state order 

predictions, 155 
inaccuracies in molecular SCF 

energies, 155 
Molecular density, divisions, 54-55 
Molecular orbital(s), definition, 55/ 
Molecular orbital model, wave function, 200 

Monte Carlo techniques, quantum, See 
Quantum Monte Carlo techniques 

Mulliken populations, nickel 
clusters, 194-195/,196 

Multiple metal-metal bonds, description, 199 
Multipole formalism, application to 

iron(II) porphyrins, 42-53 
Multipole populations, relation to orbital 

populations, 42 

Ν 

Ni[100] surface, chemisorption of carbon 
atoms, 236 

N i 1 3 , Gaussian level broadening, 186-187,189/ 
N i 1 3 gas-phase clusters 

cluster density of states, 189,19Qf,191 
Gaussian level broadening, 187,189/ 
structure, 187,18Çf 

Nickel 
methanation reaction steps, 140 
reaction of CH4,140-150 

Nickel clusters 
bulk atoms, 143 
geometry, 141,142f,143 
reactivity vs. cluster size, 132-136 
reactivity with hydrogen molecules, 125 

Nickel surfaces, alkali 
chemisorption, 191-196 

NiCO ground state, 223 
Nine-atom clusters, reactivity, 134-136 
Niobium clusters, ionization energies vs. 

cluster size, 125-126 
Nitrogen matrix, hindrance of H 2 activation 

by copper, 119,120-121/ 
Nonrelativistic energy, definition, 327-328 
Nonrelativistic quantum mechanics, study of 

electron behavior, 291 
NpSn3, magnetic properties, 276 

Ο 

Olefin hydrogénation 
Brown mechanism, 79-81,84-91 
Halpern mechanism, 81-84,90-91 
model catalytic cycle, 77,79-80 

On-site interaction matrix elements, 
definition, 281 

Open-shell systems, electron correlation, 2 
Organic computational chemistry, 

development, 1-2 
Osmium carbonyl clusters, polyhedral hybrid 

representation, 209,210f 
Overlap population 

d electrons, 41 
relation to multipole populations, 42 

Overlap-like integrals, definition, 230-231 
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402 THE CHALLENGE OF d AND f ELECTRONS 

Ρ 

Palladium, electronic structure 
calculation, 7 

Palladium atoms 
energy changes, 110,112/;il3 
H 2 capture, 110,111-112 ,̂113 
potential energy surface, 110,111/,113 

Palladium clusters, vibrational frequency of 
adsorbed CO, 236,237/,238 

Palladium-ethylene interaction 
geometrical and charge-transfer 

parameters, 108,10Sy;ilO 
potential energy curve, 108,10Sy,110 

Photoelectron spectroscopy, valence bond 
description, 203-206 

Photoexcited copper, ^ 
activation, 116,117/,118 

Potassium, basis sets, 186 
Pressure-induced valence transitions, 

three-step phenomenon, 252 
PtCO 

GVB orbitals, 207,208/" 
schematic representation, 207,208/" 
wave function, 207 

P t ^ , reactivity, 362 
Ptj iPAHj) / -
catalytic conversion of isopropyl alcohol 

to acetone, 360 
hydrogen atom transfer reactivity, 360 
primary photoprocess, 360 
Stern-Volmer quenching rates, 360,361/ 

Q 

Quadrupole splitting, calculation for heme 
proteins, 343 

Quantum mechanics, applications, 291 
Quantum Monte Carlo techniques 
advantage, 310 
advantages in use of effective 

potentials, 311-312 
background, 310 
potential sources of difficulty, 311 
problem with statistical sampling 

error, 310 
studies with elements from lower portion 

of periodic table, 310-311 

R 

Radial parameter, definition, 41 
Rate constant for activated electron 

transfer, definition, 378 
Real space wave functions, 

definition, 250-251 

Re^ 2 " 
covalent bonds, 209 
geometrical structure, 207,208/*,209 

Relative spin alignment 
equation, 284 
schematic representation, 284,285/ 

Relativistic configuration interaction, 
correlation effects, 294 

Relativistic molecular orbitals, types of 
functions, 293-294 

Relativistic quantum mechanics 
definition, 292 
effects in bonding, 296 
effects in dipole 

moments, 296,304,305-306/ 
effects in heavy-atom molecules, 293-294 
effects on valence electrons in heavy 

atoms, 292-293 
importance, 306-307 
relativistic configuration 

interaction, 294-296,297/ 
SCF calculations for diatomics of 

third-row transition elements and 
actinides, 298-306 

Relativity 
corrections to bond energies in actinide 

compounds, 335/337 
effects on kinetic energy, 327-329 
effects on molecular energies, 328,330 
influence of correction on energy 

equilibrium distance, 330331/332 
metal-metal bonds, 332-333 
synergic metal-ligand bonds, 333-335336/ 

