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Abstract

The recent developments in quantum chemistry providing the theoretical tools to determine the properties of transition metal

complexes in their electronic excited states are presented. The contrast between the impressive fast evolution of the computational

strategies adapted to the treatment of ground state molecular properties and the gradual improvement of the methods that are more

specifically turned towards the study of electronic excited states is discussed. Recent applications in transition metal coordination

chemistry are selected to outline the degree of methodological maturity in electronic spectroscopy and photo-induced reactivity,

illustrating the necessity for a strong interplay between theory and experiment.

# 2002 Published by Elsevier Science B.V.
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1. Introduction

A survey through the theoretical literature devoted to

transition metal complexes is quite revealing about the

actual trends. One finds more and more studies attempt-

ing to compute molecular properties as accurately as

possible. This feature is not surprising since it can be

related to the maturing stage of transition metal

chemistry: most of the experimental studies carried out

nowadays, pertain*/either in the ground state or in

excited state*/to the synthesis and characterization of

elaborate systems or to the elucidation and to the design

of quite intricate processes [1�/4]. They require from

theory calculations with an improved accuracy in

conjunction with the ability to treat large systems

(eventually by including the solvation sphere or the

effects of the environment). The properties that are

computed include molecular structures, energies (of

reaction, of interaction, of electronic transitions), vibra-

tional frequencies, electric and magnetic properties [5�/

10]. The development of efficient theories and algo-

rithms combined with the availability of very fast

computers (especially when running in parallel) has

enabled such computations, although they can remain

quite challenging. As far as the reactivity is concerned, it

is fair to say that one can now compute relatively easily

the energy and the structure of the reactants transition

state and products of an organometallic reaction in the

gas phase provided that the electronic structure of the

systems is free of near degeneracy effects. Some of the

methods adapted to the treatment of ground state

properties and reactivity such as MP2 (Moller-Plesset

2nd Order) [11,12] or DFT (density functional theory)

[13�/15] are now easily accessible in ‘black box’ soft-

wares even though a background in quantum chemistry

is necessary to analyze their results. In contrast the

highly correlated methods used in the computation of

near degeneracy problems need skill and experience, the

results depending strongly on the way the calculation is

driven. From this point of view the theoretical study of

the electronic spectroscopy and photo-induced reactivity

in transition metal complexes cannot be performed

routinely. This will be illustrated in the computational

section, which will include several particularities char-

acterizing this class of molecules.

The UV�/vis absorption spectrum of transition metal

complexes is characterized by a high density of various

electronic excited states (metal-centered, metal-to-li-

gand-charge-transfer, ligand-to-ligand-charge-transfer,

sigma-bond-to-ligand-charge-transfer, intra-ligand, li-

gand-to-metal-charge-transfer). The presence of electro-

nic states of different nature, localisation, dynamics and

reactivity in a limited domain of energy gives unconven-

tional photophysical and photochemical properties to

this class of molecules and explains the versatility and

the richness of their photochemistry [16,17]. Moreover,

these specific properties responsible for the occurrence

under irradiation of fundamental physico-chemical

processes such as electron/energy transfer, bond break-

ing or formation, isomerisation, radical formation, and

luminescence can be tailored chemically and more

recently controlled by shaped laser pulses [18]. However,

every rose has its thorn and the price to pay is the

complexity of the mechanism that underlies the electro-

nic spectroscopy and the excited state reactivity of this

class of molecules. Two contrasting behaviours can be

considered: after irradiation the molecular system can

either be trapped in long-lived excited states of well

defined structure leading to beautiful resolved absorp-

tion/emission spectroscopy or can land on a repulsive

potential energy surface inducing an extremely fast

ligand dissociation on the femtosecond time-scale. The
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bipyridine substituted complexes which have been

intensively studied over the last 30 years are representa-

tive of the first category [19] whereas transition metal

carbonyls illustrate the second behaviour [20,21]. Un-
fortunately, most of the time, the bound and repulsive

electronic excited states coexist in a limited domain of

energy and may interfere in the Franck-Condon region

generating structure-less absorption spectra. The inter-

action between various electronic states in different

regions of the potential energy surfaces leads to critical

geometrical structures such as saddle points, conical

intersections or local minima. Consequently, the ob-
served response of the molecular system to light is

entirely governed by the sequence of many concurrent

elementary processes. The development of short time

resolved spectroscopy (picosecond�/femtosecond time-

scale) in different domains (resonance Raman, FT-

Infra-Red, FT-electron paramagnetic resonance, emis-

sion, absorption UV�/vis) has contributed to a better

understanding of excited states structures and processes
that are very fast even at low temperature. However,

several fundamental questions still remain to be solved.

One important aspect is the differentiation between: (i)

chemically active electronic states leading to bond

breaking or formation, isomerisation, radical produc-

tion; and (ii) long-lived excited states involved in the

photophysics or subsequent secondary processes such as

electron/energy transfer. In this respect the determina-
tion of the various channels and time scales of deactiva-

tion of the excited molecule is especially important. For

this purpose a strong interplay between experiment and

theory is mandatory. The first role of the theoretical

study is to clarify the electronic structure of the

complexes, to determine the low-lying electronic transi-

tions and to assign the observed bands. This is probably

the easiest task and several computational methods
started to emerge in the 90’s able to describe electronic

spectroscopy in transition metal complexes with reason-

able accuracy (see next section). The second aspect,

related to the calculation of accurate multidimensional

potential energy surfaces describing the reactivity of

electronic excited states, is the bottleneck of the

theoretical study. There has been an impressive devel-

opment in the past 15 years of methods based on the
energy gradient formalism and adapted to the descrip-

tion of ground state reactivity [22]. However, only a

limited number of approaches can be contemplated to

obtain a more or less complete characterization of the

shape of several excited states potential energy surfaces.

The main difficulty is related to the dimensionality of

the problem which cannot be solved exactly due to the

large number of nuclear coordinates. This implies a
selective choice of a few degrees of freedom in the

treatment of the dynamics which has to include several

coupled electronic excited states, either non-adiabati-

cally or by spin-orbit.

In the next section devoted to computational meth-

ods, various more or less chemist friendly strategies will

be presented. Solvent effects or other phenomena due to

the environment will not be discussed in the present
review. The use and difficulties of different methods will

be illustrated by selected examples focussing on electro-

nic spectroscopy in Section 3 and excited state reactivity

for a variety of prototypes and chemical systems in

Section 4.

2. Computational methods

2.1. Electronic spectroscopy

The goal is to obtain accurate transition energies

(within 0.10�/0.15 eV) and reliable dipole transition

moments in order to assign bands located in the UV�/

vis spectral domain of energy in various transition metal

complexes. The size of the molecular system, its
symmetry and the density of states as well as the

saturation of the metal centre d shells or the metal�/

ligand interactions will generate particular difficulties.

The choice of the method will be a compromise taking

into account the following factors: (i) the feasibility and

computational cost; (ii) the validity of some approxima-

tions; (iii) the desired level of accuracy; (iv) the control

that can be performed on the analysis of the results.
Four types of methods based on different mathematical

formalisms are available for treating electronic spectro-

scopy in transition metal complexes: (i) the DFT such as

the delta-self-consistent field (D-SCF) [23�/28] and time-

dependent DFT (TD-DFT) [29�/32]; (ii) the variational

approaches such as the self-consistent-field (SCF)

[33,34], configuration interaction (CI) [35�/38], multi

configuration SCF (MC-SCF) [39�/41], multireference
CI (MR-CI) [40,42]; (iii) the cluster expansion methods

such as the equation of motion coupled cluster single

double (EOM-CCSD) [43�/47], the symmetry adapted

cluster CI (SAC-CI) [48�/50]; (iv) the single state (SS) or

Scheme 1.
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multistate (MS) 2nd order perturbational approaches

applied to zeroth-order variational wavefunctions and

so-called SS-CASPT2 [51�/53] and MS-CASPT2 [54].

Most of the methods discussed in the present review are
present in the quantum chemical software: MOLCAS [55],

GAUSSIAN [56], MOLPRO [57], TURBOMOLE [58], ACESII

[59], ADF [60], HONDO [61] (Scheme 1).

2.1.1. Density functional based methods

The optical spectra of transition metal complexes

have been interpreted by means of DFT methods for a

longtime. The ancestor of DFT the so-called Xa method

was used for the MnO�
4 anion, a crucial test case

analysed as early as 1970 with satisfactory accuracy on

the transition energies [62]. However, the Kohn�/Sham

orbitals calculated within the DFT formalism describe

the electronic ground state in a single determinant

scheme. While this method was well established for the

ground state and the lowest states, within a symmetry

class, from its early days its extension to excited state

descriptions is still in development. The first option
proposed in 1977 by Ziegler and Baerends [63] within

the framework of the time-independent formalism and

generalized in 1994 by Daul [64] (so-called D-SCF

method) is based on symmetry-dictated combinations

of determinants able to evaluate in a non-ambiguous

way the space and spin multiplets. This approach lacks a

formal foundations and relies on the presence of a point

symmetry group in the metal centre environment assur-
ing a totally symmetric electron density. It has been

applied with success to a variety of highly symmetric

molecules [64]. However, several limitations make this

approach only accessible to experts in the subject [65].

