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1 Introduction

The formulation of an electron structure theory for coordination compounds

containing transition metals began shortly after the introduction of quantum

mechanics with the development by Becquerel [1], Bethe [2] and Van Vleck [3]

of crystal-field theory. A giant step forward was taken in the 1950s by the develop-

ment of ligand field theory [4, 5] that combines the ideas of crystal field theory with

those of molecular orbital theory [6] and allows for an elegant interpretation of the

spectra of coordination complexes. C. J. Ballhausen was one of the pioneers in this

development and his book on ligand field theory from 1962 [5] influenced a whole

generation of coordination chemists.

Ballhausen started his carrier in the lab of J. Bjerrum at the University of

Copenhagen in the early 1950s. This was an environment that continued the strong

Danish tradition in coordination chemistry dating back to S.M. Sørensen and

N. Bjerrum. At the time (1950), the lab attracted several international visitors

including F.A. Cotton and F. Basolo. It testifies to the strength of the group that it

fostered two other young members that went on to contribute significantly to ligand

field theory, namely C.E. Sch€affer and C. K. Jørgensen. The theoretical interest by

the three young members of the Bjerrum team was very much whetted by the

appearance in 1951 of a paper [7] due to F.E. Ilse and H. Hartmann in which the two

authors explained the electronic spectrum of the Ti(+3) ion based on crystal field

theory.

After establishing his own lab, Ballhausen began in the 1960s on a research

program that combined high-resolution spectroscopic measurements with

interpretations based on theoretical methods. These methods included not only

ligand field theory but increasingly also other schemes based on Roothaan’s

formulation [8, 9] of molecular orbitals theory as they emerged in the 1960s and

1970s. Ballhausen would not take directly part in the development of these new

methods but he encouraged people in his lab to do so. This encouragement was also

extended to young students such as myself. Thus when I started an a M.Sc. student

in the Ballhausen lab (1969), I was given the task to evaluate semi-empirical

methods that were applied to transition metals at the time and possibly come up

with improvements. I was very fortunate to be introduced to the electronic structure

theory of transition metal complexes at a time when the field was undergoing a

revolution [10]. Thus although I soon lost all interest in semi-empirical methods,

my time with Ballhausen and his collaborator J.P. Dahl launched a lifelong interest

in transition metal complexes and methods that could describe their electronic

structure. It is the objective of this account to chronicle some of the highlights

from the early beginnings of theoretical transition metal chemistry in the 1950s to

present days powerful electronic structure theories.

In the period (1969–1972) when I was a student with Ballhausen, his lab was an

international center with visitors from many different parts of the world

representing a multitude of different research interest. One particular subject that

caught my interest was the electronic structure and absorption spectrum of
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permanganate and related tetroxo complexes. The electronic spectrum of perman-

ganate was first studied by Teltow [11] in 1938. However, with modern techniques

Holt and Balhausen [12] had in 1967 recorded a high resolution low temperature

absorption spectrum of MnO4
�. Shortly after, attempts were made to assign the

observed spectrum with any available computational method. It was felt that

permanganate as a small system with a pleasingly high symmetry should be an

easy task for theory. The implication here was that if theory cannot treat as simple a

system as MnO4
�, it would appear not to be of much use at all. As we shall see, the

notion of permanganate being an easy system is completely wrong. In fact perman-

ganate is one of the most difficult electronic systems to describe. We shall demon-

strate this through a number of applications to MnO4
� that are used to gauge the

ability of the different theories chronicled in this account.

2 Ground State Electronic Structure Theory

We shall in this section give a historic overview of how the electronic structure

theory for transition metal complexes in their ground state has evolved from the

1950s to the present time. The account will include a discussion of wave function

methods based on Hartree Fock and post-Hartree Fock approaches as well as

Kohn–Sham density functional theory (KS-DFT).

2.1 The Hartree–Fock Method

In Hartree–Fock theory, we approximate the many-electron wave function with a

single Slater determinant

C ¼ 1ffiffiffiffi
N

p
!

c1ðx1Þc2ðx2Þ:::c1ðxNÞ
c2ðx1Þc2ðx2Þ:::c2ðxNÞ
:::
cNðx1ÞcNðx2Þ:::cNðxNÞ

��������

��������
¼ c1c2::cicj::cnj
�� (1)

for which the corresponding energy is given by

< CjĤjC > ¼ H0 þ
XN
i¼1

< cijĥjci >

þ 1

2

X
i;j

0 f< cicjjgjcicj > � < cicjjgjcjci >g: (2)
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In (2), H0 represents the nuclear–nuclear repulsion, whereas ĥ contains the one-

electron kinetic energy operator as well at the operator for the attraction of one

electron from all the nuclei. Finally

< crcsjgjcpcq >¼
ð ð

c�
r ð~rÞc�

s ð~r2Þ
e2

r12

ð
cpð~r1Þcqð~r2Þdv1dv2 (3)

is a two-electron repulsion integral between the charge distributions c�
r ð~r1Þcpð~r1Þ

and c�
s ð~r1Þcqð~r1Þ. Thus, the third term on the right hand side of (2) constitutes the

Hartree term EH describing the Coulomb interaction of the electron density with

itself whereas the last term is the HF-exchange energy EHF
X . In practical

calculations, the “occupied orbitals” definingC are written as a linear combination

of known atomic orbitals (LCAO) also referred to as basis functions

ci ¼
XM
r¼1

Cri wr; i¼ 1; 2;:::;n; M � n; (4)

where Ci ¼ fC1i;C2i; ::;Cri;Csi; :::CMig is a vector containing all expansion

coefficients defining orbital ci. The expansion coefficients are now determined

in such a way as to minimize < CjĤjC > under the constraint that the set

fci; i ¼ 1; ng be orthornormal. This requirement leads to the well-known

Hartree–Fock eigenvalue equation in its Roothan [8] formulation

F Ci ¼ eiS Ci (5)

from which Ci can be determined. In (5),

Srs ¼
ð
w�r ð~r1Þwsð~r1Þd~r1; (6)

whereas F ¼ h + G with

hrs ¼
ð
w�r ð~r1Þĥwsð~r1Þd~r1 (7)

and

Grs ¼
XM
t;u¼1

Pt;uf< rsjgjtu > � < rujgjts >g; (8)

whereas

Ptu ¼
Xn
j¼1

C�
tjCuj (9)
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In the 1950s, the Roothan equation was too complex and computational demand-

ing to be of practical use due to the occurrence of the many two electron repulsion

integrals < rsjgjtu > . Thus, the number of such integrals increases asM4 with the

number of atomic orbitals M. As a consequence, application of the Roothan

equation was in the 1950s and 1960s characterized by a number of approximations.

2.1.1 The Wolfberg Helmholz Approximation and the Extended

H€uckel Method

In the first LCAO calculation on MnO4
�, Wolfberg and Helmholz [13] suggested as

early as 1952 to use empirical data such as ionization potentials for the diagonal

elements Frr of (5) since Frr represents the energy of an electron in wr in the field of
the nuclear skeleton and the remaining valence electrons. For the off-diagonal

elements, they introduced what has become known as the Wolfberg and Helmholz

(WH) approximation

Frs ¼ kSrs½Frr þ Fss�=2; (10)

where k is an empirical factor usually taken to be close to one.

R. Hoffmann adopted the same approximation when he introduced the extended

H€uckel (EH) method in 1963 [14]. The EH scheme gained considerable popularity

through Hoffmann’s masterful analyses of the bonding in classical transition metal

complexes and organometallic compounds [15]. To this date, organometallic

chemists are influenced by Hoffmann’s powerful orbital interaction approach

originally based on the EH scheme [16]. The EH method can provide a qualitative

description of the bonding. It is also able to some degree to distinguish between the

stability of different conformational isomers as illustrated by J.K. Burdett [17] in

his angular overlap approach. R.F. Fenske and his (at that time) student M.B. Hall

[18] developed a kindred scheme also based on the WH-approximation. Their

method has also been used widely in the 1960s and 1970s to analyze chemical

bonding in transition metal compounds with many important contributions from

M.B. Hall [19]. It is a common feature of all schemes discussed above that they are

computationally expedient thanks to the WH-approximation. At the same time, the

WH-approximation is too rough to allow for an accurate determination of bond

energies and optimized molecular structures in general.

2.1.2 Approaches Based on Integral Approximations

An alternative approach to the one described above has been to reduce the number

of two-electron integrals considered in evaluating G of (8) by assuming that the

omitted integrals are small. This procedure was adopted by Pople et al. [20] who
introduced complete neglect of differential overlaps (CNDO) in which
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rAsBh jgjtCuDi ¼ dACdBDdrtdsu rAsBh jgjrAsBi; (11)

where A, B, C and D are the centres at which the atomic orbitals wr; ws; wt; wu,
respectively, are situated. The same authors also proposed intermediate neglect of

differential overlap (INDO) where (11) applies if A and B represent different

centres, whereas all one-center integrals of the form rAsAh jgjtAuAi are retained.

At the highest level of complexity, Pople et al. proposed neglect of diatomic

differential overlap (NDDO) with the approximation

rAsBh jgjtCuDi ¼ dACdBD rAsBh jgjtAuBi: (12)

For compounds containing main group s, p elements all three schemes have been

employed and improved considerably leading to the widely used AM1 [21] (Austin

model 1), PM3 [22] (Parameterized model number 3) and MNDO [23] (modified

neglect of differential overlap) methods that all are extensions or modifications of

the NDDO approach. The three schemes are able to predict geometries and ener-

getics of s, p main group compounds quite well. Part of the success stems from the

fact that the required one and two centre integrals are parameterized to fit experi-

mental data.

