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bstract

In this review some advanced aspects of the theoretical methods for the calculation of transition metal optical spectra with ab initio methods
re discussed. Density functional theory (DFT) based methods are not covered. A brief introduction into the field of complete active space self-
onsistent field (CASSCF) calculations is provided. These methods allow the correct zeroth order description of arbitrary electron states including
ingly and doubly excited ligand field or atomic multiplet states. This is followed by a cursory discussion of the treatment of dynamic correlation
y using multireference (MR) many body perturbation theory in form of a second order correction to the CASSCF energy (CASPT2). MR based
onfiguration interaction (MRCI) methods are also briefly touched and the spectroscopy oriented CI (SORCI) variant developed in this laboratory
s described in some detail. The operators to describe the leading relativistic effects (scalar relativity and spin-orbit coupling (SOC)) are described
fterwards. The CASSCF and SORCI methods are first applied to the calculation of the multiplets of the free dipositive and tripositive first-row
ransition metal ions followed by a discussion of calculations of molecular d–d multiplet states in dipositive and tripositive hexaquo complexes of
he first transition row. We then turn to the subject of the treatment of SOC in CASSCF and MRCI based approaches in some detail. The final part of
he review provides an introduction into the theory of the resonance Raman effect, the possible quantum chemical calculation of resonance Raman
ntensities, the implementation of the method into the ORCA electronic structure program system followed by an application to the resonance
aman and absorption spectra of transition metal dithiolene complexes.
2006 Elsevier B.V. All rights reserved.

eywords: Spin-orbit coupling; Multireference; Multiplets; Ab initio; Resonance Raman

. Introduction

The absorption spectra of coordination complexes have
ormed a cornerstone of the theory of transition metal com-
lexes since the early 1950s [1,2]. The beautiful colors exhib-
ted by many coordination compounds are not only appealing
rom an aesthetic point of view but also carry a great deal of
nformation about the electronic and geometric structures of
he complexes [3–5]. Thus, a thorough analysis of the opti-
al spectra of complexes yields information about the ligand
eld strengths, the coordination number and geometry and the
ovalencies of the metal-ligand bonds. Among the most suc-
essful experimental methods are absorption (ABS) spectra
ith or without linearly polarized light [6], circular dichro-

sm (CD) spectra, and magnetic circular dichroism (MCD)
pectra [7,8]. In addition, high-resolution information of the
round state-vibrational structure as well the excited state elec-
ronic and geometric structure may be obtained from a detailed
onsideration of resonance-Raman spectra [9–11]. The bond-
ng descriptions that arise from such studies are highly use-
ul in analyzing and interpreting the reactive properties of the
omplexes.

the metal ions. These transitions, which typically fall into the
visible and near infrared region of the spectrum, are extremely
sensitive indicators of the dn configuration of the complexes, the
total spin multiplicity of the ground state, the coordination num-
ber and the coordination geometry; (b) ligand-to-metal charge
transfer (LMCT) transitions that involve transitions from filled
ligand based orbitals to the partially occupied metal d shell.
In most cases these transitions fall into the visible region of
the spectrum if the oxidation state of the metal is high and the
coordinating ligands are ‘soft’ in the chemical sense; (c) metal-
to-ligand charge transfer (MLCT) transitions which involve
promotion of electrons from mainly metal d-based orbitals to
low lying empty ligand orbitals. Such transitions are typically
observed in the visible region of the spectrum if the oxidation
state of metal is low and the ligand contains low-lying empty
�*-orbitals; (d) intra-ligand transitions that involve promotion
of electrons between mainly ligand based orbitals on the same
ligand and (e) ligand-to-ligand charge transfer transitions in
which an electron is moved from one ligand another one in the
excited state [12]. Such transitions will be studied below [13]
in some detail in a series of interesting metal-bridged diradicals
[14].
Since the early days of coordination chemistry mainly five
ypes of electronic transitions have been found in (mononu-
lear) coordination compounds: (a) d–d transition that involve
romotion of electrons within the partially filled d-orbitals of

fi
t
a

The present study will be confined almost exclusively to the
F. Neese et al. / Coordination Chemistry Reviews 251 (2007) 288–327 289

5.1.3. Savin’s equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
5.1.4. Transform theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
5.1.5. Time dependent techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
5.1.6. “Short-time” dynamics in resonance Raman scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316

5.2. Implementation of Heller’s theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
5.3. Quantum chemical modeling of electronic absorption spectra and RR intensities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
5.4. An example: UV–vis, resonance Raman and quantum chemical study of transition metal bis-dithiolenes. . . . . . . . . . . . . . . . . . . . 320