Indeed, apart from the symmetry conditions the pre-

sence of redundant determinants may induce non-

negligible errors on the energies. Moreover, configura-

tion mixing other than that dictated by symmetry
considerations would have to be handled a posteriori

in a complicated scheme. In the presence of closely

spaced multiplets of the same symmetry, the method will

become nearly unworkable. The occasional need to

calculate bi-electronic integrals to avoid redundancy

may be a drawback as well as convergence to broken

symmetry solutions or the number of separate SCF

cycles having to be performed for each state.
An alternative to the time-independent DFT method

is the so-called time-dependent DFT (TD-DFT). This

method based on the linear response theory is the

subject of recent and promising theoretical develop-

ments [65�/67]. The treatment of molecular properties by

means of the linear response of the charge density to an

applied field is based on a well founded formalism that

allows direct computation of polarisabilities, excitation
energies and oscillator strengths within the framework

of the DFT. Only excitations corresponding to linear

combinations of singly excited determinants are in-

cluded as in single excitation configuration interaction

(CIS) but taking into account additional electronic

correlation effects. However, the use of approximate

exchange-correlation functionals with incorrect asymp-
totic behaviour may lead to dramatic errors in the case

of the TD-DFT method for two main reasons [67]: (i)

the most polarisable part of the charge density is at large

r ; (ii) the asymptotic behaviour of the exchange-

correlation potential vxc determines the ionization

threshold. The accuracy of the response calculation is

very sensitive to the approximation made for vxc as well

as to its repercussion on its derivative @vxc/@r (deriva-
tive discontinuity in the bulk region). Due to an under-

estimation of the attractive character of the exchange-

correlation potential the charge density will be too

diffuse. Consequently the ionisation threshold will be

systematically too low with a dramatic effect on high

excitation energies and polarisabilities which will be

overestimated. Moreover, excitation involving a sub-

stantial change in the charge density such as charge
transfer states will be described with difficulty by

conventional functionals. In spite of these drawbacks

the TD-DFT approach remains a computationally

simple and efficient method able to treat practical

problems in a reasonable time scale at a low cost when

compared with highly correlated ab initio methods [68�/

73]. For medium size molecules or transition metal

complexes TD-DFT results have been shown to be
competitive with the highest level ab initio approaches

but cases where current exchange-correlation func-

tionals dramatically fail are known to exist [74,75].

This recent method is in constant evolution with the aim

at improving not only the functionals themselves but

also their derivative behaviour in the bulk region for a

better description of various types of excited electronic

states and of the highest part of the absorption
spectrum. In particular exchange-correlation potentials

constructed from ab initio densities or including charge

transfer corrections should largely contribute to the

improvement of the method [76,77].

The calculated dipole transition moments are very

sensitive to the quality of the calculation, namely the

basis sets and the functional used [78]. Obviously they

rely on the hypothesis that DFT excited states are well
defined, an assumption which is not always true as

explained above. Some functionals have been found to

be more sensitive to the basis set quality than others.

2.1.2. Variational approaches

The few attempts at describing excited states in

transition metal complexes within the Restricted Har-

tree Fock (RHF) formalism were rapidly abandoned

due to the computational difficulties (convergence of the
low-lying states in the open-shell formalism) and

theoretical deficiencies (inherent lack of electronic

correlation, coherent treatment of states of different
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multiplicities and d shell occupations). Most of the time

the assignment of the absorption spectra was only

qualitative with a systematic underestimation of the

metal-centred states transition energies (0.5�/1.25 eV in
systems such as [Co(CN)6]3�, Cr(CO)6,

[Co(CN)5(OH)]3� [79] and 1.05�/1.25 eV in FeCp2

[80]). The simplest and most straightforward method

to deal with correlation energy errors is the CI approach

where the single determinant HF wave function is

extended to a wave function composed of a linear

combination of many determinants in which the coeffi-

cients are variationally optimized. The first CI based
studies of the electronic spectroscopy of transition metal

complexes were performed in the late 70’s on the series

TiCl4, VCl4, VCl�4 taking into account the singly excited

configurations [81] and on Cr(CO)5 where single and

double excitations were applied on the basis of HF

optimized molecular orbitals [82]. In the first case all

transitions energies were overestimated by 2.0�/3.0 eV

whereas in the second study the 1A10/
1E transition was

underestimated by 1.0 eV. The error on the transition

energies in TiCl4 falls to 0.5�/1.5 eV when applying a

multi-reference CI scheme where double excitations are

performed in a selected reference space of configurations

(MRD-CI) [83]. Within the CI formalism the config-

uration mixing is introduced (multi-determinantal ap-

proach) but the predetermined reference set of

molecular orbitals is not reoptimized for the different
electronic states. However, most of the time and

especially in transition metal complexes strong correla-

tion effects affect the electron density. Therefore, it is

necessary to optimize the molecular orbitals according

to a multi-configurational scheme including static elec-

tronic correlation effects which describe the interaction

between two electrons in a pair at large separation

space. The so-called MC-SCF method and its extension
CASSCF (complete active space SCF) [84,85] or

RASSCF (restricted active space SCF) [86] methods

have their origin in this fundamental problem. These

methods provide zero-order wave functions used as

references in subsequent CI, MR-CI or MS-CASPT2

calculations which take into account the dynamical

correlation effects describing the interaction between

two electrons at short inter-electronic distance (so-called
cusp region). Obviously the MC-SCF approach is even

more crucial in excited state calculations where electro-

nic state mixing and dramatic changes of electron

density during the excitation have to be taken into

account. The large variation in the number of d

electrons pairs among the various electronic states is

one major difficulty when correlated methods are

applied to transition metal complexes. The most widely
used MC-SCF method is the CASSCF based on a

partitioning of the occupied molecular orbitals into

subsets corresponding to how they are used to build

the wave function. The problem is reduced to the

partition into sets of active and inactive orbitals and

to a selection of correlated electrons. This discriminating

strategy based on the physics and chemistry of the study

includes all configuration state functions (CSF’s) which
are generated by distributing the active electrons among

the active orbitals in all possible ways consistent with

the spin and the symmetry of the wave function. In

practical applications where the number of configura-

tions may exceed 106 and the size of the active space may

vary between 2e2a (where two electrons are correlated

into two active orbitals) and 16e16a (where 16 electrons

are correlated into 16 active orbitals) such a partitioning
is not straightforward. The validity of the subsequent

MR-CI or MS-CASPT2 treatments depends entirely on

the quality of the CASSCF wave function. This strategy

is not easily automated and cannot be used as a black-

box. Most of the time the orbitals are optimized for the

average energy of a number of excited states large

enough to include the electronic spectrum of interest.

This procedure avoids root inversions as well as
convergence problems and leads to a set of orthogonal

wave functions of given spin and symmetry and to

transition densities of reasonable accuracy used in

properties calculation (dipole transition moments). The

transition energy accuracy is obtained by the addition of

the remaining correlation effects by means of MRCI or

MS-CASPT2 calculations. If the active space can be

chosen large enough, according to the physico-chemical
aspect of the problem, results of high accuracy will be

produced by the CASSCF/CI procedure where the

configuration selection scheme on the top of the

CASSCF wave function is performed by single and

double replacement out of either a single reference (CI)

or multi-reference space (MRCI). The spectroscopy of

HMn(CO)5 illustrates the quality of such calculations on

middle size transition metal complexes for which the
error on the calculated transition energies does not

exceed 0.25 eV for the low-lying electronic states [87].

However, the slow convergence of the method, the size

of which increases dramatically with the number of

references and the default of size-extensivity leading to

incorrect scaling of the energy with the number of

correlated electrons are very limiting for a general use of

the MR-CI formalism in non-trivial applications of
electronic spectroscopy in large transition metal com-

plexes.

2.1.3. Second order perturbational approach

An alternative to the fully variational approach

depicted above is a mixed procedure where a multi-

configurational variational method is used to build a

zero-order wavefunction supplemented by a 2nd order

perturbational treatment of the dynamic correlation
effects. The so-called CASPT2 and its multistate exten-

sion MS-CASPT2 methods [51�/54] are size-extensive

and give very accurate transition energies providing that
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the variational wave function is suitable at describing

correctly the physics involved in the spectroscopy of the

system under study’’. Otherwise the perturbational

treatment is no longer valid due to the presence of
intruder states interacting with the reference space and

not included at the zero-order level. This leads to an

erratic behaviour of the perturbation and to transition

energies out of range by more than 2.0 eV. In these non-

trivial cases either a level-shift technique has to be

applied with care (weak intruder states) [88] or the

CASSCF active space has to be increased (strong

intruder states) as illustrated by the theoretical study
of the spectroscopy of Mn2(CO)10 [89] or HRe(CO)5

[90].

2.1.4. Cluster expansion methods

The cluster expansion methods are based on an

excitation operator which transforms an approximate

wave function into the exact one according to the

exponential ansatz

C�exp(T)j0i (1)

where T is a sum of single- to N-particle excitation

operators (coupled-cluster theory) [91�/93] or of sym-

metry adapted single- to N-particle excitation operators

(symmetry adapted cluster theory) [94]. The simplest

truncation of T is to the 2nd Order where the single and

double excitations are included in the cluster expansion

(CCSD [95] or SAC) based on the HF single determi-
nant j0i: When electron correlation effects are domi-

nated by pair effects these methods recover 90�/95% of

the exact correlation energy if the wave function is

described by a dominant closed-shell determinant. The

remaining correlation effects due to higher excitations

are estimated by approximate methods like in the

CCSD(T) approach [96] where the triple excitations

are included perturbationally. These methods based on a
separated electronic pair approach in which pair clusters

are used to describe the correlation between two

electrons are size-extensive by definition and indepen-

dent of the choice of reference orbitals. However, these

methods which converge efficiently are hardly general-

ized to multi-reference starting wave functions. Conse-

quently a number of approximations has to be made

which may destroy the size-extensitivity. As far as the
excited states and associated properties are concerned,

two cluster expansion based methods, developed origin-

ally for open-shell situations, have been proposed. The

first one, so-called SAC-CI method [48�/50] supposes

that the major part of electron correlation in the closed-

shell ground state is transferable to the excited states

since the excitation of interest involves only one and/or

two electrons. These transferable dynamical correlation
effects are expressed through an exponential operator

and a linear operator is used to represent the non-

transferable state-specific correlation effects such as

quasi-degeneracy’s. The absorption spectrum of TiCl4
has been reinvestigated on the basis of this method

leading to a perfect agreement with experimental data

and a new assignment with an accuracy of the order of
0.15 eV [83]. In the CC based methods, so-called

equation-of-motion CCSD (EOM-CCSD) [43�/47] ioni-

zation potentials, electron affinities and excitation en-

ergies are obtained directly from the equation of motion

operating on the ground state wave function. This

approach, characterized by an unambiguous treatment

of excited states where the only choices are the atomic

basis sets and the excitation level of the operators is very
demanding computationally. It has been applied to only

one transition metal complex, namely FeCl�4 leading to

promising results for charge transfer transitions from

the 6A1 ground state [97]. A recent workable extension is

the so-called extended similarity transformed EOM-

CCSD (extended-STEOM-CC) [98]. A first transforma-

tion is performed based on the ground state CCSD while

a second transformation uses information concerning
ionized and attached states obtained from EOM-CCSD

ionization potentials and electron affinities. This

method (STEOM-CCSD) applied to the transition metal

complexes TiCl4, Ni(CO)4 and MnO�
4 [98] yields

improved results compared to EOM-CCSD methods

with an accuracy very similar to the one obtained at the

SAC-CI level for TiCl�4 [83]. A good description of the

ground and ionized states is crucial in this approach and
further modifications of the theoretical framework are

still required for highly correlated ground states and

multi-reference cases.