In the case of transition metal complexes, the CNDO theory was first applied by

Dahl and Ballhausen [24] to MnO4
�. Their scheme was later extended to INDO by

Ziegler [25] and implemented into the general package ODIN [26]. Better known is

the INDO program ZINDO [27] by M. Zerner and the NDDO implementation due

to D.S. Marynick [28]. Both have been applied with some success in transition

metal chemistry for structure determination and studies of excited states. Attempts

have also been made to extend AM1, PM3 and MNDO to transition metals. All in

all it must be said that the methods based on integral approximations have been

more prolific in studies of main group compounds than transition metal complexes.

The reason for that is likely the considerable extra complexity added by the

d-orbitals combined with the fact that other attractive schemes are available for

d-block compounds.

2.1.3 Ab Initio Hartree Fock with Full Integral Evaluation

The 1960s were barely drawing to an end before I.H. Hillier and V.R. Saunders in

Manchester [29] as well as A. Veillard in Strasbourg [30] published the first ab

initio Hartree Fock calculations on transition metal complexes without integral

approximations. It seemed as if the stage had been set for series of nearly quantita-

tive studies of coordination compounds in the 1970s, without possible errors

introduced by an approximate evaluation of F in (5). However, already a few

years into the 1970s it became apparent that the ab initio Hartree Fock results

were far from quantitative especially for complexes of 3d-elements. Thus,

optimized metal–ligand distances were often much too long and calculated
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metal–ligand dissociation energies too small as exemplified by early studies on

ferrocene [31] and Cr(CO)6. Also orbital plots based on ab initio Hartree Fock

calculations often made less chemical sense than those based on the “approximate”

schemes. By the end of the 1970s, the sobering consensus had been reached that ab

initio Hartree Fock only is the first step and that more demanding post-HF methods

where electron correlation is considered had to be introduced in order to obtain

quantitative results. The developments of such schemes will be discussed in Sect. 2.3.

2.2 Density Functional Theory and the Kohn–Sham Equation

In the yearly 1970s, a new electronic structure approach found its way from the

physics to the chemistry community in the form of density functional theory (DFT),

where the total energy of an electronic system is expressed as a functional of the

total electronic density. The basic notion in DFT that the energy of an electronic

system can be expressed in terms of its electronic density is almost as old as

quantum mechanics and dates back to the early work by P.A.M. Dirac [32],

E. Fermi [33] and L.H. Thomas [34].

J.C. Slater [35] embrace in part this idea in 1951 when he replaced the

Hartree–Fock exchange energy EHF
X appearing as the last term on the right hand

side of (2) with the simple expression

EHFS
X ¼ �9=4aex½3=4p�1=3

X
g

ð
½rg1ð~r1Þ�4=3d~r1 (13)

depending only on the density of electrons of either a or b spin. This approximation

where aex is an adjustable parameter evolved out of the need to develop techniques

that were able to handle solids within a reasonable time frame. The actual depen-

dence of EHFS
X on rg1ð~r1Þ can be justified based on a simple model for exchange [36].

Slater [37] has given a vivid account of how his Hartree–Fock-Slater or Xamethod

evolved during the 1950s and 1960s with reference to numerous applications up

to 1974.

The Thomas–Fermi method and the Xa scheme were at the time of their

inceptions considered as useful models based on the notion that the energy of an

electronic system can be expressed in terms of its density. A formal proof of this

notion came in 1964 when it was shown by Hohenberg and Kohn [38] that there is a

unique relation between density and energy. The year after Kohn and Sham put

forward a practical variational DFT approach in which they replaced EHF
X of (2)

with a combined exchange and correlation term

EKS
XC ¼ EKS

X þ EKS
X ¼

Xa;b
g

ð
rgð~r1ÞeXC½rað~r1Þ; rbð~r1Þ�d~r1; (14)

A Chronicle About the Development of Electronic Structure Theories 7



where the energy density eXC is a functional of rað~r1Þ,rbð~r1Þ. As in the HF case, the

N (Kohn–Sham) orbitals can be expanded into atomic orbitals according to (4).

Furthermore, the expansion coefficients Ci can be determined by requiring that they

optimize the total (Kohn–Sham) energy. This results in the (Kohn–Sham) matrix

equation similar to (5)

FKSCi ¼ eiSCi (15)

where now

FKS
rs ¼

ð
wrð~r1Þ½ĥþ VCð~r1Þ þ VXCð~r1Þ�wsð~r1Þd~r1: (16)

Furthermore

VCð1Þ ¼
ð

rð~r2Þ
~r1 �~r2j jd~r2 ¼

XN
i

ð
cið~r2Þcið~r2Þ
~r1 �~r2j j d~r2

¼
XM
t;u

Ptu

ð
wtð~r2Þwuð~r2Þ
~r1 �~r2j j d~r2; (17)

where the exchange correlation potential VXC is given as the functional derivative

of the exchange correlation energy with respect to the density or

VXC ¼ @EXC=@r: (18)

2.2.1 Practical Implementations of the Kohn–Sham Method

In the earliest implementation applied to molecular problems, K. Johnson [39] used

scattered-plane waves as a basis and the exchange-correlation energy was

represented by (13). This SW-Xa method employed in addition an (muffin-tin)

approximation to the Coulomb potential of (17) in which VC is replaced by a sum of

spherical potentials around each atom. This approximation is well suited for solids

for which the SW-Xa method originally was developed [40]. However, it is less

appropriate in molecules where the potential around each atom might be far from

spherical. The SW-Xa method is computationally expedient compared to standard

ab initio techniques and has been used with considerable success [41] to elucidate

the electronic structure in complexes and clusters of transition metals. However, the

use of the muffin-tin approximation precludes accurate calculations of total

energies. The method has for this reason not been successful in studies involving

molecular structures and bond energies [42].
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The first implementations of a self-consistent KS-scheme, without recourse to

the muffin-tin approximations, are due to Ellis and Painter [43], Baerends et al.

[44], Sambe and Felton [45], Dunlap et al. [46] as well as Gunnarson et al. [47]. The
accurate representation of VC is in general accomplished by fitting the molecular

density to a set of one-center auxiliary functions [44, 46] f�ð~r1Þ as

rð~r1Þ �
X
�

a� f�ð~r1Þ (19)

from which the Coulumb potential can be calculated analytically [44, 46] in each

point~r1 as

VCð~r1Þ ¼
X
�

ð
a�f�ð~r2Þ
~r1 �~r2j jd~r2: (20)

The matrix elements FKS
rs can subsequently be obtained from numerical integra-

tion as

FKS
rs ¼

X
k

½wrð~rkÞĥwsð~rkÞþwrð~rkÞVCð~rkÞwsð~rkÞþwrð~rkÞVXCð~rkÞwsð~rkÞ�Wð~rkÞ; (21)

where Wð~rkÞ is a weight factor [43, 48–52]. FKS
rs can now be evaluated as wrð~rkÞ,

wsð~rkÞ, ĥwrð~rkÞ, VCð~rkÞ, VXCð~rkÞand Wð~rkÞ readily are calculated at each sample

point ~rk. The extensive use of numerical integration [43, 48–52] is amiable to

modern vector machines. Numerical integration also makes it easy to deal with

complicated expressions for VXC. The often intricate form of VXC and EKS
XC

precludes on the other hand a completely analytical evaluation of FKS
rs and EKS.

Some of the earliest DFT programs such as ADF [44] and DMOL [50] make use

of Slater-type orbitals (STOs), which necessitated that all parts of FKS
rs and EKS are

calculated by numerical integration. In that case, special care must be exercised in

order to calculate total energies [53, 54], energy gradients [55] and energy Hessians

[56–58] sufficiently accurate. Other early packages including LCGTO [45, 46],

DeMon [59], DGauss [60] and ParaGauss [61]. Later adaptations have also been

introduced into Gaussian, QChem, Jaguar, Spartan, Turbomol, Dalton, Gamess

BDF [62], Molpro, Molcas ORCA, all make use of Gaussian-type orbitals

(GTOs) where only the exchange-correlation part of FKS
rs and EKS is evaluated by

numerical integration. However in several of these packages fitting of the density as

in (19) is employed to speed up the calculation of Coulomb integrals by making use

of the resolution of the identity [63, 64] or Cholesky decomposition techniques [65,

66]. A unique approach has been taken by A. Becke in which the Kohn–Sham

orbitals and energy are optimized without the use of basis functions as in (4). The

approach implemented in the Numol program [67] was first applied to diatomic

molecules and later also to polyatomic systems.

A Chronicle About the Development of Electronic Structure Theories 9



2.2.2 The Development of New Density Functionals

The quality of the DFT calculations obviously depends on how well the approxi-

mate expression for EKS
XC represents the exact (but unknown) exchange correlation

functional. Throughout the 1970s, the large majority of DFT calculations were

based on the local density approximation (LDA) in which the exchange ELDA
X [68]

and correlation ELDA
C [69] energies both are taken from the homogeneous electron

gas and expressed as a simple function of the electron density with ELDA
X quite

similar to EHFS
X of (13) where aex ¼ 2=3. The LDA calculations afforded in general

metal–ligand distances in much better agreement with experiment than HF as

shown in Table 1. Furthermore, orbital plots based on LDA tented to make more

chemical sense than those from HF calculations.