5.4.1. Enhancement mechanism for 1b1u → 2b2g transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
5.4.2. Enhancement mechanism for 1au → 2b2g transitions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
rst type of electronic transitions. The interpretation of d–d spec-
ra has been a domain of ligand-field theory (LFT; [15–19])
nd its variants like the angular overlap model [20–22] for a
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ong time. While these approaches are semi-empirical in nature,
hey provide a tremendous amount of insight into the electronic
tructure, spectroscopy, thermochemistry, stereochemistry, pho-
ochemistry and kinetics of transition metal complexes and are
hus a powerful guide to chemical thinking. The great achieve-
ent of ligand field theory has been that with a minimum

mount of empirical parameters a great variety of properties
ould be explained and even reproduced with to good to excel-
ent numerical accuracy. In the simplest form which is valid
or cubic complexes only two parameters are necessary: the
igand field strength 10Dq and the Racah B parameter which
ccounts for the interelectronic repulsion [1]. These relation-
hips are most elegantly summarized in the Tanabe–Sugano
iagrams which allow one to quickly and easily interpret the
–d spectra of metal ions in a cubic environment [23]. More
efined treatments include parameters describing anisotropic
ovalency and spin-orbit coupling (SOC) which is a prereq-
isite for the interpretation of magnetic measurements [24].
owever, while LFT provides a powerful and extremely useful

anguage, it is not an accurate first-principles method that would
llow one to compute the properties of transition metal com-
lexes without recourse to experimental data. Yet, it provides
most convenient framework in which experiments and results

rom accurate first-principles calculations can be expressed and
ummarized.

Indeed, the application of rigorous first-principles approaches
o transition metal electronic spectra has been found to be sur-
risingly difficult, at least compared to the success that ab initio
uantum chemistry has enjoyed for a long time in organic and
ain group chemistry [25]. In order to provide a balanced treat-
ent of several states of vastly different character (i.e. d–d

ersus CT states) it is inevitable to treat the correlation energy
f the states involved. That is, uncorrelated calculations at the
artree–Fock (HF) level and the CI with single excitations (CIS)

rom a HF reference are not adequate and typically show errors
f several eV in the transition energies. In addition they have
hortcomings in the qualitative ordering of the excited states or
ven to correctly predict the ground state. In this respect the
uccess of the semi-empirical INDO/S method in this area is
stonishing and has for a long time rivaled ab initio approaches
n the area of transition metal spectroscopy [26–31] (for recent
pplications, see e.g. [32–44]).

For a long time, the application of more reliable first prin-
iple methods has been hindered by intricate problems that are
o characteristic for the quantum chemistry of transition metal
omplexes. First, they are typically large, involving many atoms
nd electrons which causes the calculations to become very
ime consuming. Second, they typically involve significant near-
egeneracy effects (‘static correlation’) which causes treatments
hat are based on a single reference (SR) configuration to be unre-
iable. This is a particularly pressing problem, since even in cases
here there is only little static correlation, the HF methods fre-
uently fails to provide a good starting point for more elaborate

reatments. Thus, multireference (MR) approaches are often nec-
ssary to achieve quantitatively accurate results. Nevertheless,
R methods are complicated, time consuming, and in addition

equire much more insight from the user of a quantum chemical

s
a
w
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rogram than the SR approaches that can be done in an essen-
ially black-box fashion using standard quantum chemical codes.
hird, the dynamic correlation effects in transition metal com-
lexes are also large and must be treated at some level of approxi-
ation in order to obtain reliable results. Fourth, since transition
etal atoms are heavy, relativistic effects can be of substantial
agnitude and should be dealt with in studies that aim at high

ccuracy.
During the past 10–15 years, however, significant progress

as been made in the field of transition metal quantum chemical
pproaches. These are first of all due to the success of density
unctional theory (DFT) [45–51]. DFT can also be applied to the
alculation of excitation spectra within the time-dependent lin-
ar response formalism [52–57]. However, the TD-DFT method
as not met with the same success that ground state applica-
ions of DFT have enjoyed [58,59]. Secondly, extremely efficient

R approaches have been developed which, together with the
normous increase in available computer power, allow applica-
ion to transition metal complexes of significant size on low-
ost personal computers. Seminal contributions to this field
ave been made by Roos and co-workers who have devel-
ped the efficient CASPT2 method and have provided much
nsight into electron correlation effects in transition metal com-
lexes. For reviews of these approaches and their application see
60–66]. However, the development of new methods that pro-
ide a good tradeoff between computational cost and obtainable
ccuracy is still an important goal of quantum chemical method
evelopment.