2.2. Potential energy surfaces

The concept of potential energy surfaces (PES) is the

central aspect of the understanding of chemical/photo-

chemical reactions mechanism, the quantum nuclear
description of the nuclear motion being determined by

the shape of the PES. In photochemical mechanisms we

are concerned with reaction paths on ground and

excited state PES which can be determined according

to the procedures developed for chemical reactivity. The

new problem in photo-induced mechanisms is the

complicated landscape of the PES characterized by the

presence of a variety of critical geometries such as
minima, transition states, high-order saddle points,

avoided crossings, conical intersections resulting from

non-adiabatic interactions between N-dimensional PES.

Within the Born-Oppenheimer (BO) approximation

justified by the slow motion of the nuclei as compared to

the one of the electrons, the adiabatic PES are obtained

by calculating the electronic energy and wave functions

for a series of fixed nuclear geometries. Electronic
spectroscopy and photochemical reactions involve tran-

sitions between two or more PES in the critical regions

where the nature of the electronic wave function may

C. Daniel / Coordination Chemistry Reviews 238�/239 (2003) 143�/166148



change rapidly as a function of the nuclear displace-

ment. The efficiency of the transition is governed by the

non-zero interaction kinetic matrix elements, the BO

approximation being no longer valid. For a given
atomic basis set the computational method used to

solve the electronic problem has to be flexible enough to

characterize correctly different regions of the molecular

PES at the same level of accuracy. An inadequate wave

function would result in a biased description of the

different regions and such computed PES would not

reproduce the exact BO potentials.

2.2.1. Methods

One of the most significant advances made in applied

quantum chemistry in the past 20 years is the develop-

ment of computationally workable schemes based on the

analytical energy derivatives able to determine station-

ary points, transition states, high-order saddle points

and conical intersections on multidimensional PES [22].

The determination of equilibrium geometries, transition

states and reaction paths on ground state potentials has
become almost a routine at many levels of calculation

(SCF, MP2, DFT, MC-SCF, CCSD, CI) for molecular

systems of chemical interest [99,100]. The availability of

reliable and efficient analytic energy gradient procedures

(1st and 2nd derivative) for the search of various critical

points on several interacting complex surfaces at a high

correlated level (CASSCF, CCSD(T) and it’s extension

EOM-CCSD, MR-CI) will have a significant impact in
the theoretical study of transition metal photo-reactiv-

ity. Indeed, although reaction paths are uniquely defined

in any coordinate system they cannot be determined

unambiguously without the knowledge of reference

points on the PES from which the analytical energy

derivation procedure may start. Unfortunately the

derivative formulation for highly correlated wave func-

tions is very complex and if analytical first derivatives
are available for the standard methods 2nd derivatives

calculations are even more complicated. In coupled

cluster as in MC-SCF based methods the computational

requirement of the gradient step is usually significantly

less demanding than the evaluation of the wave func-

tion. However, while the storage of the atomic orbitals

effective density matrix is the bottleneck in the CC type

calculations restricting this method to small molecules,
the gradient-MCSCF based methods show serious

convergence problems at the electronic level making

the geometry optimization of electronic excited states

very delicate. Moreover the coherence of the CSF’s

expansion of the MC-SCF in the different regions of the

PES as well as the stability of the set of active molecular

orbitals will be guaranteed only with large state-aver-

aged MC-SCF active spaces not tractable for large
molecules. The effort required to optimize MR-CI (SD)

wave functions scales roughly as the number of refer-

ences times the effort for a single reference CI (SD) wave

function of the same size in term of active orbitals [100].

This computational effort limits the size of the studied

molecules to less than ten atoms mainly hydrogen and

2nd row atoms. Moreover, this non-extensive method
truncated with respect to the excitation level has

difficulties at providing a correct wave function at

dissociation. Density functional methods are competi-

tive with the above traditional wave functions methods

for numerous applications among them the computation

of ground state PES. A few applications to transition

metal photochemistry have been proposed on the basis

of the D-SCF approach implying several approxima-
tions on the excited states reaction paths definition by

symmetry constraints not always appropriate in a

‘coordinate driving’ scheme [101]. Excited-state gradi-

ents have been recently implemented in DFT for various

functionals, the feasibility of the approach having been

tested for small molecules only [102]. The recent

development of a multi-component density functional

theory treating the fully coupled system of electrons and
nuclei within a very complicated time-dependent form-

alism should open the field to a variety of excited states

problems including photochemistry [103,104].

2.2.2. Strategy

The mathematical and computational machinery for

structure optimization is based on various algorithms,

the complexity of which depends on the desired accuracy

at the electronic level. The application of these methods
to photochemical problems raises serious practical

difficulties as illustrated above. The computation of

accurate multidimensional PES for several interacting

electronic states in transition metal complexes is beyond

the actual capabilities. For simple mechanisms involving

the electronic ground state interacting with one excited

state the global structure of the low-energy part of the

PES can be visualized within a 3-D cross section plotting
the energy on a grid while the critical points (minima,

transition states, conical intersections) are fully opti-

mized using rigorous ab initio correlated methods (MC-

SCF). This strategy has been applied with success to a

number of organic photochemical reactions for which

the number of electronic states involved in the mechan-

ism is modest while the multidimensional character of

the PES is essential due to the flexibility of this class of
molecules [105�/109]. In contrast the central metal atom

in transition metal complexes induces blocking effect

and most of the time only a few degrees of freedom

participate in the photochemical reaction. However, the

high density of electronic states which characterizes the

absorption spectrum generates very complicated PES

involving several singlet and triplet states (8�/12 in

standard molecules) in the UV�/vis domain of energy.
A systematic investigation of the full PES being

practically intractable the study of photochemical pro-

cesses in transition metal complexes is generally based
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on several approximations: (i) the nuclear dimension-

ality is reduced to N 5/2; (ii) the reaction path is

approximated by metal�/ligand bond elongation coordi-

nates; (iii) the highest symmetry is retained along the
reaction path; (iv) a limited evaluation of geometrical

relaxation effects in excited states is performed. These

approximations are based on the following criteria: (i)

the observed or calculated structural deformations on

going from the electronic ground state to the excited

state; (ii) the observed or calculated structural deforma-

tions on going from the reactant to the products; (iii) the

hierarchy in time of the various elementary processes
participating in the photochemical behaviour. The

validity of these approximations is checked on the basis

of the observables directly comparable with the experi-

mental data such as the bond dissociation energies, the

main spectral features or the time-scales of primary

reactions as illustrated in the applications section. In

contrast, the electronic problem is treated by means of

the most accurate quantum chemical methods in order
to get a semi-quantitative characterization of electronic

spectroscopy in the Franck-Condon region and a

correct description of the dissociative processes. The

analysis of the main topological characteristics of the

PES represented by contour maps (2-D) or profiles (1-

D) of the potentials V (qi) is the first step towards a

qualitative understanding of the photochemical mechan-

isms. The next step rests on the investigation of the
excited states dynamics.

2.3. Wave packet dynamics

The photo-induced reactivity in transition metal

complexes is characterized by the occurrence of several

fragmentation schemes originating in complicated me-

chanisms where several electronic states, reaction paths

and elementary processes such as direct/indirect disso-
ciation, internal conversion or intersystem crossing may

operate. The simulation of the dynamics following the

photon absorption is not an easy task and two different

situations have to be considered: (i) ultra-fast direct

dissociation from the absorbing state itself (adiabatic

process); (ii) indirect dissociation via internal conversion

or intersystem crossing (non-adiabatic process). A third

case, not contemplated here would be the trapping in
longlifetime excited states followed by emission to the

electronic ground state, inhibiting reactivity. The mo-

tion of the molecular system under the influence of the

potential is determined by the equations of dynamics.

Consequently, the shape of the computed PES entirely

governs this motion. Since, as explained in the previous

section, several approximations have to be made at the

level of the dimensionality of the PES it is very
important to define clearly the initial conditions of the

simulation and to estimate the hierarchy in time of the

various elementary processes involved in the photoche-

mical reactivity. In conventional photochemical experi-

ments with long pulse duration and narrow frequency

resolution only a few near-degenerate electronic states
are directly populated. The energy is not in large excess

and to a first approximation the reaction paths can be

defined by the metal�/ligand bond elongation coordi-

nates corresponding to the observed photochemical

reactions. In the case of very fast dissociative processes

(10 fs�/1 ps) the system should not deviate significantly

from this ‘pseudo minimum energy path’ and the many

other vibrational degrees of freedom can be frozen.
Moreover, there is no justification without any knowl-

edge of the time scale of the dissociation for a full

geometry optimization along the excited state reaction

paths as necessary in ground state reactivity studies.

Typically one or two coordinates corresponding to the

bond elongations describing the observed photochemi-

cal reactions (CO loss or metal�/R, R�/H, alkyl, metal,

X) are selected for building 1D or 2D PES, the other
degrees of freedom being frozen to the Franck-Condon

geometry [110,111](Scheme 2).