It might seem surprising that the “approximation” of EHF
X by ELDA

X should lead to

substantially better structures. An extensive analysis [74, 75] has shown that the

difference ELDA
X � EHF

X which is added to EHF
X in order to obtain ELDA

X in fact to

some degree mimic “static correlation” which is absent in the HF-scheme. Unfor-

tunately, towards the end of the 1970s when the DFT-based methods finally were

sufficiently numerically stable [53, 54] to calculate metal–ligand dissociation

energies, it became evident that the LDA scheme systematically overestimates

bond energies. Thus after one decade of excitement, it seemed as if practical DFT

calculations would be limited in scope and unable to deal with the subject of

reactivity and thermochemistry.

This prospect was changed when A. D. Becke through a series of seminal papers

[76–78] introduced expressions for EKS
XC that depended not only on the density r but

also on its gradient rr. This modification has become known as the generalized

gradient approximation (GGA) and it significantly improved the accuracy of the

energetics as shown in Table 2. Well-known GGAs are BP86 and BLYP in which

the exchange part is due to Becke [76] and the correlation based on the work of

Perdew [80] and Lee [81] et al., respectively.

The work by Becke had a profound impact on the quantum chemistry commu-

nity. Thus by 1992 most theoretical chemists that up to that time had been sceptical

about DFT embraced the method and in a short period DFT was incorporated into

Table 1 A comparison of bond distances (Å) from HF and LDA calculations with experiment

A–B HF LDA Expt

Fe(CO)5 Fe–Cax 2.047a 1.774b 1.807

Fe–Ceq 1.874a 1.798b 1.827

Fe(C5H5)2 Fe–C 1.88c 1.60d 1.65

HCo(CO)4 Co–Ceq 2.02e 1.753f 1.764

Co–Cax 1.96e 1.779f 1.818
a[68]
b[70]
c[69]
d[71]
e[72]
f[73]

10 T. Ziegler



all major program packages such as Gaussian, Gamess and Turbomol. The popu-

larity of DFT has led to the development of many new functionals as reviewed

elsewhere [82–87].

Perhaps the most popular has been the hybride functional B3LYP [78] by Becke

in which 20% of ELYP
X is replaced by EKS

X . We present in Table 3 a number of

metal–ligand distances optimized by B3LYP [88]. For most systems, the error is

only 0.02 Å. In Table 4, we compare metal–ligand bond energies calculated by

BLYP [76, 81] and B3LYP [76, 80]. Obviously, B3LYP represents a clear improve-

ment over BLYP.

Progress in the development of functionals have up to now involved modeling of

both EKS
X and EKS

C . However, some theoreticians including Becke are increasingly of

the opinion that further progress in DFT will require the use of exact exchange EHF
X

for EKS
X . What is left is to augment the approximate EKS

C functionals which only

consider dynamic correlation with static correlation. Becke has introduced such

functionals DF07 [89] in which static correlation is modeled by modified

Table 2 First metal-carbonyl dissociation energy (kJ/Mol) in a number of metal carbonylsa

Molecule HFS LDA BP86 Exp

Cr(CO)6 278 276 147 162

Mo(CO)6 226 226 119 126

W(CO)6 247 249 142 166

Ni(CO)4 194 192 106 104
a[79]

Table 3 Calculated metal-ligand bond lengtha

Compound Bond B3LYP Exp

TiF4 Ti–F 1.74 1.75

TiCl4 Ti–Cl 2.17 2.17

Cr(CO)6 Cr–C 1.91 1.92

Cr(C6H6)(CO)3 Cr–C (C6H6) 2.23 2.21

Cr(C6H6)(CO)3 Cr–C (CO) 1.85 1.86

Mn2(CO)10 Mn–Mn 2.96 2.98

Mn2(CO)10 Mn–Cax 1.80 1.80

Mn2(CO)10 Mn–Ceq 1.85 1.87

Fe(CO)5 Fe–Cax 1.81 1.81

Fe(CO)5 Fe–Ceq 1.80 1.83

Fe(C5H5)2 Fe–C 2.06 2.06

Fe(C2H4)(CO)4 Fe–C(CO) 2.11 2.12

Fe(C2H4)(CO)4 Fe–Cax 1.81 1.82

Fe(C2H4)(CO)4 Fe–Ceq 1.79 1.81

CoH(CO)4 Co–Ceq 1.79 1.82

Co2(CO)4 Co–Co 2.61 2.53

Ni(CO)4 Ni–C 1.81 1.84

CuF Cu–F 1.66 1.75

Mean absolute error 0.02
aFrom [88]. Distances in Å
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expressions for ELDA
X � EHF

X . It can be seen in Table 3 that the results [88] are quite

encouraging. For a larger sample of systems, the mean absolute error was 6.3 kcal/

mol, 4.3 kcal/mol and 2.3 kcal/mol for BLYP, B3LYP and DF07 [89], respectively.

It is in a way ironic that DFT from its promising Xa start with a local exchange

approximation EXa
X is back to Hartree–Fock and EHF

X as a starting point.

2.3 Post-Hartree–Fock Methods

It is an attractive feature of ab initio wave function theory that there is a clear

hierarchy of methods leading from Hartree–Fock to the exact solution of the

Schr€odinger equation. Post-Hartree–Fock methods can be divided into three main

categories [88]. The first is based on (Møller–Plesset) perturbation theory [89] and

referred to as MPn where n is the order of the perturbation. MPn is excellent when

Hartree–Fock already is giving a reasonable description, as is often the case for

complexes involving 4d and 5d elements. Otherwise, it fails or might only converge

slowly with the order n. MP2 can be used for medium size systems of 100–200

atoms.

The second category is based on configuration interaction (CI) in which the HF

determinantC0 is augmented by a number of determinantsCk constructed fromC0

by replacing one or more of the occupied HF orbitals with virtual HF orbitals

CCI ¼
Xn
k¼0

DkCk: (22)

In simple CI, the expansion coefficients Dk are optimized in such a way thatCCI

has the minimum energy. The expansion in (22) can be slowly converging requiring

millions of terms. The number of needed terms can be reduced in the multi-

configuration SCF procedure (MCSCF), where both Dk and the orbital expansion

Table 4 Average M-L dissociation energiesa

Complex BLYP B3LYP DF07b Exp

Cr(CO)5 29.7 22.8 25.0 23.4

Cr(CO)6 30.6 24.8 26.9 25.6

Mn2(CO)10 28.6 20.3 22.9 22.7

MnH(CO)5 34.7 27.4 29.0 27.4

Fe(CO)4 33.7 23.4 25.8 24.7

Fe(CO)5 34.0 25.9 28.4 28.0

Co2(CO) 8 40.4 26.4 31.2 30.6

CoH(CO)4 45.6 36.9 38.1 36.9

Ni(CO)3 36.5 35.0 39.1 38.8

Ni(CO)4 41.7 32.5 34.5 35.3
aFrom [88] with energy in kcal/mol
bFunctional due to Becke from [89]
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coefficients of (4) are optimized simultaneously with respect to the energy of CCI

[88]. One of the better known MCSCF schemes is the complete active space self-

consistent field method (CASSCF) [90]. In this scheme, one considers an active

space of Mocc occupied HF orbitals and Mvir virtual HF orbitals. From this space,

CCI is constructed by taking into account all possible displacement of orbitals from

Mocc to Mvir. As the number of terms in (22) rapidly goes up with the size of the

active space, a more limited number of terms can be selected in the restricted active

space self-consistent field method (RASSCF). Both CASSCF and RASSCF can

be augmented with second-order perturbation theory in CASPT2 and RASPT2 [91].

CASSCF, RASSCF as well as CASPT2, RASPT2 have been used extensively in

transition metal chemistry. They are the methods of choice in those cases where a

system is poorly described by a single Slater determinant. Other methods that can be

used in a similar situation are the generalized valence bond method (GVB) [92],

valence bond theory (VB) [93] and the symmetry adapted cluster/configuration

interaction (SAC-CI) method [94]. All of these methods scale as (ne)
5 or worse with

the number of electrons ne and can as a consequence only be used for smaller systems.

The third and last category is the couple cluster (CC) method [88]. In this

scheme, one writes the wave function CCC as

CCC ¼ eTC0; (23)

with

eT ¼ 1þ T þ 1

2
T2 þ 1

6
T3 ¼

X1
k¼0

1

k!
Tk (24)

and the cluster operator T given by

T ¼ T1 þ T2 þ T3 þ ::::TN þ :::: (25)

Here, the Ti operator when working on C0 affords the ith excited Slater

determinants. In practical, CC calculations T of (25) is truncated. Thus keeping

T1 þ T2 gives rise to CCSD whereas the addition of T3 and subsequently T4 leads to
CCSDT and CCSDTQ, respectively. The CCSD scheme which scales as (ne)

6 is

used routinely for up to 100 electrons. It is considered as the most accurate method

for metal complexes in those cases where the reference HF determinant C0 affords

a reasonable description. CCSDT and CCSDTQ scales as (ne)
8 and (ne)

10, respec-

tively, they can only be used for very small systems.

2.4 Applications to the Ground State of Permanganate
and Related Tetroxo Systems

The methods described above have been applied to ground state properties of a

large number of complexes. These properties include parameters from infrared
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(IR), Raman nuclear magnetic resonance (NMR), electron spin resonance (ESR),

M€osbauer and vibronic circular (VCD) spectroscopy as well as electric and

magnetic dipole moments, polarizability and magnetic susceptibility [83]. We

shall in the following as an example discuss some applications to permanganate

and related tetroxo complexes.