During the past few years we have been interested in the
alculation and interpretation of transition metal optical spec-
ra parallel to experimental investigations. To this end we have
eveloped efficient computer codes to carry out such calcu-
ations [67]. In particular, a method called spectroscopy ori-
nted configuration interaction (SORCI) was developed [68]
nd successfully tested in a number of applications [13,69–78].
ORCI is based on the important concepts of individual selec-

ion [79–83] and difference dedicated CI [84,85] and achieves
fficiency through a combination of variation and perturba-
ion theory [67]. In this review, we present a relatively elabo-
ate discussion of some advanced subjects in transition metal
ptical spectroscopy with emphasis on the recent advances in
he procedures implemented in the ORCA program package.
n particular, methods for the calculation of multiplet ener-
ies, spin-orbit splitting and resonance-Raman intensities are
iscussed. The majority of this material has not previously
een published but is included here in order to document
he availability and accuracy of the available computational
rotocols.

. Ab initio electronic structure methods

.1. The Hartree–Fock method and the correlation energy
The Hartree–Fock method in its most elementary form con-
iders a single-determinant Ansatz for the approximation of

N-electron state function Ψ (x1, . . . , xN ) = det |ψ1 . . . ψN |,
here xi ≡ (ri, σi) is a compound index for the space- and spin-
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ariables of a single electron and the set of {ψ}s are orthonormal
ingle-electron wavefunctions [86]. Owing to the variational
rinciple, the expectation value 〈Ψ |Ĥ |Ψ 〉/〈Ψ |Ψ 〉 is always
igher than the exact ground state energy. The Hamiltonian Ĥ
s usually taken to be the clamped-nuclei Born-Oppenheimer
amiltonian which only considers the leading electrostatic inter-

ctions (in atomic units):

ˆ BO = −1

2

∑
i

�∇2
i −

∑
i,A

ZA

|ri − RA|

+ 1

2

∑
i	=j

1

|ri − rj| + 1

2

∑
A	=B

ZAZB

|RA − RB|

= T̂ + V̂eN + V̂ee + V̂NN = ĥ+ V̂ee + V̂NN (1)

Here i, j sum over electrons at positions ri, A, B over nuclei
ith charge ZA at positions RA. Thus, from an energetic point
f view the best single determinant is one which minimizes
his expectation value. The entities to be varied in order to find
n energy minimum (or more precisely a stationary point of
he Ritz-functional) are the single-electron orbitals ψi(x) them-
elves. Variation of the orbitals under the constraint of orthonor-
ality leads to the HF equations in canonical form:

ˆ ψi =
⎡
⎣ĥ+

∑
j

Ĵj − K̂j

⎤
⎦ψi = εiψi (2)

here εi is the orbital energy and the Coulomb operator Ĵj and
xchange operators K̂j are defined by:

ˆ
jψi(x) = ψi(x)

∫ |ψj(x′)|2
|r − r′| dx′ (3)

ˆ
jψi(x) = ψj(x)

∫
ψ∗
j (x′)ψi(x′)
|r − r′| dx′ (4)

Since the BO operator is spin-free it is customary to let the
rbitals be eigenfunction of the single-electron spin-operator by
hoosing them to be either spin-up or spin-down orbitals. This
eads to the spin-unrestricted (UHF) method (σ =α, β):

ˆ σψσi =
⎡
⎣ĥ+

∑
jσ′
Ĵσ

′
j − δσσ′K̂σj

⎤
⎦ψσi = εσi ψ

σ
i (5)

For a closed-shell system, the spin-up and spin-down oper-
tors are equal and the spin-orbitals are obtained in pairs of
qual shape and energy. Instead of dividing the set of orbitals
nto spin-up and spin-down orbitals it is also possible to pursue
division into closed-shell and open-shell orbitals. This leads

o the restricted open-shell HF (ROHF) method. The formalism
or this method is a little more involved but the general ideas
re identical to the UHF case. The ROHF wavefunction is an
igenfunction of the total spin squared (Ŝ2) operator while the

HF wavefunction does not have this feature. The energy of the
HF wavefunction, on the other hand, is lower than that of the
OHF wavefunction due to the increased variational freedom in

he UHF case.

(
1
t
i
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In practice, the HF-orbitals are approximated through a linear
ombination of fixed, atom-centered basis-functions {ϕ}:

i(x) =
∑
μ

cμiϕμ(x) (6)

The variational parameters are now the MO coefficients c
nstead of the orbitals themselves. The basis set is, of course,
ser-specified and many reasonable choices with differing
egrees of accuracy have been proposed in the literature [87]. It
urns out that the basis-set limit, e.g. the size at which the basis
et approaches completeness, is relatively easily to approach at
he HF level [88]. Already basis sets of double- or triple-� qual-
ty together with one-or more sets of polarization functions on
ach atom typically provide fairly good results.