The quantum dynamics of photodissociation pro-

cesses can be performed within the time-independent

or time-dependent framework [112]. In the time-depen-

dent picture used in the applications presented in the

next section the time-dependent Schrödinger equation is

solved

i’
@

@t
8 e(t)�Ĥe8 e(t) (2)

where 8e(t) is a wave packet (coherent superposition of

all stationary eigenstates in the electronic excited state)

Scheme 2.
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evolving on the excited electronic state e potential. In

order to describe the initial absorption, followed by

direct dissociation, it is assumed that the initial vibra-

tional state fgi in the electronic ground state multiplied
by the transition dipole function meg is instantaneously

promoted by the photon to the upper electronic state

(Scheme 2). This initial wave packet, which is not an

eigenstate of Ĥe; starts to move under its action. The

advantage of this approach is that the motion of the

wave packet, the centre of which remains close to a

classical trajectory, can be followed in real time. The

motion of the wave packet from the Franck-Condon
region to the exit channel is described by the auto-

correlation function

S(t)�h8 e(0)j8 e(t)i (3)

given by the overlap of the evolving wave packet with

the initial wave packet at t�/0. The absorption spectrum

is calculated as the Fourier Transform of the autocorre-

lation function

stot(v)av g
��

��

dtS(t)eiEt’ (4)

where E�Ei�’v [113]. Wave packet calculations lead

to the time-scale and probabilities of dissociation and to

the branching ratio between concurrent primary pro-

cesses occurring from a single electronic excited state. In

the cases of indirect dissociative processes involving

non-adiabatic transitions (jumps between different PES)

a set of coupled time-dependent Schrödinger equations
has to be solved

i’
@

@t
8 e(t)�Ĥe8 e(t)�Vee?8 e?(t)

i’
@

@t
8 e?(t)�Ĥe?8 e?(t)�Ve?e8 e(t) (6)

with the same initial conditions as above but in a

different basis, the so-called diabatic where the original

adiabatic PES have been transformed in order to

minimize the kinetic coupling between them and to

introduce potential coupling terms Vee?: This strategy is
very efficient simultaneously to describe intersystem

crossings and internal conversions, important processes

in photo-induced reactivity in transition metal com-

plexes.

2.4. Relativistic effects

Molecules that contain heavy elements (in particular

5d transition metals) play an important role in the
photochemistry and photophysics of coordination com-

pounds for their luminescent properties as well as for

their implication in catalysis and energy/electron trans-

fer processes. Whereas molecular properties and the

electronic spectroscopy of light molecules can be studied

in a non-relativistic quantum chemical model, one has to

consider the theory of relativity when dealing with
elements that belong to the lower region of the periodic

table. As far as transition metal complexes are con-

cerned one has to distinguish between different mani-

festations of relativity. One of the most important

effects in electronic spectroscopy and photoreactivity is

spin-orbit coupling. Indeed the coupling between the

spin and orbital momentum breaks the strict spin

selection rules deduced from non-relativistic quantum
theory. The influence of this coupling between singlet

and triplet electronic states on the spectra of transition

metal complexes may be profound. The potential energy

surfaces associated with the triplet states which are

degenerate in the non-relativistic approximation, are

split according to the symmetry rules of the molecular

point double group representation. Consequently, new

critical geometries such as avoided crossing or conical
intersection where non-radiative transitions may take

place efficiently will appear leading to complicated

shapes drastically modifying the photo-reactivity. Other

important but not directly observable manifestations of

relativity are the mass velocity correction and the

Darwin correction. These terms lead to the so-called

relativistic contraction of the s- and p-shells and to the

relativistic expansion of the d- and f-shells. A chemical
consequence of this is for instance a destabilisation of

the 5d shells with respect to the 3d shells in transition

metals.

In most quantum chemistry codes, relativity is either

not treated or treated by the means of relativistic

effective potentials. At a less approximate level efficient

scalar relativistic (SR) methods are available such as the

Douglas�/Kroll�/Hess (DKH) approach which aims at
decoupling the large and small components of the

Dirac�/Fock equations [114�/116] or of the Dirac�/

Kohn�/Sham equations [117,118] as in PARAGAUSS

[119]. An alternative method used in the ADF program

[60,119] is the zeroth-order regular approximation

(ZORA) based on an effective and transparent way

treating relativistic effects of valence shells of heavy

atom systems by means of a two-component variational
approach [121,120,122]. All these methods have been

applied essentially to electronic ground state molecular

properties and reactivity. In the calculations based on

relativistic effective potentials the core electrons are

replaced by an effective potential that is fitted to the

solution of atomic relativistic calculations and only

valence electrons are explicitly handled in the quantum

chemical calculation. This approach is in line with the
chemist’s view that valence electrons of an element

mainly determine its chemical behaviour. Several li-

braries of relativistic effective core potentials (ECP)

using the frozen-core approximation with associated
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optimized valence basis sets are available nowadays to

perform efficient electronic structure calculations on

large molecular systems. Among them the pseudo-

potential methods [123�/130] handling valence nodeless
pseudo-orbitals and the model potentials such as AIMP

(ab initio model potential) [131�/134] dealing with node-

showing valence orbitals are very popular for transition

metal calculations. This economical method is very

efficient for the study of electronic spectroscopy in

transition metal complexes [89,90].

However, several efficient computational codes based

on the relativistic analogue of the Hartree�/Fock
method, the Dirac�/Fock (Breit) method have been

developed in the past decade able to treat relativistic

and electronic correlation effects at the same level with

the usual correlated methods of quantum chemistry

(DIRAC [135], MOLFDIR [136], UTCHEM [137�/140],

BERTHA [141], DREAMS [142]). The computational cost

of the fully-relativistic methods is not comparable to

standard quantum chemical calculations and only a few
applications dealing with coordination compound spec-

troscopy can be cited. These include the d�/d spectra of

transition metal fluorides CoF2�
6 ; RhF2�

6 and IrF2�
6

with MOLFDIR [143]. It has been shown for instance that

non-dynamical correlation effects arising from low-lying

charge-transfer states are found to be the most impor-

tant in CoF2�
6 ; while spin-orbit effects dominate in

IrF2�
6 :/

One fundamental aspect in understanding the photo-

chemical behaviour of transition metal complexes is the

role of the triplet states on the photoreactivity. The

calculation of spin-orbit coupling (SOC) effects is

mandatory and should be performed in connection

with highly correlated methods. The zero-field splitting

of triplet molecular states can be calculated by the

means of perturbation theory when the spin-orbit effects
are much smaller than other electronic interactions

[144]. When the SOC treatment is required on the

same footing with other interactions (heavy elements)

it is necessary to go beyond the perturbation theory

using a variational approach based on a spin-orbit

Hamiltonian. An illustration is given by the previous

example of transition metal fluorides [143] where the

perturbative model to calculate the spin-orbit coupling
gives good results which compare rather well with

experimental data in the Co complex. In contrast the

splitting of the quartets of IrF2�
6 is overestimated and a

fully relativistic Configuration Interaction approach is

necessary for treating this molecule.

An extension of the combined DFT/MRCI method to

spin-orbit effects has recently been proposed recently

which is able to evaluate spin-dependent properties for
excited electronic states in large molecular organic

systems [145]. To our knowledge this promising method

has never been applied to the electronic spectroscopy of

transition metal complexes.

2.5. Basis set effects

Despite the fact that exact atomic orbitals are

inaccessible, atomic orbitals represent the most suitable
set of functions for expanding molecular orbitals in the

LCAO (linear combination of atomic orbitals) formal-

ism. In nearly all ab initio calculations reported today

basis sets of contracted Gaussians are used. There are a

number of choices regarding the atomic orbital expo-

nents and contraction coefficients. Obviously in order to

be adapted to excited states calculations in molecular

systems containing transition metal atoms, the basis sets
have to be constructed to take into account several

aspects: (i) the various electronic configurations of the

metal centre in the excited molecule; (ii) the level of

calculation; (iii) the description of the outer region of the

charge density cloud. Basis sets required for an accurate

description of ground state properties may be inade-

quate for the investigation of the electronic spectroscopy

in the same molecule. Highly correlated methods such as
MC-SCF, MR-CI or CCSD(T) will need more complete

basis sets than single determinantal methods of the HF

type. In order to describe correctly the outer region of

the charge density cloud, diffuse functions will be

necessary in the case of Rydberg states [87]. Polarization

functions (basis functions with L-quantum numbers

higher than the valence L-quantum number) may be

important to describe significant displacements of
electron density as in metal-to-ligand-charge-transfer

states for instance. The difficulty is to find the best

compromise between the computational cost and the

accuracy. In this respect the scheme of contraction will

be very important. For 2nd and 3rd row transition metal

complexes the use of ECP including relativistic effects

and associated valence basis sets is a good compromise.

For first-row transition metal complexes atomic natural
orbitals (ANO) [146,147] constructed by averaging the

corresponding density matrix over several electronic

configurations (ground state, valence excited states,

positive and negative ions) are required to obtain good

structural properties, ionization potentials, electron

affinity and transition energies. Finally as in ground

state molecular calculations the choice of the basis sets

associated with the surrounding ligands has to be
coherent with the basis sets chosen for the metal centre,

especially for a good description of metal-to-ligand-,

sigma-bond-to-ligand- or ligand-to-metal charge-trans-

fer states. The lower limit as far as the basis sets quality

is concerned for standard correlated calculations

(CASSCF, MR-CI, MS-CASPT2 or TD-DFT) in mid-

dle size transition metal complexes is at least Double-

Zeta with polarization functions for the 2nd row atoms
and Triple-Zeta for the metal atoms. Highly correlated

methods such as the CCSD theory are even more

demanding in term of basis sets quality and this is one

of the limiting steps for further applications in the field
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of transition metal complexes electronic spectroscopy

[98]. Systematic investigations of the basis set effects on

the electronic spectroscopy of a-diimine and bipyridine

transition metal carbonyls either at the CASSCF/MS-
CASPT2 or at the TD-DFT level seem to indicate that

the differences in the transition energies never exceed

1000 cm�1 (in the worst case of conjugated systems) and

accounts for a few hundred of cm�1 in most cases. This

effect is very small as compared to the choice of the

CASSCF active space or of the functional in TD-DFT.

The use of similar quality Slater basis functions instead

of Gaussian basis sets may be more advantageous from
the computational point of view leading to similar

accuracy.