2.4.1 Electronic Structure of Permanganate

The permanganate anion MnO4
� has a tetrahedral geometry with a Td point group

symmetry, Fig. 1. At each oxygen atom, we have a core like 2s orbital as well as two
2pp and one 2psvalance orbitals. The total number of valence electrons is 32 of

which 8 are in core type 2s levels and the remaining 24 in molecular orbitals

spanned by 2pp, 2ps and 3d. We show in Fig. 2 the levels represented by orbitals

made up of 2pp, 2ps and 3d.
The lowest level is represented by 1t2 which is a bonding combination between a

d orbital transforming as t2 and a t2 ligand combination. The corresponding anti-

bonding combination is given by the empty 3t2 orbital, Fig. 3. Slightly above is the
1e level corresponding to the bonding combination between a d orbital

transforming as e and a ligand combination of e-symmetry. The related anti-

bonding combination is 2e, Fig. 3. Further above is 1a made up of 2ps ligand

combinations interacting in-phase with 4s on the metal. At highest energy among

the occupied orbitals are the 2t2 and 1t1 combinations that both are ligand based

with no contributions from the metal, Table 3. The empty 3t2 and 2e levels

correspond to the d many- fold split by the ligand orbitals with 2e below 3t2 as

predicted by ligand field theory [5]. The compositions and relative energies of the

frontier orbitals for MnO4
� is what one would obtain from an LDA or GGA

calculation [36] on MnO4
�. It is interesting to note that Wolfberg and Helmholz

[13] in the very first LCAO calculation on MnO4
� found 2e above 3t2 in

x

Z

y

1

2

3

4

X

YM

Fig. 1 Geometry of MnO4
�
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disagreement with ligand field theory. Later calculations both based on wave

function theory and DFT have always recovered the ligand field ordering.

There has been a number of HF ab initio calculations on MnO4
� [95–102]. All of

these calculations exhibit a very different picture from that of Fig. 3 with 1t2 being a
pure d-orbital and 1e exclusively a ligand orbital. Thus, HF reveals an ionic

bonding mode as opposed to the covalent DFT picture displayed in Fig. 3. Buijse

and Baerends have analyzed the bonding in MnO4
� based on HF, post-HF and DFT

calculations [103]. They point out the special circumstances encountered in

complexes of 3d elements where one has 3s and 3p core-type orbitals of the same

radial extent as 3d. The 3s,3p orbitals will interact repulsively with the ligands

making it impossible to reach metal–ligand distances where the 3d to ligand

overlaps are optimal. The HF method responds to the relatively weak metal–ligand

interactions by localizing the electrons on either the metal or the ligands in each

orbital and thus optimize the exchange interaction. The covalent bond picture

provided by DFT is recovered nicely in extensive CI and MCSCF calculations.

1t2

1e

1a

2t2

1t1

2e
3t2

Fig. 2 Orbital level diagram

for MnO4
�

1

2

3

4

1t2

1

2

3

4

3t2

1

1e

1

2e

1

1a

1

2

4

2t2

1

2

4

1t1

Fig. 3 Frontier molecular orbitals of MnO4
�
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At the HF-level, MnO4
� is unstable with respect to dissociation into one electron

and the neutral species. Introducing post-HF calculations makes MnO4
� stable with

respect to such a dissociation. The problems encountered for HF in 3d metal

complexes are not present in systems involving nd (n ¼ 4,5) elements since the

corresponding ns, np orbitals are much more contracted than nd for n ¼ 4,5. Also,

the HF error seems to be more severe for late 3d elements than early 3d elements.

2.4.2 17O Chemical Shifts in Permanganate and Related Tetroxo Systems

There are a number of spectroscopic parameters that can be formulated as the

second derivative of the total energy with respect to two perturbations [88]. One

such parameter is the nuclear shielding tensor [104]

sNst ¼
d2E

dBsdmNt

� �
ð~B¼0;~mN¼0Þ

; (26)

where Br; mNt are Cartesian components of, respectively, an external homogeneous

magnetic field ~B and a nuclear magnetic moment ~mNof nucleus N. Related to the

shielding tensor of nuclei N is the shielding constant

sN ¼ 1

3
½sNxx þ sNYY þ sNZZ� (27)

as well as the chemical shift given by

dN ¼ sN � sref : (28)

Here, sref is the shielding constant of the reference with respect to which the

chemical shift dN of nuclei N is measured. Finally, the shielding tensor component

sNst has a diamagnetic contribution sd;Nst and a paramagnetic contribution sp;Nst .

Here sd;Nst only depends on the occupied ground state orbitals whereas sp;Nst depends

on the coupling between ground state occupied and virtual orbitals induced by the

external homogeneous magnetic field ~B [104]. We present in Table 5 the 17O

chemical shift of several tetroxo complexes including permanganate.

It is clear from Table 5 that the chemical shifts calculated with HF are too

negative with the possible exception of the two 5d complexes WO4
2� and ReO4

�.
The agreement with experiment is especially poor for MnO4

�. An analysis reveals

that the deviation for permanganate comes from the paramagnetic contribution sp;Nst ,

where the coupling between occupied and virtual orbitals are exaggerated due to

their localized nature. Thus, occupied and virtual orbitals both localized on either

the metal or the ligands will lead to a strong coupling. Introducing next the MP2

method is seen to lead to an overcompensation, where most shifts goes from

negative in HF to positive in MP2. On the other hand, the GGA scheme BP86
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with delocalized orbitals, Fig. 3, and a covalent bonding description leads to shifts

in reasonable agreement with experiment for all systems, even permanganate.

Adding 20% HF exchange in the hybrid B3LYP leads as expected to more negative

shifts but not to an overall improved agreement with experiment.

2.4.3 M-O Spin–Spin Coupling Constants in Permanganate

and Related Tetroxo Systems

Another spectroscopic parameter that we can write as a second-order energy

derivative is the spin–spin coupling tensor of NMR defined as [107–109]

KAB
st ¼ d2E

dmAs dmBt

� �
ð~mA¼0;~mB¼0Þ

; (29)

where mAs ; m
B
t are Cartesian components of the nuclear magnetic moments ~mA and

mBt on nuclei A and B, respectively. Related to the coupling tensor Kst is the reduced

coupling constant

KAB ¼ 1

3
½KAB

xx þ KAB
yy þ KAB

zz �: (30)

There are four contributions to KAB

KAB ¼ KFC
AB þ KPSO

AB þ KDSO
AB þ KSD

AB; (31)

represented by the Fermi-contact term ðKFC
ABÞ, the paramagnetic spin-orbit term

ðKPSO
AB Þ, the diamagnetic spin-orbit term ðKDSO

AB Þ and the spin-dipolar term ðKSD
ABÞ. Of

these the first two are in most cases dominating.

We compare in Table 6 calculated [107] reduced coupling constants KMO based

on BP86 with experiment. The agreement is in general good with the possible

exception of MnO4
�. The largest contribution comes from the Fermi-contact term

Table 5 17O Chemical shifts [ppm] for tetroxo complexes calculated by different methods and

compared to experiment

Compound HFa MP2a BP86b B3LYPa Expa

WO4
2� �194 �21 �140 �183 �129

MoO4
2� �335 �60 �251 �289 �239

CrO4
2� �1,308 2,173 �508 �640 �544

ReO4
� �464 3 �282 �339 �278

TcO4
� �819 184 �421 �518 �458

MnO4
� �7,248 54,485 �832 �1,149 �939

OsO4 �1,295 1,069 �517 �657 �505

RuO4 �3,330 8,262 �740 �1,037 �820
a[105]
b[106]
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KFC
MO, Table 6. This term arises from a generation of net spin-density at the position

of the metal nuclei due to the nuclear magnetic moments on the oxygen ~mO. The
generation of net spin density requires the coupling of occupied and virtual ground

state orbitals of a1 symmetry with contributions from both 2s orbitals on oxygen and
3s,4s orbitals on the metal. KFC

MO is as explained elsewhere [107] positive for all the

systems and larger for complexes of 4d-elements than 3d-elements. The second

important contribution is KPSO
MO . It arises when the magnetic field due to the

magnetic dipole of the metal couples occupied and virtual orbitals to generate a

current density that interacts with the nuclear magnetic moment of the oxygens. The

negative KPSO
MO is established by the coupling between 1t2 and 3t2. It is proportional

to the coupling integral between the two orbitals as well as 1=ðe3t2 � e1t2Þ. As
MnO4

� has the smallest e3t2 � e1t2energy gap, it has the most negative contribution

from KPSO
MnO and the smallest KMnO. In fact, it is likely that KPSO

MnO is too negative for

MnO4
�, leading to a too small estimate of KMnO.

3 Excited State Electronic Structure Theory

The development of electronic structure theories for metal complexes has always been

closely linkedwith electron spectroscopy of transitionmetal compounds.We shall in the

following describe both DFT and wave function methods that have been used in the

study of excited states. We shall also discuss their application to the tetroxo systems.

3.1 Different DFT-Based Methods Used in the
Study of Excited States

As we have seen in Sect. 2, KS-DFT has been very successful in dealing with

ground state properties, especially for closed shell molecules. KS-DFT owes this

Table 6 Reduced coupling constants a,bKMO in some tetroxo complexes

Molecule RM–O
cKFC

MO
dKPSO

MO
eKMO calculated

KMO

Exp

VO4
3� 1.711 243 �94 150 144

CrO4
2� 1.653 244 �140 104 108

MnO4
� 1.629 218 �189 29 75

MoO4
2� 1.765 464 �118 346 380

TcO4
� 1.676 531 �128 403 359

aIn SI units of 1019 kg m�2 s�2 A�2

bFrom [107]
cFermi-contact contribution
dParamagnetic spin-orbit contribution
eTotal reduced coupling constant
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success to its simplicity as well as the development of increasingly accurate energy

density functionals e½r� or exchange correlation potentials VXC½r� [82–87]. There
has been considerable interest in also applying KS-DFT to excited states.