The HF method essentially describes the movement of sin-
le electrons in the field of the nuclei and the average field of
he other electrons. It typically recovers more than 99% of the
xact, non-relativistic energy but the remaining error is, unfor-
unately, still large on the chemical energy scale and amounts
o hundreds of kcal/mol. Energy differences may, however, be

ore accurate through error cancellation. Since the stabilizing
xchange term only works for electrons of the same spin, the
F method strongly favors states with unpaired, parallel spins

nd therefore favors high-spin states over low-spin states. DFT
ethods tend to have the opposite bias [74,77].
The remaining difference between the exact energy and the

F energy is being defined as the correlation energy:

corr = Eexact − EHF (7)

Ecorr is always negative and is know to converge very slowly
ith the size of the basis set employed. Consequently, it turns out

o be extremely difficult to calculate more than 80% of the exact
orrelation energy [89]. However, when it comes to calculations
n excited states, the treatment of at least the differential cor-
elation energy becomes very important and below we discuss
ome of the popular methods.

The correlation energy is usually calculated through an
xpansion of the wavefunction in a leading term (the HF deter-
inant) and admixture of excited determinants in which one-,

wo-, three-, etc. occupied spin-orbitals of the HF determinant
re replaced by virtual orbitals. Thus, the wavefunction is of the
orm:

(x1, . . . , xN ) = |ΦHF〉 +
∑
ia

Cai |Φai 〉 + 1

4

∑
ijab

Cabij |Φabij 〉 + . . .

(8)

he usual convention is that the labels i, j, k, l refer to occupied
pin-orbitals in the HF reference and a, b, c, d to unoccupied
nes. If the coefficients C are determined by the variational
rinciple this is the configuration interaction (CI) method with
ingle-, double-, triple-, etc. excitations. Alternatively, the coef-
cients may be estimated by many-body perturbation theory

MBPT) or coupled-cluster (CC) techniques. Importantly, if all
-through N-fold excitations are included in the CI-procedure
he exact solution of the BO-problem within the limitations
mposed by the one-particle basis set is obtained (full-CI = FCI).
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CI is not a practical method since the computational effort
cales factorially with the number of electrons. It is, however,
ery useful for benchmark purposes.

The excited determinants can be elegantly constructed
hrough the action of the second quantized fermion creation and
nnihilation operators a+

aσ and aiσ . Thus, the operator a+
aσaiσ

eplaces spin orbitalψσi byψσa ifψσi is occupied andψσa is unoc-
upied in the determinant that the operator acts on and yields
ero otherwise. Powerful techniques have been developed to
eal with the algebra of the creation and annihilation operators
90].

.2. Multiconfigurational self-consistent field
avefunctions

The first step in the generalization of the HF method to
rbitrary states is to allow a higher flexibility of the wave-
unction. This is necessary to properly describe electronic
ituations like: (1) the construction of multiplet components
hich arise in transition metal complexes and which are often
oorly described by a single Slater-determinant; (2) the descrip-
ion of weak or partially broken bonds such as they arise in
he problem of magnetic coupling between several ions and
hich requires a delicate balance between neutral and ionic

omponents and (3) the construction of reasonable approxi-
ations for excited states which may have to be represented

s mixtures of single- and double-excitations. All of these
roblems require a multi-determinantal HF method as starting
oint. In this so-called multiconfigurational self-consistent field
MCSCF) method, the Ansatz for the N-electron wavefunction is
65]:

(x1, . . . , xN ) =
∑
I

CI |ΦI〉 (9)

The many-electron ‘basis-functions’ {Φ} are either single-
later determinants built from a set of one-electron orbitals {ψ}
r linear-combinations of such determinations in order to pro-
uce wavefunctions of the desired spin- and space-symmetry
referred to as configuration-state functions, CSFs). The varia-
ional parameters in the MCSCF method are the CSF coefficients

and the MO coefficients c which are both varied in order to
inimize the energy.
One of the most difficult steps in the MCSCF method is to

nd a good set of {Φ} which give a balanced description for the
tate(s) of interest. A systematic, although not very economic,
ay, is based on the subdivision of the orbital set into three

paces. First the set of inactive orbitals which are doubly occu-
ied in each CSF (labels i, j, k, l), the set of active orbitals which
ave variable occupation numbers in the various CSFs (labels
, q, r, s) and finally the virtual (external) orbitals which are
noccupied in all CSFs (labels a, b, c, d). The labels t, u, v, w
efer to orbitals from any subset.
A fixed number of active electrons is distributed in all pos-
ible ways over all active orbitals consistent with the desired
verall spin- and space symmetry. The multiconfigurational
haracter is then introduced by a full-CI within the active space.