3. Electronic spectroscopy

The calculated electronic transitions reported in

Tables 1 and 2 for MnO�
4 ; TiCl4, FeCp2, Ni(CO)4,

Cr(CO)6 and Mn2(CO)10 illustrate the evolution over

the past 30 years of the computational strategies
developed for the treatment of electronic spectroscopy

in transition metal complexes. The details of the one

electron excitations in the principal configuration which

describes the transitions are not given for the sake of

clarity. Indeed, inherent conflicting assignments in term

of molecular orbitals between density functional based

methods and ab initio methods would throw reader into
confusion.

3.1. Prototype systems: MnO�
4 ; TiCl4, FeCp2

The correct theoretical treatment of the absorption

spectrum of MnO�
4 has been a long standing problem

and is still a challenge for quantum chemists. The low-

lying transitions correspond to charge transfer from

non-bonding oxygen orbitals to anti bonding metal-

oxygen d orbitals and are characterized by strong
mixing between close-lying configurations. Moreover,

important correlation effects involve the bonding

metal�/oxygen orbitals lying below the non-bonding

oxygen orbitals. Consequently a CASSCF/MS-CASPT2

multiconfigurational treatment would need a rather

large unworkable active space to describe both the

one-electron excitations and the correlation effects at

the zero order. The electronic spectroscopy of this
molecule has been investigated in the past by SCF-Xa
[62], SCF [184] and CI(SD) [148] and more recently by

DSCF [149], TD-DFT [70,150] and cluster expansions

Table 1

Calculated electronic allowed transition energies (in eV) of MnO�
4 ; TiCl4 and FeCp2 by different methods

SCF-Xa a SCF b CI(S) c(SD) CI (MR-D) d DSCF (DFT) e TD-DFT f SAC-CI g EOM-CCSD (Ext-STEOM) h Exp i

/MnO�
4 /

11T2 2.3 3.09 (2.6) 2.71 2.63�/2.82 2.57 2.24 (1.92) 2.27

21T2 3.3 3.42 (4.2) 4.02 3.60�/3.89 3.58 3.67 (3.08) 3.47

31T2 4.7 4.24 (4.5) 4.22 4.41�/4.74 3.72 3.60 (3.51) 3.99

41T2 5.3 6.29 (6.0) 5.70 5.46�/5.84 5.82 5.80 (5.48) 5.45

TiCl4
11T2 6.2 5.08 4.42 4.64 (4.44) 4.43

21T2 6.7 6.69 5.22 5.24 (4.99)

31T2 7.1 6.93 5.53 5.49 (5.44) 5.38

41T2 �/ 6.95 5.74 5.63 (5.53)

71T2 7.8 8.18 7.20 (6.58) 7.07

81T2 8.3 8.79 7.72 (6.90) 7.39

FeCp2

11E2g 1.66 2.65 2.87 1.74�/2.97 2.98

11E1g 2.72 5.76 �/ 2.27�/3.09 2.70

21E1g 1.77 3.34 3.48 3.07�/3.62 3.82

a Ref. [62].
b SCF MnO�

4 [184] and FeCp2 [80].
c Single (S) and double (SD) excitations in the CI for MnO�

4 ; TiCl4 [148] [81] and FeCp2 [80].
d Multireference CI including double excitations TiCl4 [151].
e DFT (DSCF) MnO�

4 [149] and FeCp2 [25].
f The transition energies are functional dependent MnO�

4 [150,70] and FeCp2 [150].
g SAC-CI TiCl4[83]/MnO�

4 /[151].
h EOM-CC [98]and Extended Similarity Transformed in parenthesis.
i Experimental spectrum from Ref. [185�/187], for MnO�

4 ; TiCl4 and FeCp2, respectively.
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methods such as SAC-CI [151] or EOM-CCSD [98].

Surprisingly the crude but parameterized SCF-Xa
method was able to lead as early as 1971 to a reasonable

description of the spectrum of MnO�
4 using only a few

minutes of computer time as compared to the 10 h of

computer time on similar computers required by the

SCF and CI(SD) methods at that time. The Hartree

Fock based methods (SCF, CI(SD)) lead to important

discrepancies due to an incorrect description of the

metal�/oxygen bonding and to a non-balanced descrip-

tion of the electronic excited states with respect to the

ground state. The best agreement between the experi-
mental spectrum and the calculated transition energies is

obtained on the basis of the TD-DFT method with a

systematic overestimation of the transition energies

varying between 0 and 24% depending on the quality

of the functional. In addition the cluster expansion

based methods such as SAC-CI and EOM-CCSD

approaches may either over or under estimate the

transition energies by no more than 13% (SAC-CI)
and 10% (EOM-CCSD). The extended similarity trans-

formed-EOM method, economical extension of the

rather expensive EOM-CCSD approach leads to dis-

appointing results due to its single reference character.

An important aspect is the strong dependence of the

TD-DFT results on the type of functionals as discussed

in Ref. [70] where several functionals have been tested

for various systems among them MnO�
4 : The use of the

DSCF approach, based on orbital replacement energies

and separately optimized excited states orbitals does not

include the multi-configurational character of the pro-

blem and leads to important quantitative differences

with respect to the TD-DFT method which works on

ground state orbitals. As a consequence not only the

transition energies but also the assignment, proposed by

the density functional based methods, differs signifi-
cantly. All method reported in Table 1 agree upon the

assignment of the first band of MnO�
4 to the 1t10/2e

excitation. The analysis of the upper part of the

absorption spectrum is much debated, the TD-DFT

method leading to a different assignment than DSCF or

cluster expansion based methods for the second and

third bands and to the same assignment as the SAC-CI

for the fourth band. None of these methods is perfect for
treating the electronic spectroscopy of this non-standard

molecule and it is difficult to push the comparison too

far at the present time.

TiCl4 which has been the subject of several theoretical

studies [81,83,98] is among the simplest transition metal

complexes (d0 system). The electronic correlation effects

are considered to be minor in this molecule, the

description of which, in contrast to MnO�
4 does not

need highly correlated methods at the zero-order. The

electronic spectroscopy of TiCl4 has been investigated

by means of CI and cluster expansion based methods.

The lowest part of the absorption spectrum is described

by valence excitations corresponding mainly to charge

transfer from the p(Cl) non-bonding and metal�/ligand

bonding orbitals to metal�/ligand anti bonding orbitals.

The transition energies are systematically overestimated
by the CI calculations based on an HF wave function

(12�/40% in the case of the CI(S) and 15�/27% with the

CI(MR-D) procedure). These results illustrate the poor

capacity of the CI at reproducing correct transition

energies even at the multi-reference level including

double excitations as long as a unique set of molecular

orbitals optimized for the electronic ground state is used

for the calculation of the electronic excited states. In
contrast the SAC-CI and EOM-CCSD results are

comparable and reproduce perfectly the transition

energies leading to the assignment of the lowest part

of the absorption spectrum without any ambiguity. The

lowest observed band at 4.43 eV corresponds to a nearly

pure ligand to metal charge transfer state (2t10/3e)

whereas three states of mixed characters contribute to

the second band at 5.38 eV.
The last example reported in Table 1 concerns FeCp2

one of the metallocenes which has been the subject of

numerous experimental and theoretical studies for their

photophysical and magnetic properties. The absorption

spectrum of Ferrocene is characterized by two Metal

Centred bands around 2.7 and 3.8 eV the first one being

composed of two transitions to the 1E2g and 11E1g states

[152]. The SCF and SCF/CI(S) calculations lead to
dramatic errors on the transition energies and an

incorrect relative order of the three low-lying E2g and

E1g singlet excited states. The density functional based

methods and especially the DSCF method reproduces

the observed bands rather well and gives a correct

assignment of the experimental spectrum. However,

large deviations on the transition energies are obtained

with the TD-DFT method depending on the functionals
as was the case for MnO�

4 : In general the prediction of

excitation energies is reasonable for low-lying states as

long as a functional with correct asymptotic behaviour

is used but erratic behaviours may occur for specific

cases. For a further discussion on the impact of

functionals on the excited states calculations in a series

of metal complexes see Ref. [70].

3.2. Transition metal carbonyls: Ni(CO)4, Cr(CO)6,

Mn2(CO)10

Transition metal carbonyls constitute a very impor-

tant class of complexes in laser chemistry as reactive

precursors of catalytic processes, substitution reactions,

chemical vapour deposition of thin films or layers on

surfaces. They are among the most reactive transition

metal complexes and their electronic structure has long
been a matter of considerable interest stimulating

theoretical research. Even though their experimental

spectra have been known since the early 1970s relatively
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little attention has been given to the electronic spectro-

scopy of the molecules reported in Table 2, namely

Ni(CO)4, Cr(CO)6 and Mn2(CO)10. A fundamental

aspect of the theoretical study is related to the electronic

correlation effects which are already very important at

the electronic ground state level for a good description

of the metal�/CO bonding in these molecules. The results

reported in Table 2 were obtained by means of

correlated methods able to describe correctly the dp�/

pp backbonding interaction in this class of molecules.

The experimental spectrum in gas phase of Ni(CO)4 (a

d10 system) exhibits three bands attributed to MLCT
1A10/

1T2 transitions [153]. The TD-DFT [70], CASPT2

[154], SAC-CI [151] and EOM-CCSD [98] approaches

give rise to three allowed transitions in the energy range

4.0�/6.5 eV in agreement with experiment leading to a

reasonable assignment. The deviations on the transition

energies never exceed 7%. Again the assignment of the

upper bands in term of one electron excitations in the

principal configurations is quite sensitive to the level of

calculation and is still controversies.

The spectrum of Cr(CO)6 (a d6 system) is dominated

by two very intense absorption bands assigned to

MLCT 1A1g0/
1T1u transitions and by low-lying

shoulders originally attributed to weak MC transitions

[152]. This assignment was confirmed by semi-empirical

INDO/S CI [153] and SCF calculations [156,157]. The

more recent studies reported in Table 2 and based on

DSCF [158], TD-DFT [68] and CASSCF/CASPT2 [154]

methods reinterpreted the electronic spectrum of

Cr(CO)6. According to this new analysis the lowest

part of the spectrum does not correspond to MC

transitions but rather to orbitally and spin-forbidden

MLCT states of low intensity not reported in Table 2

where only the intense bands observed at 4.43 and 5.41

eV are presented. If the TD-DFT and CASPT2 results

are in excellent agreement with the experimental values

the DSCF method overestimates the transition energies

by more than 20%. These poor results are attributed to

the inability of this approach to account for the

configuration mixing which characterizes these two

states.