3.1.1 Variational DFT Approaches in the Study of Excited States

The first category of DFT-based methods applied to excited states is the variational

approaches. They include ensemble DFT [110, 111], variation of bifunctionals

[112] and DDFT/DSCF-DFT [36, 113–116]. Of the variational methods, DDFT/
DSCF-DFT can be readily implemented and applied whereas only few applications

have appeared based on the two first approaches due to their computational

complexity. In DDFT/DSCF-DFT [36, 113–116], one generates new “excited

state” KS-Slater determinants from the ground state determinant by substituting

one (or more) of the occupied ground state KS-orbitals with one or more ground

state virtual KS-orbitals. An evaluation of the energy of the new determinants

followed by subtraction of the ground state energy makes it possible to determine

excitation energies corresponding to one-, two- and multi-electron excitations. In

addition, the DSCF-DFT scheme (but not DDFT) allows for the occupied orbitals in
the excited state to be optimized variationally.

The DDFT/DSCF-DFT scheme has been met with considerable reservation.

Thus, DDFT/DSCF-DFT assumes implicitly that a transition can be represented

by an excitation involving only two orbitals, an assumption that seems not generally

to be satisfied. Also, the variational optimization in DSCF-DFT of the orbitals

makes it difficult to ensure orthogonality between different excited state

determinants when many transitions are considered, resulting ultimately in a varia-

tional collapse. Finally, it has been questioned [110] whether there exists a varia-

tional principle for excited states in DFT. In spite of this, some of the first

pioneering chemical applications of DFT involved DSCF-DFT calculations on

excitation energies [36, 113–116] for transition metal complexes and DSCF-DFT
is still widely used [117–121].

3.1.2 DFT Approaches in the Study of Excited States Based

on Response Theory

A popular alternative to variational approaches in the study of excited state

properties is time-dependent DFT (TD-DFT) in its adiabatic formulation

[122–128]. In this scheme, one considers the first-order change in the ground

state density rðgÞðo;~rÞ due to a perturbation from the g-component EgðoÞ of a

frequency-dependent electric field and the associated frequency-dependent polariz-

ability agbðoÞ: The excitation energies o0 are subsequently found as poles or

resonances for agbðoÞ:
The adiabatic TD-DFT approach [122–124] seems to be free of much of the

problems associated with DSCF-DFT. In the first place, TD-DFT transition energies
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o0 are calculated from a ground state property agbðoÞ by a frequency-dependent

response method rather than excited state variation theory. Furthermore, orthogo-

nality is ensured as all excitation energies are found as eigenvalues to a common

matrix constructed from the ground state Hessian [88, 122–124, 129–131].

Extensive benchmarking of adiabatic TD-DFT [132–137] has revealed that the

calculated excitation energies are in fair agreement with experiment. It is thus to

be expected that adiabatic TD-DFT be used increasingly as a reasonable compromise

between accuracy and computational cost in many applications [132–137]. However,

the extensive benchmarking has revealed some systematic errors [132–137] in

the calculated excitation energies when use is made of the GGA as well as the popular

approximate hybrid functionals containing fractions of exact Hartree–Fock exchange.

The largest deviations [132–137] are found for transitions where electrons are

moved between two separated regions of space (charge transfer transitions) or

between orbitals of different spatial extend (Rydberg transitions) [138–140].

Ziegler et al. have in two recent studies [141, 142] analyzed the reason for the

deviations between experimental charge transfer (CT) excitation energies and

estimates obtained from TD-DFT applications. It was found that the deviations for a

large part can be traced back to the simple approach taken in standard TD-DFT where

terms depending on the linear orbital response parameter set U only is kept to second

order in U for the energy expression [141, 142]. While this simple linear response

approach is adequate for the correspondingHartree–Fock time-dependent formulation

where self-interaction is absent [143], it is inadequate for TD-DFT applied to most

approximate functionals where self-interaction terms are present [141–143]. In those

cases, higher order terms inUmust be included into the energy expression [141–143].

With the intention of including higher order terms, we have developed a

constricted variational density functional approach (CV(n)-DFT) for the calculation

of excitation energies and excited state properties [144, 145]. We shall introduce

this method in the next section and show that adiabatic TD-DFT and DSCF-DFT
both are special cases of the more general constricted variational DFT scheme.

3.1.3 Constricted Variational Density Functional Theory

In the constricted variational density functional theory, CV(n)-DFT, we carry out a

unitary transformation [145] among occupied ffi; i ¼ 1; occg and virtual ffa; a ¼
1; virg ground state orbitals

Y
focc

fvir

� �
¼ eU

focc

fvir

� �
¼

X1
n¼0

ðU2Þn
2n!

 !
focc

fvir

� �
¼ f

0
occ

f
0
vir

� �
: (32)

Here, focc and fvir are concatenated column vectors containing the sets

ffi; i ¼ 1; occgand ffa; a ¼ 1; virg whereas f0
occ and f

0
virare concatenated column

vectors containing the resulting sets ff0
i; i ¼ 1; occg and ff0

a; a ¼ 1; virg of
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occupied and virtual excited state orbitals, respectively. The unitary transformation

matrix Y is in (33) expressed in terms of a skew symmetric matrix U as

Y ¼ eU ¼ I þ U þ U2

2
þ � � � ¼

X1
n¼0

Un

n!
¼
X1
n¼0

ðU2Þn
2n!

þ U
X1
n¼0

ðU2Þn
ð2nþ 1Þ!: (33)

Here, Uij ¼ Uab ¼ 0 where “i,j” refer to the occupied set ffi; i ¼ 1; occg
whereas “a,b” refer to ffa; a ¼ 1; virg. Furthermore, Uai are the variational mixing

matrix elements that combines virtual and occupied ground state orbitals in the

excited state with Uai ¼ �Uia. Thus, the entire matrix U is made up of occ� vir

independent elements Uai that also can be organized in the column vector ~U. For a

given ~U, we can by the help of (33) generate a set of “occupied” excited state orbitals

fi
0 ¼

Xoccþvir

p

Ypifp ¼
Xocc
j

Yjifj þ
Xvir
a

Yaifa (34)

that are orthonormal to any order in Uai.

In the simple CV(2)-DFT theory [144], the unitary transformation of (33) is

carried out to second order in U. We thus obtain the occupied excited state orbitals

to second order as

fi
0 ¼ fi þ

Xvir
a

Uaifa �
1

2

Xocc
j

Xvir
a

UaiUajfj; (35)

from which we can generate the excited state Kohn–Sham density matrix to second

order as

r
0 ð1; 10Þ ¼ rð0Þð1; 10Þ þ Dr

0 ð1; 10Þ

¼ rð0Þð1; 10Þ þ
Xocc
i

Xvir
a

Uaifað10Þf�
i ð1Þ þ

Xocc
i

Xvir
a

U�
aif

�
að1Þfið10Þ

þ
Xocc
i

Xvir
a

Xvir
b

U�
aiUbifað10Þf�

bð1Þ �
Xocc
i

Xocc
j

Xvir
a

UaiU
�
ajfið10Þf�

j ð1Þ:

(36)

The expression for r0ð1; 10Þ makes it next possible to write down the

corresponding excited state Kohn–Sham energy to second order as

EKS ½r0ð1; 10Þ� ¼ EKS r0
� �þX

ai

UaiU
�
aiðe0a � e0i Þ þ

X
ai

X
bj

UaiU
�
bjKai;bj þ 1

2

�
X
ai

X
bj

UaiUbjKai;jb þ 1

2

X
ai

X
bj

U�
aiU

�
bjKai;jb þ O½Uð3Þ�: (37)
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Here, EKS r0½ � is the ground state energy and “a,b” run over virtual ground state

canonical orbitals, whereas “i,j” run over occupied ground state canonical orbitals.

Furthermore

Kru;tq ¼ KC
ru;tq þ KXC

ru;tq (38)

where

KC
ru;tq ¼

ð ð
f�
r ð1Þfuð1Þ

1

r12
f�
t ð2Þfqð2Þdv1dv2 (39)

whereas

K
XCðHFÞ
ru;tq ¼ �

ð ð
f�
r ð1Þfqð1Þ

1

r12
f�
t ð2Þfuð2Þdv1dv2 (40)

for Hartree–Fock exchange correlation and

K
XCðDFTÞ
ru;tq ¼ dðmsr;msuÞdðmst;msqÞ

ð
f�
r ð~r1Þfuð~r1Þ½f ðmsr ;mstÞðr0Þ�f�

t ð~r1Þfqð~r1Þd~r1
(41)

for DFT exchange correlation. In (41), msr ¼ 1=2 for a spin orbital frð1Þ of a-spin
whereas msr ¼ �1=2 for a spin orbital frð1Þ of b-spin. In addition, the kernel

f ðt;uÞðr0Þ is the second functional derivative ofEXC with respect to ra and rb

f t;uðr0a; r0bÞ ¼
d2EXC

drtdru

� �
0

t¼a;b ; u ¼ a; b: (42)

Finally e0i ; e
0
a in (37) are the ground state orbital energies of, respectively, fið1Þ

and fað1Þ.
In CV(2)-DFT [144], we seek points on the energy surface EKS½r0� such that

DEKS½Dr0�¼EKS½r0� � EKS½r0� represents a transition energy. Obviously, a direct

optimization of DEKS½Dr0� without constraints will result in DEKS½Dr0� ¼ 0 and

U ¼ 0. We [144] now introduce the constraint that the electron excitation must

represent a change in density Dr0 where one electron in (36) is transferred from the

occupied space represented by Drocc ¼ �Pija UaiU
�
aj’ið10Þ’�

j ð1Þ to the virtual

space represented by Drvir ¼
P

iab UaiU
�
bi’að10Þ’�

bð1Þ. An integration of Drocc
and Drvir over all space affords � Dqocc ¼ Dqvir ¼

P
ai UaiU

�
ai. We shall thus

introduce the constraint
P

ai UaiU
�
ai ¼ 1. Constructing next the Lagrangian L ¼

EKS½r0� þ lð1�Pai UaiU
�
aiÞ with l being a Lagrange multiplier and demanding

that L be stationary to any real variation in U results in the eigenvalue equation
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AKS þ BKS
� 	

~UðIÞ ¼ lðIÞ~UðIÞ; (43)

where

AKS
ai;bj ¼ dabdijðe0a � e0i Þ þ KKS

ai;bj; BKS
ai;bj ¼ KKS

ai;jb: (44)

We can now from (43) determine the sets of mixing coefficients

f~UðIÞ; I ¼ 1; occ� virg that make L stationary and represent excited states. The

corresponding excitation energies are given by lðIÞ as it can be seen by multiplying

by ~UðIÞþ from the left in (43) and making use of the constraint and normalization

condition ~UðIÞþ~UðIÞ ¼ 1.