e
[
g
F

ry Reviews 251 (2007) 288–327

herefore, the method has the acronym complete active space
elf-consistent field (CASSCF). A CASSCF wavefunction is
almost) unambiguously identified by its total spin multiplicity,
he number of active electrons (n) and active orbitals (m) lead-
ng to the notation CASSCF (n, m). CASSCF calculations can
lso, and beneficially so, performed for the average of several
tates which leads to the ‘state-averaged CASSCF formalism
SA-CASSCF)’. The optimization of such a CASSCF wave-
unction is a highly nonlinear problem [91–95]. Some of the
olutions are sensible approximations to accessible states of the
ystem while others simply represent saddle points or other sta-
ionary points in the (c, C) variational space and may sometimes
e hard to distinguish from sensible solutions. However, effi-
ient programs exist for the calculation of massive CASSCF
avefunctions with more than one-million CSFs describing the

tate(s) of interest [67,96,97]. For technical reasons, the calcu-
ations become very difficult for more than ∼14 active orbitals
hich sets some rather severe limitations on the applicability of

he CASSCF method.
It is important to realize that CASSCF wavefunctions are not

esigned to recover large fractions of the correlation energy.
ather, the CASSCF method is designed to describe multiplet-
nd near-degeneracy situations in a reasonable and consistent
ay to ‘zeroth-order’ and therefore to provide a good start-

ng point for the treatment of (dynamic) electron correlation.
etailed discussions of the application of the CASSCF method

o transition metal chemistry can be found in the works of Roos
nd co-workers, where much useful information on theoretical,
echnical and practical details is assembled [60,61,63–66].

.3. Single- and multireference perturbation theory

The most straightforward way to improve on the HF result
s to include the effects of dynamic electron correlation through

any-body perturbation theory (MBPT). Based on a single HF-
eterminant, a simple expression is obtained which is known
s the second-order Møller-Plesset (MP2) approximation to the
orrelation energy [86]:

MP2 = EHF + 1

4

∑
ijab

|(ia|jb) − (ib|ja)|2
εi + εj − εa − εb

(10)

ith (ia|jb) = ∫ ∫
ψi(x1)ψa(x1)ψj(x2)ψb(x2)r−1

12 dx1dx2
eing a two-electron integral over MOs. By convention, i, j refer
o occupied and a, b to unoccupied orbitals in the HF deter-

inant. The MP2 energy-expression arises from dividing the
otal Hamiltonian into a zeroth’ order part Ĥ0 = ∑

iF̂ (xi) and
perturbation V̂ = ĤBO − Ĥ0 which is called the ‘fluctuation
otential’. Since, the BO Hamiltonian does not contain more
han two-body terms, Slater’s rules show, that V̂ can couple the
F determinant with at most double-excitations from the HF

eference and this is how the MP2 energy expression arises.
ingly-excited determinants do not contribute to the correlation

nergy in this approximations by virtue of Brillouin’s theorem
86]. MP2 theory is very successful in organic chemistry and
reatly improves upon the results of HF calculations [88].
urthermore, highly sophisticated programs make it possible
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o efficiently evaluate or approximate the O(N4) two-electron
ntegrals (ia|jb) such that the MP2 energy can also be calculated
or large molecules [98–104]. In inorganic chemistry, in partic-
lar in the field of Werner type complexes, MP2 is not popular
ue to its frequent divergence because of near-degeneracy
roblems and also due to the poor quality of the HF reference
ave function which makes perturbation theory a questionable

pproach for such systems (vide infra).
The generalization of MP2 theory from a single HF deter-

inant to a multiconfigurational reference function (MRPT)
urns out to be surprisingly difficult and many variants have
een proposed in the literature [60,61,63,105–120]. The idea of
perturbative correction to a CASSCF energy is quite attractive

ince the CASSCF method takes care of all near-degeneracy
ffects (‘static correlation’) and the low-order perturbative cor-
ection is supposed to capture most of the remaining correlation
‘dynamic correlation’). The most widely used method of this
ind is the CASPT2 approach developed and extensively applied
y Roos and co-workers [60,61,63–66]. The CASPT2 method
s efficient, elegant and has shown considerable success in its
pplication throughout chemistry and spectroscopy. In general,
t is impossible to unambiguously partition the BO Hamiltonian
nto a zeroth order part and a perturbation and consequently

any different versions exist. The most common procedure is
o stay as closely as possible to closed-shell MP2 theory and to
efine a spin-averaged Fock-operator:

ˆ = ĥ+
∑
tu

Dtu

[
Ĵtu − 1

2
K̂tu

]
(11)

ith matrix elements:

vw = hvw +
∑
tu

Dtu

[
(tu|vw) − 1

2
(tv|uw)

]
(12)

Here, the first-order density matrix of the multiconfigura-
ional reference state |0〉 was introduced:

ut = 〈0|Eut |0〉 (13)

The operator Eut is known as orbital replacement operator or
generator of the unitary group’ and is given by:

u
t = a+

uαatα + a+
uβatβ (14)

Using these operators, the BO Hamiltonian can be written in
second-quantized form as:

ˆ BO =
∑
tu

hutE
u
t + 1

2

∑
tuvw

(tu|vw)[Eut E
w
v − δuvE

w
t ] + V̂NN

(15)

nd the Fock operator becomes:

ˆ =
∑

TutE
u
t (16)
tu

The zeroth order Hamiltonian in MRPT is then defined as:

ˆ (0) = P̂F̂ P̂ + Q̂F̂Q̂ (17)

l
a
i
a

ry Reviews 251 (2007) 288–327 293

here P̂ = |0〉〈0| is the projector onto the reference wavefunc-
ion |0〉 and Q̂ = 1̂ − P̂ projects onto the orthogonal comple-
ent. It is readily verified that this definition leads back to MP

artitioning in the case that |0〉 is a single closed-shell determi-
ant. In the CASPT2 method a slight modification of Ĥ (0) is
sed which has been discussed by Andersson and is supposed to
ive a more balanced treatment of closed- and open-shell states
62,121].

In second-order perturbation theory, the first order-
avefunction |1〉 is determined by:

Ĥ (0) − E(0))|1〉 + (V̂ − E(1))|0〉 = 0 (18)

1〉 is expanded in terms of a set of excited CSFs |Ψ I〉
1〉 =

∑
I

C
(1)
I |ΨI〉 (19)

here C(1) are the first-order wavefunction coefficients. They
re determined by left-multiplying Eq. (18) with 〈ΨK| resulting
n a linear set of equations for the unknown C(1):

I

〈ΨK|Ĥ (0) − E(0)|ΨI〉C(1)
I = −〈ΨK|V̂ |0〉 (20)

E(0) = 〈0|Ĥ (0)|0〉). Finally, the second-order perturbation
nergy is:

MRPT2 = ECASSCF + 〈0|V̂ |1〉 (21)

To second-order in perturbation theory, the first order wave-
unction contains contributions from CSFs which are singly- and
oubly- excited with respect to any of the reference CSFs. Thus,
otentially the so-called first-order interacting space (FOIS) for
multiconfigurational zeroth order wavefunction is larger by
factor number-of-reference-CSFs than the FOIS for a single

eference determinant. Since the number of CSFs in |0〉 may
each 106 the FOIS would very quickly become unmanage-
ble even for moderately sized molecules. Fortunately, there is
way around this problem by making use of the principle of

internal contraction’ first introduced independently by Meyer
nd Siegbahn [122]. In this method, one spans the FOIS of a
ulticonfigurational reference wavefunction by acting with the

xcitation operators onto the entire multiconfigurational refer-
nce wavefunction together. For example:

Φabij 〉 = Eai E
b
j |0〉 =

∑
I

CIE
a
i E

b
j |ΦI〉 (22)

here the coefficients CI are fixed by the preceding CASSCF
alculation. The matrix elements of the BO Hamiltonian over
nternally contracted wavefunctions becomes very difficult. Sec-
ndly, the set of excited CSFs constructed by acting with all
nique single- and double- replacement operators on |0〉 is not
inearly independent and not orthogonal which creates additional
echnical challenges. Finally, the considerable sparsity of the
amiltonian which is characteristic of an uncontracted FOIS is
ost. Nevertheless, the savings offered by internal contraction
nd the efficiency gained in high-quality implementations are
mpressive and justify the considerable effort for their derivation
nd implementation. The CASPT2 method has been efficiently
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ncorporated in slightly different forms into the MOLCAS [97]
nd MOLPRO [96] programs where they are widely used. To
he best of our knowledge, the only place where the necessary
ormula apparatus is fully documented is the Ph.D. thesis of
ndersson [123].
A CASPT2 study of the excited states of a given system

sually involves the successive determination of CASSCF wave-
unctions |0〉 for each state of interest followed by a calcula-
ion of the second-order estimate of the correlation energy as
escribed above. Thus, for each state there is a separate set of
rbitals and self-consistent field process. For significant num-
ers of states this may become time consuming. It may also
e problematic to obtain converged CASSCF wavefunctions for
igher excited states of a given symmetry. These problems may
t least be partially overcome by determining a common set of
rbitals through the SA-CASSCF procedure. The second, more
evere, problem is the possibility of intruder states which lead to
ll-conditioned linear equation systems (20) and invalidate the
econd-order perturbation theory approach. A number of meth-
ds have been suggested to overcome the intruder state problem
66,110,120]. However, it remains the most severe obstacle in the
pplication of MRPT procedures and ultimately requires much
nsight and care from the user.

.4. Multireference configuration interaction

There are many variants of multireference CI (MRCI). All
f them share the feature of starting from a multiconfigurational
eroth order wavefunction. The MRCI wavefunction is written
s a linear combination of the zeroth order wavefunction and
xcited CSFs. For simplicity, all CSFs in the reference space and
he excited CSFs are combined into a single set of CSFs |ΦI〉.
he coefficients with which these CSFs enter into the MRCI
avefunction are variationally determined through solution of

he MRCI eigenvalue problem.