The Mn2(CO)10 prototype for bimetallic transition

metal complexes has attracted considerable interest for

its photochemical reactivity leading to competitive

primary reactions, namely CO loss and homolytic

cleavage of the Mn�/Mn bond [159]. The quantum yield

of these two reactive channels is controlled by the

excitation wavelength. The lowest part of the absorption

spectrum is characterized by one poorly resolved

shoulder at 3.31 eV attributed to the 1A10/
1E1 (dp 0

sMn�Mn� ) transition and one intense band at 3.69 eV

assigned to the 1A10/a1B2 transition corresponding to

the sMn�Mn 0 sMn�Mn� excitation (sMn�Mn and sMn�Mn�
are the metal�/metal bonding and its antibonding

counterpart orbitals). This early assignment by Gray et

al. [160] was confirmed recently by the CASSCF/

CASPT2 [89] and TD-DFT [70] calculations, the results

of which are in excellent agreement with experiment (see

Table 2). In contrast the DSCF results which have been

shown to be extremely sensitive to the geometry agree

Table 2

Calculated electronic allowed transition energies (in eV) of Ni(CO)4, Cr(CO)6 and Mn2(CO)10 by different methods

DSCF a (DFT) TD-DFT b CASSCF/CASPT2 c SAC-CI d EOM-CCSD (Ext-STEOM) e Exp. f

Ni(CO)4

11T2 4.7 4.34 4.79 4.93 (4.24) 4.5�/4.6

21T2 4.82 5.22 5.51 5.35 (4.74) 5.4

31T2 5.37 5.57 5.76 5.76 (5.03) (5.2, 5.5)

41T2 5.84 6.28 �/ 6.39 (5.99) 6.0

51T2 6.74 6.97 �/

Cr(CO)6

11T1u 5.6 4.19 (3.91) 4.54�/4.11 4.43

21T1u 6.5 5.76 (5.37) 5.07�/5.2 5.41

Mn2(CO)10

11E1 3.62 3.44 3.29 3.31

11B2 3.42 4.01 3.43 3.69

a DFT (DSCF) Cr(CO)6 [158] and Mn2(CO)10 [161].
b TD-DFT Ni(CO)4 [70] Cr(CO)6 [68] and Mn2(CO)10 [70].
c CASSCF/CASPT2 Ni(CO)4 [154], Cr(CO)6 [154] and Mn2(CO)10 [89].
d Ref. [151].
e Extended similarity transformed EOM [98].
f Experimental absorption spectra from Ref. [153,152,155] for Ni(CO)4, Cr(CO)6 and Mn2(CO)10, respectively.
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with the characters of the two bands but differ in their

relative ordering [161].
This previous section dedicated to the electronic

spectroscopy of prototype systems gave an illustration

of the evolution of the different computational strategies

in the past 30 years. Obviously one goal of the

theoretical study is to assign and reproduce the resolved

absorption spectra with accuracy also one desires to

predict and to understand the electronic spectro-

scopy of systems of chemical and biological interests

at a quantitative level. The next examples based either

on CASSCF/CASPT2 or on TD-DFT approaches

should give, to the reader, a feeling of what can

nowadays be done in this respect.

3.3. Bio-inorganic systems: the blue copper protein and

the nickel tetrapyrrole series

In some beautiful recent work by the groups of

Pierloot and Roos [162,163] a fairly complete under-

standing of the relation between the electronic spectra

and structure of the mononuclear copper�/cysteinate

proteins was proposed. This theoretical work is based

on DFT geometry optimizations of several blue copper

protein models from [Cu(NH3)2(SH)(SH2)�]� to
[Cu(imidazole)2(SCH3)(S(CH3)2)�]� the structures of

which are compared to the crystal structures of plasto-

cyanin and nitrite reductase. The effect on the spectra of

the protein environment has been simulated by a single

point-charge model. The CASSCF/CASPT2 calculated

electronic spectra of the [Cu(imidazole)(SH(SH2)�]

model using the crystal structure but with CASPT2

optimized Cu�/SCystein and Cu�/SMethionin bonds dis-
tances reproduce the experimental absorption spectra

[164] of the blue copper protein plastocyanin and nitrite

reductase with an error of less than 0.22 eV as illustrated

in Table 3 and according to the assignment of the

authors [163].

The key point in this type of study is the choice of the

model systems the structure of which should be very

close to the real systems. Indeed, the change in geometry
has a dramatic effect on the electronic structure itself

and on the electronic spectroscopy. It has been shown

that both the trigonal and tetragonal structures of the

blue copper protein models are rather similar (nearly

tetrahedral). Therefore, some proteins stabilize the

trigonal structure (e.g. plastocyanin) whereas others

stabilize the tetragonal structure (e.g. nitrite reductase).

The electronic spectra of blue copper proteins are well
characterized and have been recorded by several spec-

troscopic techniques. The spectra show a prominent

peak centered at 2.08 eV in plastocyanin and 2.19 eV in

nitrite reductase responsible for the blue color and a

weak band around 1.5 eV. All the transitons reported in

Table 3 correspond to excitations either to the p*(Cu�/

SCys) (plastocyanin) or to the s*(Cu�/SCys) (nitrite

reductase) orbitals strongly delocalized onto SCys. The
lowest part of the spectra is attributed to ligand field

(LF) states by the authors, the upper part being

characterized by the presence of high-lying Charge

Transfer states from the p(Cu�/SCys) or the s(Cu�/

SCys) orbitals.

The second example reported in Table 3 is a complete

TD-DFT study of the electronic spectroscopy of the

nickel tetrapyrrole series [72], NiP, NiPz, NiTBP and
NiPc (P�/porphyrins, Pz�/porphyrazines, TBP�/tetra-

benzoporphyrins, Pc�/phthalocyanines). The optical

spectra of metal complexes with the most representative

Table 3

Comparison between the calculated and experimental spectra of

plastocyanin, nitrite reductase, NiP, NiTBP, NiPc

Calculated a Experimental b

Plastocyanin

s*(Cu�/S)0/p*(Cu�/S) 0.55 0.63

/3dz2 (Cu) 0 p�(Cu�S)/ c 1.46 1.35

3dyz (Cu)0/p*(Cu�/S) c 1.62 1.60

3dxz (Cu)0/p*(Cu�/S)c 1.58 1.74

p(Cu�/S)0/p*(Cu�/S)d 1.96 2.09

s(Cu�/S)0/p*(Cu�/S)d 2.75 2.67

Nitrite Reductase

p*(Cu�/S)0/s*(Cu�/S) 0.55 0.7

/3dz2 (Cu) 0 s�(Cu�S)/ 1.54 1.49

3dyz (Cu)0/s*(Cu�/S) 1.61 1.69

3dxz (Cu)0/s*(Cu�/S) 1.73 1.86

p(Cu�/S)0/s*(Cu�/S) 1.97 2.19

s(Cu�/S)0/s*(Cu�/S) 2.81 2.74

NiP

11Eu 2.40 (0.0052) 2.28 (Q)

21Eu 3.23 (1.0214) 3.11 (B)

NiPz

11Eu 2.42 (0.2692) 2.11 (Q)

21Eu 3.00 (0.0226) 3.30 (Sh)

41Eu 3.51 (0.1465) 3.65 (B)

NiTBP

11Eu 2.08 (0.3130) 2.01 (Q)

21Eu 2.95 (0.7144) 3.00 (B)

31Eu 3.10 (0.5354) 3.22

61Eu 3.62 (0.0627) 3.60

NiPc

11Eu 1.97 (0.6520) 1.90 (Q)

41Eu 3.20 (0.3396) �/3.40 (B1)

71Eu 3.61 (0.2254)

81Eu 3.85 (0.4650) 3.79 (B2)

The transition energies are given in eV.
a Calculated spectra for plastocyanin and nitrite reductase [163] and

for the nickel tetrapyrrole series [72].
b Experimental spectra for plastocyanin and nitrite reductase [164]

and for the nickel tetrapyrrole series: NiPz, NiTBP [72] and NiPc, NiP

[166,165].
c Although these excitations formally should be classified as ligand

field transitions they involve a significant movement of charge from

the copper into SCys.
d Purely Charge Transfer States
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tetrapyrrole ligands have been the subject of numerous

experimental and semi-empirical studies for more than

50 years. However, little theoretical effort has been

expended to explain the dependency of the energetics
and intensity of the main UV�/vis bands on the

macrocycle framework as well as on the central metral

atom. For instance Pz, TBP and Pc complexes all exhibit

a significant red shift in energy and a intensification

relative to the B (Soret) band of the lowest energy p0/p*

(Q) band. The aim of recent and complete work

published by A. Rosa et al. was to quantify and interpret

the main spectral changes along the series NiP0/NiPz,
NiP0/NiTBP, NiP0/NiPc.

The absorption spectrum of NiP is characterized by

an intense feature corresponding to the B band at 3.11

eV and a very weak Q band at 2.28 eV [165]. The

calculated transition energies and oscillator strengths

calculated for the two low-lying 1Eu states agree

perfectly with the experimental data and account for

the observed Q and B bands. These two states corre-
spond to a 50:50 mixture of two electronic configura-

tions corresponding to p0/p* excitations (1a1u0/5eg

and 4a2u0/5eg).

The visible region of the absorption spectrum of the

NiPz complex [72] is dominated by an intense Q band

centered at 2.1 eV whereas the UV domain of energy is

characterized by a broad band starting at �/3.0 eV with

a weak shoulder at 3.3 eV and a pronounced one at 3.65
eV. The transition energies and oscillator strengths

reported in Table 3 for NiPz allow the assignment of

two low-lying nearly pure 1Eu states to the Q band (p0/

p*) whereas the upper B band observed at 3.65 eV and

calculated at 3.51 eV is a mixture of several configura-

tions with a non-negligible MLCT character.