Resonating valence bond expansion, 
definition, 199 

Rh2(TMB)2

4 +, electrochemical oxidation, 364 

Sc^ dissociation energy, 309-310 
Scandium carbonyl 
ic back-bonding, 161,163 
populations in various states, 161,163 
RHF potential curves, 158,15S(f 
UHF/MP2 correlation energy, 158,160/161 

Scattered-wave calculations, three-iron 
clusters, 370371-372/373 

Scattered-wave technique, 
characteristics, 9,10f 

ScCO, ground state, 221 
Schrôdinger equation 
description, 3 
diffusion interpretation, 311 
equation, 203 

Self-consistent field (SCF) calculations 
hydrido transition metal 

carbonyls, 59,61/ 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

8,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

4.
ix

00
2

In The Challenge of d and f Electrons; Salahub, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



INDEX 403 

Self-consistent field calculations—Continued 
ThO, 298,299*300-301 
UO, 301-302303*304 

Self-consistent field (SCF) geometric 
optimization 

GeH3CH3, 29* 
TiCl3CH3, 27* 
TiH3CH3, 29* 

Semiempirical methods of electronic 
structure calculation 

development, 11-12 
examples used for d- and f-electron 

systems, 13* 
extended Huckel method, 13*,14 
Fenske-Hall method, 13*,14 
future application, 14-15 
Hamiltonian, 12-13 
iterative method, 13*,14 
parameterization of h and g of Hamiltonian 

equation, 13 
use of effective core potentials, 12 
zero-differential overlap methods, 13*,14 

Seven-atom clusters 
ionization energy, 133-134 
reactivity vs. cluster size, 132-134 

Shape-consistent effective potentials 
calculation, 312-313 
radial plots, 313314** 

Six-atom clusters 
ionization energy, 134 
reactivity vs. cluster size, 134 

Small metal clusters, studies, 309 
Small molecules, activation by closed-shell 

transition metal atom states, 108 
Sodium, basis sets, 186 
Spin correlations between neighboring sites, 

calculations, 286 
Spin deformation density, definition, 54 
Spin Hamiltonian parameters, three-iron 

clusters, 373* 
Spin susceptibility density, heavy-electron 

systems, 255-256 
Stern-Volmer quenching rate constants, 

binuclear d 8 metal complexes, 360,361* 
Stoner parameter, magnetic field 

dependence, 284,285/36 
Superconductivity, heavy-electron systems in 

metals, 266-267,268*" 
Synergic metal-ligand bonds 

intrinsic bond energies, 334-335,336/ 
relativistic bond energies, 335336/ 
transition metals, 333-335336** 

Τ 

Ten-atom clusters, reactivity, 134,136 
Tetrahedral Ni cluster, contraction 

schemes, 185*,186 

Tetrahedral Ti(IV) complexes, geometry 
optimizations, 17-34 

(me$o-Tetraphenylporphinato)iron(II) 
d-electron orbital populations, 49,53* 
deformation density, 48,52/" 

Third-row transition metal dimers 
bond distances, 325326* 
dissociation energies, 325326* 
relativistic effects, 325 
vibrational frequencies, 325326* 

Third-row transition metal hydrides 
bond distances, 325326* 
dissociation energies, 325326* 
relativistic effects, 325 
vibrational frequencies, 325326* 

ThO, SCF calculations, 298,299*300-301 
Three-iron clusters 

broken symmetry analysis, 368-370 
coupling constant, 373*374 
orbital energies for broken symmetry 

state, 370372/373 
orbital energies for high-spin 

form, 370371/373 
orbital energies for lowest energy broken 

symmetry state, 374-375/ 
scattered wave 

calculations, 370371-372/373 
spin Hamiltonian, 367-368 
spin Hamiltonian parameters, 373* 

Ti complexes, geometric optimization using 
different titanium basis sets, 19 

TiiCH^iPH^Cly agostic hydrogen 
interaction, 18 

TiCl4 

geometric optimization, 19-27 
T i - α bond distances, 19,21* 

TiCl3CH3 

experimental and calculated 
geometries, 37* 

geometric optimizations, 19,27-28 
H,H coupling constant, 3134 
LCGTO-Χα studies, 37-38* 
vibrational frequencies of methyl 

group, 38* 
TiCO, ground state, 221 
TiHjCH, 

deformation density, 3132/* 
relative energy for rocked methyl 

groups, 293QT31 
self-consistent field geometries, 29* 
vibrational frequency calculations, 29* 

Titanium atom, flattening of methyl 
hydrogens, 18 

TmSe, magnetic properties, 276 
TmSe^Te^ moment formation, 247-248 
Total wave function of material 

definition, 248 
transfer, 72,73/ 
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404 THE C H A L L E N G E OF d AND f ELECTRONS 

Transition element studies, success of early 
studies, 309-310 

Transition metal(s) 
correlations, 280-286 
electron correlation, 2 
metal-ligand σ bonds, 333 
metal-metal bonds, 332-333 
periodic trends, 332-336 
synergic metal-ligand bonds, 333-335336/* 