Within the Tamm–Dancoff approximation [146] ðBKS ¼ 0Þ (43) reduces to

AKS~UðIÞ ¼ lðIÞ~UðIÞ (45)

which is identical in form to the equation one obtains from TDDFT in its adiabatic

formulation [132–137] after applying the same Tamm–Dancoff [146]

approximation.

Having determined ~UðIÞ from either (43) or (45) allows us [145] now to carry out

the unitary transformation of (32) to all orders. The resulting occupied excited state

orbitals are given by [145]

’0
j ¼ cos½�gj�’o

j þ sin½�gj�’v
j ; j ¼ 1; occ; (46)

here ’o
j and ’v

j are according to the corresponding orbital theory of Hall and

Amos27 eigenvectors to, respectively, Docc and Dvir with the same eigenvalues gi
where ðD2

occÞij ¼
Pvir

a UaiUaj and ðD2
virÞab ¼

Pocc
i UaiUbi. Here, ’o

j is a linear

combination of occupied ground state orbitals whereas ’v
j is a linear combinations

of virtual ground state orbitals. Thus in the corresponding orbital representation

[145] only one occupied orbital ’o
j mixes with one corresponding virtual orbital ’v

j

for each occupied excited state orbital ’0
j when the unitary transformation is carried

out to all orders according to (32). Martin [145] has used the representation of

corresponding orbitals to analyze excitations described by TDDFT and TDHF. In

his interesting analysis, f’o
j ð1Þ; ’v

j ð1Þg are referred to as natural transition orbitals

(NTO).

The change in the density matrix Drð1Þ due to a one-electron excitation takes on
the compact form of

Drð1Þð1; 10Þ ¼
Xocc
j

sin2½�gj�½’v
j ð10Þ’v

j ð1Þ � ’o
j ð10Þ’o

j ð1Þ�

þ
Xocc
j

sin½�gj� cos½�gj�½’v
j ð1Þ’o

j ð10Þþ’v
j ð10Þ’o

j ð10Þ� (47)
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when the unitary transformation in (32) is carried out to all orders. In (46) and (47),

the scaling factor � is introduced to ensure that Drð1Þð1; 10Þ represent the transfer of
a single electron from the occupied orbital space density� sin2½�gj�’o

j ð10Þ’o
j ð1Þ to

the virtual orbital space density
Pocc
j

sin2½�gj�’v
j ð10Þ’v

j ð1Þ orXocc
j

sin2½�gj� ¼ 1: (48)

Here, the constraint of (48) is a generalization of the corresponding second order

constraint
P

ai UaiU
�
ai ¼ 1 used to derive (43) and (45).

We finally get for the excitation energy including terms to all orders in U

DEð1Þ ¼ E1
KS½r0 þ Drð1Þ� � EKS½r0�

¼ �
Xocc
j

sin2½�gj�FKS
jojo ½r0 þ

1

2
Drð1Þ� þ

Xocc
j

sin2½�gj�FKS
jvjv ½r0 þ

1

2
Drð1Þ�

þ
Xocc
j

cos½�gj� sin½�gj�Fjojv ½r0 þ 1

2
Drð1Þ�

þ
Xocc
j

cos½�gj� sin½�gj�Fjvj0 ½r0 þ
1

2
Drð1Þ� þ O½3�ðDrð1ÞÞ: ð49Þ

Here, (49) is derived by Taylor expanding [54] E1
KS½r0 þ Drð1Þ� and EKS½r0� from

the common intermediate densityr0 þ 1=2Drð1Þ. Further,FKS½r0 þ 1=2Drð1Þ� is the
Kohn–Sham Fock operator defined with respect to the intermediate Kohn–Sham

density matrix r0 þ 1=2Drð1Þ
, whereas F

KS
pq ½r0 þ 1=2Drð1Þ� is a matrix element of

this operator involving the two orbitalsfp;fq. The expression in (49) is exact to third

order in Drð1Þ, which is usually enough [54]. However, its accuracy can be extended
to any desired order in Drð1Þ [54].

The energy expression in (49) is perturbative in the sense that we make use of a

U matrix optimized with respect to the second-order energy expression of (37). We

refer to this method as CVð1Þ � DFT [145]. We shall now seek ways in which to

find vectors ~U
ðIÞ
ð1Þ that optimize E1

KS½r0 þ Drð1ÞðUÞ�. To this end, we can start with
~U
ðIÞ
ð2Þ ¼ ~UðIÞ found from (45). Let us call this solution setU0. We can now carry out a

Taylor expansion

Eð1Þðr0 þ UÞ ¼ Eð1Þðr0 þ U0Þ þ
X
ai

dEð1Þ

dUai

� �
0

DUai

þ 1

2

X
ai

X
bj

d2Eð1Þ

d2UaiUbj

 !
0

DUaiDUbj

¼ Eð1Þðr0 þ U0Þ þ
X
ai

gðU0ÞaiDUai þ 1

2

X
ai

X
bj

HðU0Þai;bjDUaiDUbj þOð3Þ½DU�:

(50)

24 T. Ziegler



Here, the gradient, ~g, evaluated at U0 has matrix elements given by

gðUoÞai ¼
dEð1Þ

dUai

� �
0

¼
Xa;b
s

@E

@rs

� �
0

@rs
dUai

� �
0

¼
Xa;b
s

ð
F̂KS
s ½ðU0Þ� @rs

dUai

� �
0

dv1: (51)

Furthermore the Hessian
$
HðUoÞ evaluated at U0 has matrix elements given by

HðUoÞai;bj¼
d2Eð1Þ

dUaidUbj

� �
0

¼ d

dUbj

dEð1Þ

dUai

� �
¼ d

dUbj

Xa;b
s

@Eð1Þ

@rs

� �
0

@rs
@Uai

� �
o

¼
Xa;b
s

Xa;b
t


ðð
@rsð1Þ
@Ubj

� �
0

1

r12

@rtð2Þ
@Uai

� �
0

dv1dv2

þ
ð
f st


rðU0Þ

�
@rs
@Ubj

� �
0

@rt
@Uai

� �
0

dv1

�
þ
Xa;b
s

ð
FKS
s



rðU0Þ

�
@2rs

@Uai@Ubj

� �
0

dv1

ffi
Xa;b
s

Xa;b
t

ð
FKS
t



rðU0Þ�þ @rs

@Ubj

� �
0

�
�FKS

t



rðU0Þ

�� 

@rt
@Uai

� �
0

dv1

þ
Xa;b
s

ð
FKS
s



U0

�
@2rs

@Uai@Ubj

� �
0

dv1:

(52)

The calculation of ~g and
$
HðUoÞ requires closed form expressions for drð1Þ

s �
ð1; 10Þ=dUai and d2rð1Þ

s ð1; 10Þ=dUaidUbj [145]. Also required are FKS
pq and Krv;st

integrals already available in standard DFT programs. We can now from (50) obtain

the optimal step within the quadratic region

DUai ¼ �
X
bj

ðH�1Þai;bjgbj (53)

Next, in order to satisfy (48), we must scale DU from (53) to obtain

U
0 ¼ �ðU0 þ DUÞ. Here � is determined by substituting �ðU0 þ DUÞ into (48). In

addition, U0 must be orthogonal to all previously found solutions

f~UðKÞ
ð1Þ;K ¼ 1; I � 1g. Thus, we obtain a new solution U00

U00 ¼ U0 �
XI�1

K

U0h jUðKÞ
E
= UðKÞ�� �� (54)
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After having calculated U00 from (54), we now set U0 ¼ U00 and go back to (50)

for another iteration. The procedure is continued until U0 � U00�� �� is smaller than a

certain threshold. After that, the search might be extended to excited state I + 1.
We have already seen that adiabatic TD-DFT within the Tamm–Dancoff

approximation is equivalent to CV(2) with BKS ¼ 0. Another scheme that has

been used in the past is DDFT [36, 113–116] where one generates new “excited

state” KS-Slater determinants from the ground state determinant by substituting one

of the occupied ground state KS-orbitals ffið1Þ; i ¼ 1; occÞ with a virtual KS-

orbitals ffað1Þ; a ¼ 1; virÞ. An evaluation of the energy of the new determinant

followed by subtraction of the ground state energy makes it possible to determine

the excitation energy DEDDFT
i!a . In relation to CV(n)-DFT, the DDFT scheme is

equivalent to applying the following approximations in (50):

ðU0Þbj ¼ ðU0Þaidabdij; DU ¼ 0; (55)

where DU ¼ 0 indicates that DDFT is a non-SCF method. The resulting excitation

energy is given as

DEDDFT
i!a ¼ Eð1Þðr0 þ U0Þ � Eð1Þðr0Þ

ffi
ð
FKS r0 þ 1

2
UaiUai½fafa � fifi�


 �
UaiUai½fafa � fifi�dv1

¼ e0a � e0i þ
1

2
KKS
aa;aa þ

1

2
KKS
ii;ii � KKS

ii;aa; (56)

where we in the last line has used that Uai ¼ 1.