The absorption spectrum of NiTBP is dominated by a

rather intense Q band centered at 2.01 eV [72]. The near-
UV domain of energy is characterized by a narrow Soret

(B) band at 3.0 eV followed by two less intense and

broader absorptions centered at 3.22 and 3.6 eV. The

11Eu calculated at 2.08 eV and responsible for the Q

band (p0/p*) is nearly pure. The next intense 21Eu and

31Eu states have mixed character whereas the 61Eu state

has mainly a pure p0/p* character.

The absorption spectrum of NiPc is characterized by
an intense feature in the visible (Q band) at 1.90 eV and

an intense B band in the near UV region at 3.79 eV

[166]. The 11Eu state calculated at 1.97 eV with a very

high oscillator strength can be assigned without any

ambiguity to the Q band which is nearly pure. The three

next states 41Eu, 71Eu and 81Eu calculated at 3.20, 3.61

and 3.85 eV are responsible for the presence of a broad

B band in the spectrum of NiPc.
These theoretical results on the nickel tetrapyrrole

series agree very well with the experimental data. On the

basis of this work an accurate description of the UV�/vis

absorption spectra recorded either in gas phase (NiPc,

NiP) or in solution (NiTBP, NiPz) has been possible.

The variation of the Q and B bands energetics and

intensities along the series is due to fundamental
electronic changes and to the more or less mixed

character of the excited states contributing to these

bands.

3.4. Mixed-ligand metal a-diimine carbonyls:

[Ru(E)(E?)(CO)2(iPr-DAB)] (E�/CH3, E?�/SnPh3

or Cl; iPr-DAB�/N,N ?-diisopropyl-1,4-diaza-1,3-

butadiene)

Transition metal carbonyl�/diimine complexes are
known for their unconventional photochemical, photo-

physical and electrochemical properties [167]. The

degree of electronic delocalisation over the a-diimine

group, the metal centre and the other ligands can be

controlled within a series of structurally related com-

pounds or even within the same molecule leading to

important spectroscopic and photochemical conse-

quences. The [Ru(E)(E?)(CO)2(a-diimine)] (E, E?�/ha-
lide, alkyl, benzyl, metal-fragment; a-diimine�/

derivatives of 1,4-diaza-1,3-butadiene or 2?2?-bipyridine)

complexes which represent an important class of low-

valent metal complexes simultaneously containing elec-

tron-acceptor ligands and p donors such as halides and/

or s-bounded alkyl or metal-fragment ligands have

themselves great potential as luminophores, photosensi-

tizers and visible light photoinitiators of radicals for-
mation. According to their spectroscopic and

photochemical properties [Ru(E)(E?)(CO)2(a-diimine)]

complexes [168�/172] can be classified into two distinct

Table 4

CASSCF/CASPT2 and TD-DFT excitation energies (in eV) and

assignments of the low-lying electronic transitions of

[Ru(SnH3)(CH3)(CO)2(Me-DAB)] and [Ru(Cl)(CH3)(CO)2(Me-

DAB)] [74]

TD-DFT CASSCF/CASPT2 Experiment a

Ru(SnH3)(CH3)(CO)2

(Me-DAB)

/b1A?sE�Ru�E 0 pDAB� / 2.69 2.55 2.32

/a1Aƒ4dxy 0 pDAB� / 2.71 2.60 2.78

/c1A?4dxz 0 pDAB� / 3.42 3.21 3.17

/d1A?4dy2�z2 0 pDAB� / 3.62 3.91 �/

Ru(Cl)(CH3)(CO)2

(Me-DAB) b

/a1Aƒ4dxy 0 pDAB� / 1.81 2.24 2.17

/b1A?4dxz 0 pDAB� / 2.03 2.83 2.72

/c1A?sE�Ru�E? 0 pDAB� / 2.91 3.35 3.51

/d1A?4dy2�z2 0 pDAB� / 3.39 3.82 �/

a See Ref. [74].
b The one-electron excitation in the main configuration is given for

the CASSCF/CASPT2 calculation. As explained in the text it differs

significantly from the TD-DFT assignment for the a1Aƒ and b1A?
states.
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groups: (i) complexes in which at least one of the E, E?
ligands is an halide; (ii) complexes where E or E? are

either an alkyl group or metal-fragment. On the basis of

a recent theoretical and experimental study [74] of the

spectra of model and real molecules the absorption UV�/

vis spectra of a series of [Ru(E)(E?)(CO)2(iPr-DAB)]

(E�/E?�/SnPh3 or Cl; E�/SnPh3 or Cl, E?�/CH3)

complexes have been analyzed. Remarkably good agree-

ment between the TD-DFT and CASSCF/CASPT2

approaches has been found for the

[Ru(SnH3)2(CO)2(Me-DAB)] and [Ru(SnH3)(CH3)-

(CO)2(Me-DAB)] complexes whereas the two methods

lead to different descriptions of the electronic spectro-

scopy of the halide complexes [Ru(Cl)(CH3)(CO)2(Me-

DAB)] and [Ru(Cl)2(CO)2(Me-DAB)], models for the

iPr-DAB and SnPh3 substituted molecules.

The TD-DFT and CASSCF/CASPT2 calculated

transition energies as well as the main features of the

experimental absorption spectra are reported in Table 4

for [Ru(SnH3)(CH3)(CO)2(Me-DAB)] and [Ru(Cl)-

(CH3)(CO)2(Me-DAB)] prototypes of the two distinct

groups (with and without an halide ligand). The

calculated transition energies allow an unambiguous

assignment of the spectra of the non-halide complexes as

illustrated by the values reported for the CH3/SnH3

substituted molecule. The lowest energy part of the

absorption spectrum (visible) originates in so-called

SBLCT (sigma-bond-to-ligand-charge-transfer) electro-

nic transitions that correspond to sE�Ru�E? 0 pDAB�

excitations while absorption between 22 250 (2.78eV)

and 32 000 (4.0eV) cm�1 is due to MLCT transitions

corresponding to 4dRu 0 pDAB� excitations. While the

agreement between the TD-DFT and CASPT2 is
excellent for the non-halide complex, the two ap-

proaches lead to different results for the halide sub-

stituted molecule. The TD-DFT systematically

underestimates the transition energies of

[Ru(Cl)(CH3)(CO)2(Me-DAB)] predicting a mixed

XLCT/MLCT character with the XLCT component

being predominant whereas the CASSCF/CASPT2

assign the lowest-energy absorption to MLCT transi-
tions. Dramatic differences were found between char-

acters of the high-lying occupied orbitals (4dRu in ab

initio vs. pCl in DFT) and of the sE�Ru�E? orbitals

describing the bonding as calculated by DFT and

CASSCF/CASPT2. A direct comparison is very difficult

since in one case (CASSCF) the electronic relaxation is

taken into account when going from the ground state to

the excited states whereas the single excitations are
performed on the basis of a single set of Kohn-Sham

orbitals obtained for the ground state density in the

DFT approach. Moreover, the electronic correlation

effects included in both methods are not equivalent and

cannot readily be discussed.

4. Excited states reactivity

In order to illustrate the complexity of excited state

reactivity in transition metal complexes two selected

examples are reported in the next section, namely a DFT

study of the photodissociation of Mn2(CO)10 and a

CASSCF/MS-CASPT2 investigation of the photochem-

istry of [Ru(SnH3)(CH3)(CO)2(Me-DAB)]. A third ex-

ample dedicated to the CASSCF/MR-CI study of the

photodissociation of (H)M(CO)3(H-DAB) (M�/Mn,
Re) will show that despite this apparent complexity

invaluable information regarding the photodissociation

dynamics can be obtained on the basis of wave packet

propagations on selected 2D PES.

4.1. A DFT study of the photodissociation of Mn2(CO)10

The aim of this theoretical work [173] was to propose
a qualitative mechanism explaining the occurrence of

two primary reactions, namely the Mn�/Mn bond

homolysis at low energy irradiation (350 nm) and the

CO loss at 248 and 193 nm. This study is based on the

one-dimensional DSCF potential energy curves (PEC)

calculated as a function of the Mn�/Mn, Mn�/COeq

bonds elongations.

As an illustration the computed PEC for the metal�/

metal bond homolysis are reported in Fig. 1. These PEC

have been obtained with the best available functionals at

the time of the study, including both Becke’s and

Fig. 1. Potential energy curves for the metal�/metal bond homolysis of

Mn2(CO)10 obtained by means of the DFT method [173] (reproduced

with the permission of the author E.J. Baerends).
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Perdew’s non-local corrections. The D4d symmetry has

been retained along the pseudo reaction path defined as

the Mn�/Mn bond elongation for which the other bond

lengths and the angle CeqMnMn have been optimized at

each point using the gradient technique.