Transition metal clusters 
application of LCGTO-Xa 

method, 180-196 
atomic spectra, 127-128 
challenges, 180 
chemisorption models, 181-182 
computational aspects, 240,241* 
criteria for H^ dissociation, 128-130 
effective core potentials, 127 
gas-phase clusters, 182 
ionization energies vs. cluster 

reactivity, 125 
ionization energies vs. cluster 

size, 125-126 
mechanism to decrease reactivity, 137 
reactivity vs. cluster size, 132-136 
reactivity with hydrogen molecules, 125 
relationship between cluster ionization 

energy and reactivity, 137 
requirement to dissociate H^ 136-137 
Whetten's model for Hj activation, 126 

Transition metal complexes 
ab initio calculation of electronic 

structure, 6 
atomic correction problems, 154* 
cobalt complexes, 157-158 
difficulties in calculations, 153 
disadvantages of Hartree-Fock 

approximation, 153 
limitations of ab initio calculations, 153 
molecular correction problems, 155 
scandium carbonyl, 158-163 
study of iron porphyrins, 155-157 

Transition metal compound, LCGTO-Xa 
results, 37-38* 

Transition metal diatomic molecules 
application of isovalent 

principle, 217-218 
benefits and limitations of ESR, 214 
difficulties in gas-phase preparation, 213 
difficulties in spectroscopic 

investigations, 213-214 
first-row examples, 214,216*,217 
ground states, 214,215/ 
mixed-row examples, 216*,217 
study in rare gas matrices, 214 

Transition metal dihydrogen chemistry 
ab initio studies, 92-104 
challenges, 92-93 

Transition metal hydride complexes 
hydrogen-transfer step, 58 
modeling the structure and 

reactivity, 5&-74 
Transition metal molecules 

hybrid formation, 207,208/209,210/* 
valence bond calculations, 205-210 

Transition metal monocarbonyl molecules 
benefits and limitations of ESR, 214 
bonding scheme, 218£2Qf 
CO stretching frequencies, 218̂ 20/221 
CoCO ground state, 223 
CrCO ground state, 222 
CuCO ground state, 223 
FeCO ground state, 222-223 
ground states, 218,219/* 
MnCO ground state, 222 
molecular orbital schemes, 218̂ 19/" 
NiCO ground state, 223 
ScCO ground state, 221 
study in rare gas matrices, 214 
TiCO ground state, 221 
VCO ground state, 221-222 

Transition metal systems, electronic 
structure examination, 2 

Tungsten dihydrogen complexes 
bond lengths and rotational 

barriers, 93,95* 
structural forms, 93,94/" 

U 

UCus, magnetic properties, 276 
UO, SCF calculations, 301-302303*304 
UPt3, magnetic properties, 276 
URi^S^, magnetic properties, 276 

V 

Valence bond description of photoelectron 
spectroscopy 

autocorrelation function for molecular 
orbital approximation, 204 

schematic description of C^H^ 204,206/* 
stationary states of ion, 204 
time-dependent description of ion 

state, 203 
Valence bond model 

Cr(CO)6 molecules, 205,209*207 
PtCO, 207 
resonating valence bond expansion, 199 

Valence bond orbital structures 
schematic representation, 200,202/" 
wave function, 200 

Valence bond spin structures 
schematic representation, 200,202/" 
wave function, 200 
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INDEX 405 

Valence electrons, velocities, 322 
Valence electrons in heavy atoms, 

relativistic effects, 292-293 
VCO, ground state, 221-222 
Velocities, valence electrons, 322 
Vibrational frequency 
GeHjCHj, 29r 
T1H3CH3,29f 

W 

X-ray diffraction method 
experimental sequence, 40 
requirements, 39-40 
theoretical wave function, 40 

X-ray scattering, molecular orbital 
model, 54 

X-ray scattering model, expansion of 
atom-centered spherical harmonic 
functions, 41 

Wave function(s), f electrons in condensed 
matter, 248-251 

Wave function plots, TiCl4 molecular 
orbitals, 21,22-2#" 

W(CO)3(PR3)2(Ha) 
bond lengths and rotational 

barriers, 93,95* 
energies, 95,9̂ f 
η2 coordination, 95 
structural forms, 93,94f 

Wilkinson catalyst, catalytic cycle of 
hydrogénation, 77-79 

W(PH3)5(H)2, energies, 95,9<y 

X 

Χα method, advantages and disadvantages, 165 

Ζ 

Zero-differential overlap method 
description, 13/,14 
types, 14 

Zn clusters 
computational aspects, 239 
dependence of ionization potential on 

cluster size, 239 
electronic structures, 238/39,241/ 
geometries, 239 
ionization potentials, 239,241/ 

Zi^ dimer 
binding energies, 238/39 
optimized bond distances, 238/39 
vibrational frequencies, 238/39 
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