Another method mentioned above is the DSCF scheme. In this method

[36, 113–116], one promotes as in DDFT an electron from an occupied ground

state KS-orbital ffið1Þ; i ¼ 1; occg to a virtual KS-orbital ffað1Þ; a ¼ 1; virg
by introducing ðU0Þbj ¼ ðU0Þaidabdij. However, in contrast to DDFT where DU ¼ 0,
the DSCF scheme updates DU and Drð1Þð1; 10Þ of (47) with the help of the diagonal

part of the Hessian, or an approximation, as DUbj¼�gbj½r0þDrð1Þ� H�1
bj;bj b¼1;vir;ð

j¼1;occÞ until self-consistency when gbj½r0þDrð1Þ�¼0. The resulting excitation

energy is given by

DEDSCF
a!i ¼

ð
FKS r0 þ 1

2
Drð1Þ


 �
Drð1Þdv1 (57)

As in DDFT, “a” and “i” in Uai belongs to the same symmetry representation.

This can be seen by realizing that the initial guess for Drð1Þ is caca � cici which

is totally symmetric. Thus, in subsequent updates DUbj ¼ �gbj½r0 þ Drð1Þ�H�1
bj;bj

we have that DUbj ¼ 0 if “b” and “j” in Ubj belongs to different representations.

That is clearly a limitation compared to TDDFT where DUbj 6¼ 0 provided that
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Drð1Þ has contributions from Uck where the direct product between “bj” and “ck”

has a contribution from the totally symmetric representation.

On the other hand, DDFT and DSCF includes the higher order “self-interaction

terms” missing in TDDFT for a qualitatively correct description of charge transfer

transitions. Furthermore, the orbitals inDSCF are specifically optimized for the i ! a
transition. Unfortunately, the unconstrained optimization applied in traditional

DSCF often leads to the variational collapse of the energy for higher lying excited

states unto the energy of lower lying excited states. Finally, in DSCF we start with

Uai ¼ 1. As orbitals of different symmetry are not allowed to mix, this ensures that

the occupation of orbitals belonging to a certain symmetry representation in DSCF
remains the same throughout the SCF procedure from the initial DDFT step

(Uai ¼ 1) to the converged result.

3.2 Different Hartree–Fock and Post-Hartree–Fock Methods
Used in the Study of Excited States

The approximate LCAO methods have all been applied to the excited states of

transition metal complexes. This is the case for the schemes based on the

Wolfberg–Helmholtz approximation [13] (WH) as well as the more quantitative

CNDO, INDO and NDDO methods [21]. Results from the Extended H€uckel [14]
and Fenske–Hall [18] approaches where the WH approximation is applied can only

be considered qualitative [24]. However, in contrast to ligand field theory [5], these

schemes describe also CT between metals and ligands as well as ligand to ligand

transitions [147]. Of the differential overlap methods [21], the most widely used for

excited states of transition metals has been the ZINDO [27] scheme by Zerner.

However, the predicted excitation energies depend heavily on the exponents chosen

for the minimal Slater- type basis set. Applications of the ab initio HF method to the

absorption spectra of transition metal complexes such as MnO4
� [95–100] became

possible in the early 1970s [29, 30]. However, the results were often disappointing.

This is not surprising since the correlation energy neglected by HF can be quite

different for the ground and excited states.

Post-Hartree–Fock methods were in the 1970s and 1980s mostly applied to

diatomic molecules with one or two transition metals where comparison could be

made to high-resolution gas phase experiments [148]. As computers became faster,

the applications were extended to larger systems. However, coupled cluster and

MCSCF schemes that are best suited for the study of transition metal complexes in

their excited states scales as (ne)
6 or worse. This puts severe limits one the size of

the studied systems even today. Among the CC methods, the iterative coupled

cluster approach including connected triples (CC3) [149] as well as the equation of

motion (EOM) [150] affords the most accurate results for systems, where

Hartree–Fock gives a reasonable description of the ground state [151]. Alternatives

that also works for cases where Hartree–Fock is a poor zero-order description are
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the symmetry adapted cluster/configuration interaction (SAC-CI) method [94] and

schemes based on MCSCF such as the CASSCF [90] and its CASPT2 extension

[91]. Especially CASPT2 has been employed extensively in studies of transition

metal systems by Bj€orn Ross and collaborators [152, 153].

3.3 Theoretical Studies on the Absorption Spectrum
of Permanganate and Related Tetroxo Complexes

Permanganate has served as a testing ground and litmus test for many computa-

tional methods as they emerged over the past 60 years. Of particular interest has

been the absorption spectrum and we shall in this section discuss the performance

of a number of the methods described above.

The low temperature and high-resolution absorption spectrum of permanganate

as recorded by Holt and Ballhausen [12] is shown in Fig. 4. The first allowed band

(I) starting at 2.27 eV (18,300 cm�1) has a well-resolved vibronic structure. It is

followed by a featureless shoulder (II) at 3.47 eV (28,000 cm�1) and another strong

band (III) at 3.99 eV (32,000 cm�1) with a clear vibronic fine structure. We finally

have a strong featureless band (IV) at 5.45 eV (43,960 cm�1).

Wolfberg and Helmholz [13] put their newly developed LCAOmethod (1952) to

the test by calculating the first two excitation energies of MnO4
�. They had in their

calculation an inversion of the order of the first two virtual orbitals of Fig. 2 with

e3t2 < e2e. This ordering is at odds with ligand field theory and lead to the contro-

versial assignment of the first two bands as (I): (b) t1 ! 3t2 and (II): (d) 2t2 ! 3t2,
Table 7. The ligand field ordering was subsequently recovered in other semi-

empirical calculations [161–167]. However, these schemes are too parameter

dependent to afford a reliable detailed assignment [167]. The introduction by

Hillier and Saunders [29] as well as Veillard [30] of first principle Hartree Fock

programs lead shortly after to a series of ab initio HF calculations on the electronic
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Fig. 4 Experimental absorption spectrum of MnO4
� from Holt and Ballhausen [12]
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spectrum of MnO4
� [97–102]. While the first calculations were limited to small basis

sets, Hsu [97] et al. published in 1976 a basis set limit calculation, Table 7. Their results

are only in fair agreement with experiment, Table 7. There have finally been four post-

HF studies. The first two by Nooijen employ EOM-CCSD [154] and STEOM [155],

whereas the third by Johansen andRetrup [98] is based onHF augmented by single and

double excitations (HF + CI). The fourth byNakatsuji [156] et al. employs SAC + CI.

All assign (I) to t1 ! 2e. However, the closely spaced next two bands are assigned as
(II): t1 ! 3t2, (III): 2t2 ! 2e for SAC + CI and STEOM with (II): 2t2 ! 2e, (III):
t1 ! 3t2 for HF + CI and EOM. We shall refer to these assignments as the bc and cb

orderings, respectively. It is obvious that all four methods are able to reach semi-

quantitative accuracy. However they are likely not accurate enough to conclusively

settle which of the two orderings (bc or cb) is the correct one. It would be very

interesting to have a study of permanganate based on CASPT2

Also shown in Table 7 are results based on DFT. The three first entries are due to

DSCF calculations using the SW-Xa [157], the Xa [158] and the LDA [159]

approaches of which the last provides full resolution of all space and spin multiplets.

The results are quite similar and in reasonable agreement with experiment. All three

methods point to the cb ordering.We finally have a number of TDDFT [160, 168, 169]

calculations with the one byNeugebauer et al. [159] shown in Table 7. TDDFT allows

in principle one-electron excitations such as t1 ! 3t2 and 2t2 ! 2e to mix. Neverthe-

less, all TDDFT calculations are consistent with a cd ordering similar to DSCF
although some mixing of t1 ! 3t2 and 2t2 ! 2e takes place in II and III.

Neugebauer et al. [160] have recently simulated the absorption spectrum

for permanganate by including the vibronic fine structure as shown in Fig. 5.

Table 7 Calculateda and experimental excitation energiesb for MnO4
�

WHc HFd EOMe STEOMf HF + CIg SAC–CIh SW-Xai Xaj LDAk TDDFTl cExp

1.68m 1.04n 2.24n 1.92n 2.6n 2.48n 2.3n 2.48n 2.71n 2.87n 2.27

2.78a 2.54o 3.60o 3.08m 4.1o 3.96m 3.3o 3.96o 4.02o 3.89o 3.47

2.94m 3.67m 3.51o 4.5m 4.15o 4.7m 4.15m 4.22m 4.77m 3.99

4.77p 5.80a 6.1 5.82 a,b 5.3a 5.65a 5.70a 5.77a 5.45
a2t2 ! 3t2
beV
c[12]
d[97]
e[154]
f[155]
g[98, 99]
h[156]
i[157]
j[158]
k[159]
l[160]
mt1 ! 3t2
nt1 ! 2e
o2t2 ! 2e
p1t2 ! 2e[13]
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Their simulation catches the main features of the experimental spectrum in Fig. 4. It

is also argued by the authors that the assignment of bands in terms of one electron

transitions such as t1 ! 3t2 and 2t2 ! 2e is too simplistic as these transitions are

mixed by vibronic coupling. More quantitative calculations are needed to see

whether this in fact is the case for permanganate.