This strategy which is entirely justified along a

predetermined ground state reaction path is more

questionable for excited state reactivity which may occur

along dissociative potentials inducing important dyna-

mical effects such as ultra-fast dissociation in the fs

time-scale. In such a situation there is no justification for

a complete a priori geometry optimization at each point

which would suppose that the system has enough time

for relaxing along the excited potential. The set of PEC

represented in Fig. 1 calculated for the homolytic

breaking of the Mn�/Mn bond in Mn2(CO)10 and

restricted to the symmetry allowed 1,3B2 and 1,3E1

transitions under the D4d symmetry constraint illustrates

the complexity of the excited state reactivity between

0.13 a.u. (350 nm) and 0.24 a.u. (193 nm). In particular

the number of curves in this energy range (for clarity, six

E1 states have been omitted by the authors) and their

various character make the theoretical analysis very

complicated. At a first glance eleven electronic states

may participate directly or indirectly to the observed

photochemistry. As far as the Mn�/Mn bond homolysis

is concerned only the low-lying a1E1 and a1B2 states

calculated at the DSCF level at 3.62 (345 nm) and 3.42

eV (365 nm), respectively and reordered by means of

TD-DFT at 3.44 (363 nm) and 4.01 eV (311 nm) and

MS-CASPT2 at 3.29 (379 nm) and 3.43 eV (364 nm) (see

Table 2) are accessible by low-energy excitation (350 nm

or 3.57 eV) within the theoretical uncertainty. The a1E1

which is characterized by a low oscillator strength is

weakly bound whereas the a1B2 corresponding to the

sMn�Mn 0 sMn�Mn� excitation which does absorb strongly

shows a shallow minimum at very long Mn�/Mn

distance (around 4.0 Å). The shape of this potential

calculated until 4.5 Å and sketched beyond indicates a
considerable weakening of the metal�/metal bond but

does not show any dissociative character to the ionic

species Mn(CO)�5 =Mn(CO)�5 as expected. The authors

mention an avoided crossing with a lower 1B2 state

correlating with the b2A1�/a2A1 states at dissociation

but not calculated. In this molecule the low-energy

photoreactivity, namely the metal�/metal bond homo-

lysis should occur through 1A10/a1B2 absorption fol-
lowed by a1B20/a3B2 intersystem crossing within a few

tens of ps. This is in contradiction with femtosecond

pump/probe experiments which mention an ultra fast

process within 100 fs more compatible with a direct

dissociation [174]. A clearer picture of the potentials

could be obtained nowadays by the TD-DFT procedure

using more sophisticated functionals including the

asymptotic correction and other corrections taking
into account the electronic relaxation in excited states.

4.2. Photodissociation of [Ru(SnH3)(CH3)(CO)2(Me-

DAB)]

In order to understand the dramatic dependence of

the photoreactivity of the [Ru(E)(E?)(CO)2(iPr-DAB)]

complexes on the E and E? ligands (metal fragment,

methyl or halide) the CASSCF/MS-CASPT2 PEC

describing the Ru�/SnH3, Ru�/CH3 and Ru�/Cl bonds

breaking in the model systems [Ru(SnH3)2(CO)2(Me-
DAB)], [Ru(SnH3)(CH3)(CO)2(Me-DAB)] and

[Ru(CH3)(Cl)(CO)2(Me-DAB)] have been computed

[175]. Indeed, if the halide complexes are unreactive

even at room temperature the non-halides are photo-

Fig. 2. MS-CASPT2 Potential energy curves for the Ru�/methyl bond homolysis of Ru(SnH3)(CH3)(CO)2(Me-DAB) [175].
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labile leading to the formation of radicals with quantum

yields varying between 0.006 and 0.3 involving a rather

slow process in the ps to ns time-scale and depending on

the axial ligands E and E?. This photoreactivity is

wavelength independent and temperature dependent.

Fig. 2 represents the set of PEC associated with the

low-lying 1A? excited states of

[Ru(SnH3)(CH3)(CO)2(Me-DAB)] accessible through

visible to far UV irradiation.
Some of these excited states (the d1A? and f1A?) have

negligible oscillator strengths whereas only two states

the b1A? SBLCT state and the c1A? MLCT state have

significant oscillator strengths absorbing in the visible

and near-UV, respectively. To this overcrowded set of

PEC three 1Aƒ curves corresponding to MLCT and

SBLCT states of low oscillator strengths have been

omitted for clarity. In this example many avoided

crossings occur leading to local minima, transition states

and double well potentials. The low-lying singlet states

are bound and the visible photoreactivity leading to the

Ru�/CH3 bond homolysis more likely occurs through an

intersystem crossing mechanism to the low-lying dis-

sociative 3SBLCT state in agreement with the time-scale

observed experimentally for the methyl substituted

complex (ps). The shape of these potential energy curves

is responsible for the main features of the absorption

spectrum simulated by wave packet propagation and

depicted in Fig. 3 [176].

The absorption in the visible around 20 000 cm�1

(2.50 eV) is attributed to the low-lying 1SBLCT (b1A?)
state whereas the intense peak around 32 500 cm�1 (4.06

eV) is due to the transition to the 1MLCT (d1A?) state.

Several transitions to the upper excited electronic states

contribute to the UV and far-UV energy domain of the

absorption spectrum beyond 35 000 cm�1 (4.37 eV).

4.3. Photodissociation dynamics of M(H)(CO)3(H-

DAB) (M�/Mn, Re)

The photodissociation dynamics of M(H)(CO)3(H-

DAB) (M�/Mn, Re), model systems for RM(CO)3(a-

diimine) complexes (with M�/Mn, Re, R representing a

metal fragment or alkyl or halide groups bound to the

metal by high-lying sM�R orbitals) have been investi-

gated in two recent studies [177,178]. The main purpose

was to understand the change of photochemical beha-

viour upon visible irradiation, namely from the CO loss

and/or Mn�/R bond homolysis to the Re�/R bond

homolysis and/or emission when going from the first-

row to the third-row transition metal complexes [179�/

183]. Despite the presence of many potentially photo-

active low-lying singlet and triplet excited states (nine

for the Mn complex and seven for the Re one) it has

been shown that only two states, the 1MLCT absorbing

state and the 3SBLCT states will control the photo-

chemistry of this class of molecule. As illustrated by the

contour plot of the 2D PES associated with these two

excited states in both molecules (Fig. 4a and b) the
1MLCT absorbing state itself is dissociative for the CO

loss in Mn(H)(CO)3(H-DAB) whereas it is bound in the

rhenium analogous.
The dissociative character of the MLCT state in the

first-row transition metal complexes is due to the

weakening of the Mn�/COaxial bond when exciting an

electron from the dMn orbital which is responsible for

the dppp Mn�/COax back bonding interaction to the

pDAB� localized on the acceptor group. This effect is less

important in the third-row transition metal complexes

where the metal�/COaxial interaction occurs mainly

through the interaction with the diffuse p of the metal.

In contrast the 3SBLCT state presents a valley of

Fig. 3. Theoretical absorption spectrum of Ru(SnH3)(CH3)(CO)2(Me-DAB) obtained by Fourier Transform of the autocorrelation function S(t)�
hC(t�0)jC(t)i [176].
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Fig. 4. CASSCF/MR-CI V 1MLCT(qa; qb) potential energy surfaces as a function of the metal�/COax and metal�/hydrogen bond elongation and time evolution of the wave packet C 1MLCT(t) on the

V 1MLCT(qa; qb) potential of the 1MLCT absorbing state of (H)M(CO)3(H-DAB) and proposed mechanism for: (a) M�/Mn; and (b) M�/Re for M�/Re the time-evolution of the C 3SBLCT(t) on the

associated V3SBLCT(qa; qb) potential is also represented on the right side of Fig. 4b illustrating the 1MLCT0/
3SBLCT intersystem-crossing process [177,178].
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dissociation for the metal�/hydrogen bond breaking in

both molecules. Consequently after absorption to the
1MLCT in the visible energy domain Mn(H)(CO)3(H-

DAB) will completely dissociate within 450 fs according
to an ultra-fast direct dissociative process (Fig. 4a)

whereas Re(H)(CO)3(H-DAB) will be trapped in the

MLCT bound state (Fig. 4b).

Within the 2D approximation one possibility for the

deactivation of [Re(H)(CO)3(H-DAB)]* is via intersys-

tem crossing to the 3SBLCT state as illustrated in Fig.

4b, this potential being repulsive for the Re�/H bond

homolysis reaction which is observed experimentally.
This theoretical study was the first evidence of the

MLCT reactivity of the manganese a-diimine complexes

observed experimentally and explained why the CO loss

is unlikely in the third-row transition metal complexes.

5. Concluding remarks

The theoretical approach to excited state properties
was based mainly on a qualitative scheme in terms of

molecular orbital analysis until the early 1980s when

began an expansion of the electronic correlated meth-

ods. The development of efficient theories and algo-

rithms able to take into account the electronic

correlation effects and the multi-states problem, com-

bined with a new generation of computers (fast, vector

oriented or parallel, with huge memory and storage
capacities) has made challenging computations possible.

These provided transition energies within 0.15 eV of

accuracy even on large molecular systems at different

levels of theory based either on wave function or on

density functional formalism. However, in this latter

case the expertise is not yet sufficient with respect to the

ability of the current functionals to describe a variety of

excited states and additional validation calculations
have to be performed.

With the spectacular development of the very popular

Kohn-Sham DFT method in the last decade, ground

state chemical properties can be accurately predicted

and reactivity interpreted on the basis of a simple and

convenient analysis. Recent research devoted to imple-

mentation that scales only linearly with the system size

opens the route to the treatment of systems with
hundreds, may be even thousands of atoms. The solvent

effects can be already be taken into account in a number

of algorithms and the hybrid methods such as Quantum

Mechanics/Molecular Mechanics (QM/MM) bring

within reach the treatment of other environment effects

on systems of chemical/biological interest. The ground

state reactivity can be analyzed in term of a single energy

profile along a well defined reaction path characterized
by a few critical geometries such as minima or transition

states accessible through the standard quantum chemi-

cal methods. In contrast the photo-induced reactivity

follows very complicated mechanisms involving non-

adiabatic processes with jumps between different PES.

The bottleneck of the theoretical study is the computa-

tion of refined multi-dimensional PES of consistent
accuracy in the various potential energy domains

(Franck-Condon, Asymptotic region, critical geome-

tries). Alternative methods based on molecular dy-

namics, so-called ‘on the fly’, which avoid the

computation of such complicated PES cannot be used

actually for studying photo-reactivity in transition metal

complexes mainly due to the difficulty at converging the

energy and it’s gradient in the presence of several near-
degenerate electronic excited states. On the basis of ab

initio two-dimensional PES it is possible to deduce

several important photo-physical/photo-chemical prop-

erties from wave packet simulations such as the time-

scale of photo-dissociation, non-radiative processes such

as intersystem crossings. The main features of the

absorption spectra or the branching ratio between

different primary reactions are also accessible. Within
the limit of the theoretical model it is mandatory to

perform such simulations in close collaboration with

experimentalists. From this point of view the confronta-

tion between the phenomena observed in the femto-

second laser pulse experiments and the results of

quantum dynamics is primordial.
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