We finally have in Table 8 calculated excitation energies for a number of tetroxo

systems by SAC-CI [170] and three DFT-based methods of which the first two are

DSCF schemes [158, 159] and the last an adiabatic TDDFT approach [171].

All schemes find the first band to be due to t1 ! 2e with the exception of

MoO4
2� where SAC-CI finds the assignment t1 ! 3t2. For the 4d samples RuO4,

MoO4
2� and the 5d complex OsO4, the general assignment for II and III is 2t2 ! 2e

and t1 ! 3t2, respectively, corresponding to the cb ordering with the exception of

MoO4
2� for the case of SAC-CI. The cb ordering is to be expected for 4d and 5d

complexes where the ligand field splitting e3t2 � e2e is large. For the 3d systems

such as CrO4
2� and MnO4

�, the ligand splitting e3t2 � e2e is smaller resulting in

quite similar calculated energies for 2t2 ! 2e and t1 ! 3t2 as well as a close

experimental positions of bands II and III. It can be seen that SAC-CI for 3d systems

give rise to the bc ordering whereas all DFT methods point to the cb ordering.

We will conclude by stating that there is general consensus on the assignment of

the first three bands for 4d and 5d tetroxo complexes. However, for the 3d tetroxo

complexes more work has to be done before a definitive assignment can be given of

bands II and III. This is a somewhat sobering conclusion given the fact that the work

on permanganate has been ongoing for more than 60 years.
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Fig. 5 Simulated absorption spectrum for permanganate due to Neugebauer et al. [160]
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3.4 Theoretical Studies on the Magnetic Circular Dichroism
Spectrum of Permanganate and Related Tetroxo Complexes

Magnetic circular dichroism (MCD) spectroscopy [171, 172] involves the measure-

ment of the difference in absorption of left and right circularly polarized light in the

presence of a magnetic field. An MCD signal can be negative or positive and MCD

spectra can provide useful information about the nature of the excited states of a

molecule that may not be available from the positive absorption spectrum. MCD

spectroscopy is particularly useful when degenerate states are present since the

applied magnetic field then will perturb the energies of these states to first order.

The observed MCD spectrum can be expressed in terms of three parameters or

terms (AJ , BJ and CJ) as

MCDð�hoÞ ¼ w�hoB
X
J

AJ � @fJð�ho� �hoJÞ
@�ho

� �
þ BJ þ CJ

kT

� �
fJð�ho� �hoJÞ;

where �ho is the energy of the incident light, �hoJ is the excitation energy to state J, B
is the amplitude of the applied magnetic field, k is Boltzmann’s constant, T is the

temperature and fJ is a band shape function, whereas w is a collection of constants

Table 8 Calculateda and experimental excitation energies for some tetroxo complexes

Complex SAC–CIb DSCF(Xa)c DSCF(LDA)d eTDDFT cExp

CrO4
2� 3.41f 3.30f 3.64f 3.79f 3.32

4.16g 4.58h 4.83h 4.67h 4.53

4.51h 4.90g 5.18g 5.39g 4.86

MoO4
2� 4.37g 5.17f 5.40f 5.66f 5.34

5.14h 5.84h 5.89h 6.15h 5.95

5.52f 7.16g 7.22g

MnO4
� 2.57f 2.48f 2.71f 2.87f 2.27

3.58g 3.96h 4.02h 3.89h 3.47

3.72h 4.15g 4.22g 4.77g 3.99

RuO4 3.22f 3.02f 3.28f 3.69f 3.22

4.55h 3.81h 4.00h 4.51h 4.09

5.23g 4.56g 5.06g 5.87g 5.03

OsO4 3.90f - 4.29f 5.06f 4.34

5.46h - 4.75h 5.81h 5.21

6.41g - 6.76g 7.11g 5.95
aeV
b[170]
c[158]
d[159]
e[171]
ft1 ! 2e
gt1 ! 3t2
h2t2 ! 2e
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and experimental parameters. The parameters AJ , BJ and CJ can on the one hand be

calculated from first principle and on the other hand be extracted from the experi-

mentally measured MCD intensity MCDð�hoÞ. We shall here exclusively be inter-

ested in the contribution from AJ as the excited states in tetroxo systems to which

transitions are allowed are degenerate and of T2 symmetry.

The presence of an intense A term is a strong indication that the excited state of a

transition is spatially degenerate thereby helping to assign that transition and

perhaps providing evidence as to the overall symmetry of the molecule

under investigation. In addition to AJ , the ratio AJ=DJ is often obtained from an

experimental spectrum. Here, DJ is the dipole strength of the transition to state

J in the absorption spectrum and is closely related to the oscillator strength.

The ratio AJ=DJ is of interest because it can be directly related to the magnetic

moment of the excited state and is less subject to environmental effects than

AJ (Table 9).

We present in Fig. 6 the simulated [171] and experimental MCD spectra for

VO4
3�, CrO4

2� and MnO4. Except for a blue shift, the agreement between the

calculated and observed spectra is rather good. For all three systems, the first band

gives rise to a negative A term and a negative AJ/DJ ratio in agreement with

experiment. For CrO4
2� and MnO4

� theory predicts that the second band should

be weak whereas the third band exhibits a strong positive A term with a large

positive AJ/DJ ratio, in good agreement with experiment. The predicted MCD

spectrum involving bands II and III is also in good agreement with experiment

for VO4
3�.

The good fit between theory and experiment for CrO4
2� and MnO4

� in

the simulation of their MCD spectra provides perhaps the strongest support

for the assignment II: 2t2 ! 2e and III: t1 ! 3t2 provided to date for these

two systems.

Table 9 Calculateda and experimental excitation energies, AJ termsb and AJ/DJ
b parameters

Theory aExp
c�hoJ AJ AJ/DJ

c�hoJ AJ AJ/DJ

VO4
3� 4.66d �0.04 �0.37 4.58 �0.29 �0.46

5.38e 0.0003 0.06 5.58 + +

5.87f 0.042 0.61 6.15

CrO4
2� 3.79 �0.057 �0.53 3.32 �0.191 �0.58

4.67 0.0016 0.08 4.53

5.39 0.063 0.85 4.86 0.195 0.63

MnO4
� 2.87d �0.061 �0.66 2.27 �0.085 �0.48

3.89e 0.0025 0.10 3.47 - -

4.77f 0.071 0.97 3.99 0.155 0.86
a[171]
bAll values in au
ceV
dt1 ! 2eft1 ! 3t2
e2t2 ! 2e
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4 Concluding Remarks

Some 60 years have passed since the first LCAO calculations on transition metal

complexes appeared [13]. Electronic structure theory is now at the point where it is

possible to describe the potential energy surface (PES) of a gas phase molecule

containing up to 20 atoms with great accuracy using high level wave function

methods such as CCSD(T) (ground state) or EOM/CASSPT2/SAC-CI (excited

states). For larger systems, acceptable accuracy can be obtained by DFT (ground

state) or TD-DFT/DSCF-DFT (excited states). Great strides have also been taken in

describing the PES for reactions on surfaces in the interface between gas phase and

solid state. Here, DFT will continue to be the electronic structure theory of choice.

Of special importance for transition metals is the development of methods that

include relativistic effects since they are required to describe periodic trends

correctly within a triad of transition metals. As hardware becomes faster larger

molecules can be treated with higher accuracy using existing methodology. Known

methods are also likely to become faster by neglecting interactions between

fragments in large molecules that are “far apart”. In this way, most methods will

eventually become linear in the number of atoms if this number is large enough. It is

finally possible that further progress in approximate DFT will result in new methods

with the same accuracy as highly correlated wave functions and speeds still

comparable to GGA-DFT.

Many chemical systems of interest have large bulky groups that exert steric

pressure on the reactive centre as an essential part of how they function. For such
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systems increasing use will be made of dual- or multi-level approaches in which the

steric bulk is treated at a lower level of theory than the reactive system. The reason

that one would like to treat bulky groups by simple theories such as molecular

mechanics (MM) is not only that they have a large number of electrons but also

(rather) that they potentially possess a formidable number of conformations. The

many conformations make it difficult (expensive) to determine the global energy

minimum even with MM.

Solvent effect can have a profound effect on chemical reactions, yet we do not at

the moment have a proven methodology (as in the case of electronic structure

theory) that by well-known routes can converge to chemical accuracy. Continuum

methods are going to carry the bulk of the workload in the foreseeable future.

However, it will be one of the major challenges within the next decade to develop

solvation theories that by standard procedures will converge to chemical accuracy.

Such methods are likely to combine explicit solvation for the first few solvation

shelves with bulk descriptions (continuum or mean-field) for the remaining part of

the solvent.

Turning next to dynamics on the PES and calculations of reaction rates, one

might expect that these rates for the majority of cases will be determined with the

help of Eyring’s transition state method. To this end, locating saddle points on

the PES is still time consuming in terms of manpower, and more systematic and

automated procedures would be welcome.

The number of studies of inorganic reaction mechanisms by theoretical methods

has increased drastically in the last decade. The studies cover ligand substitution

reactions, insertion reactions oxidative addition, nucleophilic and electrophilic

attack as well as metallacycle formation and surface chemistry, in addition to

homogeneous and heterogeneous catalysis as well as metalloenzymes. We can

expect the modeling to increase further both in volume and in sophistication [173].
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