C = EC (23)

ith HIJ = 〈ΦI |ĤBO|ΦJ 〉 and |ΨMRCI〉 = ∑
ICI |ΦI〉. Since

he vast majority of MRCI calculations does not consider excited
SFs beyond double excitations, the MRCI wavefunction can
e conveniently rewritten as:

ΨMRCI〉 =
∑
Iν

CIν|ΦIν〉 +
∑
Iνa

CaIν|ΦaIν〉 +
∑
Iνab

CabIν |ΦabIν 〉 (24)

The three parts consist of configurations I with spin-coupling
attern ν which have zero, one- and two-particles located in
xternal orbitals (a, b). By far the largest group are commonly the
oubly external CSFs |ΦabIν 〉. Writing the MRCI wavefunction
n form of Eq. (24) allows the formulation and implementation
f very efficient MRCI algorithms [91,124–127].

Again, the excited configurations can either be determined
y performing single- and double- excitations relative to each

SF in the reference space or in an internally contracted way
y applying excitation operators to the entire zeroth order wave-
unction. However, the determination of the matrix elements

IJ is even more involved than in the case of MRPT since ĤBO

i
c
e

ry Reviews 251 (2007) 288–327

ontains one- and two-body terms while Ĥ (0) is an effective
ne-body operator. The internally contracted MRCI method,
ttractive as its properties are, has turned out to be so compli-
ated to realize that there is a single major program (MOLPRO)
hich can perform such calculations and even in this program a
umber of difficult CSFs is left uncontracted. One is thus faced
ith the problem of the explosive growth of the list of |ΦI〉’s if the

xcitations are performed relative to each individual reference
SF. The most efficient programs for this task are either based
n the graphical unitary group approach (GUGA, as realized in
he COLUMBUS program) or simply use single-determinants
o span the |ΦI〉 space. In either case, calculations with 1010

SFs can be performed with present day hard- and software.
owever, even this impressive number is rather quickly reached

ven for moderately large molecules and the calculations remain
ery time consuming. It is therefore tempting to truncate the list
f |ΦI〉’s by only including those functions with interact appre-
iably with |0〉. This is the essence of the individually selecting
pproach pioneered by Buenker and Peyerimhoff [81,82] and
alrieu and co-workers [79,80]. There are many possible selec-

ion criteria [109]. For example, in the individually selecting
RCI program of the ORCA package, a CSF is included in the

ariational space if:

|〈ΦK|ĤBO|0〉|2
|〈ΦK|Ĥ (0)|ΦK〉| − 〈0|Ĥ (0)|0〉 ≥ Tsel (25)

here Tsel is a user defined threshold. Experience indicates that
t should not be larger than 10−5 Eh in order to obtain reli-
ble results. Tsel = 10−6 Eh appears to yield results sufficiently
lose to the desired limit Tsel = 0 at several orders of magni-
ude reduced computational effort. However, an estimate for
he effect of the rejected configurations is necessary in order
o obtain reliable results. The ingenious idea in the MRD-CI
rogram of Buenker and Peyerimhoff was to obtain an estimate
f EMRCI (Tsel = 0) by performing several calculations at finite
sel and then to use extrapolation to Tsel = 0 [82]. In the ORCA
rogram, we have, nevertheless, chosen a different approach and
btain the missing correlation energy through second-order per-
urbation theory based on the MP partitioning described above:

EPT =
∑
K/∈S

|〈ΦK|ĤBO|0〉|2
〈ΦK|Ĥ (0)|ΦK〉 − 〈0|Ĥ (0)|0〉 (26)

The sum is over the unselected CSFs (the selected CSFs con-
titute the ‘S-space’). This equation would be fully correct, if
he |ΦK〉 space would diagonalize Ĥ (0) which is certainly not
he case. However, one can still hope that Eq. (26) is a rea-
onable approximation since Ĥ (0) is diagonally dominant and
he nominators are guaranteed to be individually small due to
he selection process. In practice, the selected space is typically
ot much larger than a few hundred thousand CSFs while the
umber of terms in the sum in Eq. (26) may reach 1011 or even
012.
The disadvantage of MRCI compared to MRPT procedures
s the higher computational effort for the former due to the more
omplicated structure of ĤBO compared to Ĥ (0). Seemingly, this
xtra effort is invested in higher accuracy since in MRCI one
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btains ‘infinite order’ results for the coefficients of the excited
SFs instead of a first-order perturbation estimate. However,

here is a distinct disadvantage of MRCI procedures. This is the
act that MRCI (like all other forms of truncated CI) is not size
onsistent. Size consistency refers to the property that for two
oninteracting fragments A and B the energy of the supersys-
em E(AB) = E(A) + E(B). This is the case for MRPT procedures
ith the MP partitioning if the reference space is chosen to have

his property. For MRCI procedures this is unfortunately not the
ase which means that MRCI procedures deteriorate in quality
or larger molecules and this is, in addition to the high com-
utational effort, the main obstacle for the application of MRCI
rocedures to larger molecules. Since size consistency is brought
bout by disconnected higher excitations many procedures exist
o correct for the lack of these excitations in MRCI. The simplest
nd most widely used is the multireference Davidson correction
hich reads [128]:

ED = (1 −W0)(EMRCI − ECASSCF) (27)

here W0 is the weight of the reference space and EMRCI
ECASSCF is the correlation energy calculated by the MRCI

ariational procedure. In summary, for individually selecting
RCI procedures, the final energy of a given state is:

IS−MRCI = EMRCI +�EPT +�ED (28)

It would clearly be much more satisfactory to build size-
onsistency directly and rigorously into the procedure. In the
ultireference case this is surprisingly difficult to achieve and
ultireference coupled-cluster procedures are still not com-
onplace. The best one is presently able to do are the ACPF

129] and AQCC [130] procedures which treat the unlinked
erms in a crude and average way. Perhaps the most rigorous
ize-consistent method is the MCCEPA variant by Fink and
taemmler [131] which also uses an internally contracted FOIS
nd explores the elegant concept of pair-natural orbitals [122]
o achieve substantial efficiency.

.5. The spectroscopy oriented configuration interaction
ethod

We have recently developed a simplified multireference
ethod for the calculation of excitation energies and optical

s well as magnetic spectra. The approach has been termed
spectroscopy oriented configuration interaction’ (SORCI) and
ombines elements of MRPT and MRCI. The main goal of the
ethod is to achieve a balanced description of a predefined

et of many electron states. In order to meet the objectives of
fficiency, balance, accuracy and stability a combination of trun-
ation techniques motivated and discussed in detail in ref. [68]
s used. Briefly, the most important features of the method are
compare Fig. 1):

(a) The method is an uncontracted multireference treatment

based on spin- (and potentially also space) symmetry
adapted CSFs. It starts with the diagonalization of an initial
reference space of the CAS or restricted active space (RAS)
type using any type of input molecular orbitals. From this
ry Reviews 251 (2007) 288–327 295

limited CI the most important configurations are selected
if their contribution to any state is larger than a threshold
Tpre. The selected space is rediagonalized to give the zeroth
order wavefunctions for all states of interest. This reduction
of the number of reference CSFs is necessary in order to
keep the computational effort manageable. For Tpre = 10−2

the final reference space contains only the essential CSFs
required for a physically sensible zeroth order description
of the states of interest. For Tpre ≤ 10−4 the errors due to the
reference space selection become very small and are hardly
visible in the final results.

b) Single and double excitations relative to all selected refer-
ences are performed and included in the “strongly interact-
ing subspace” R′ if their second order energy (at the MR-MP
level) exceeds a second threshold Tsel as described above.

(c) Only configurations giving nonzero contributions to energy
differences in second order perturbation theory are included
in (the important concept of difference dedicated CI
(DDCI); [84,85]). In the first iteration (vide infra) only
configurations with up to two degrees of freedom are consid-
ered, in the second iteration up to three degrees of freedom
are included (a degree of freedom is defined as a hole in the
inactive orbitals or a particle in the external orbitals).

d) The Hamiltonian in the basis of the reference CSFs and
strongly interacting CSFs from the FOIS is diagonalized
to give CI energies and wavefunctions. This step relaxes
the reference space coefficients from their initial CASCI
values and formally treats the dynamic correlation contri-
butions from the most strongly interacting CSFs in the first-
order interacting space (FOIS) to infinite order. This step
also removes any potentially present intruder states which
plagues methods relying entirely on perturbation theory.

(e) The effect of higher excitations is estimated by a multiref-
erence Davidson correction as described above.

(f) The effect of CSFs from the FOIS which are only weakly
interacting with the reference space and therefore not
included in the diagonalization step is estimated at the
second-order MR-MP level using the relaxed and renor-
malized reference part of the CI wavefunctions as described
above.

g) The average density matrix of all states is computed and
diagonalized in order to obtain approximate average natural
orbitals (AANOs). AANOs with occupation numbers less
than a third threshold Tnat are excluded from the treatment
and those with an occupation number closer than Tnat to
2.0 are frozen for the subsequent calculation. This set of
AANOs is designed to remove any bias that the initial set of
MOs might have had. In addition it often drastically reduces
the one-particle space. Since the computational effort grows
with a high power (≥4) of the size of the one-particle basis
this may lead to computational savings of a several orders
of magnitude.

h) The whole calculation is repeated with the AANOs in place

of the input MOs.

(i) If necessary, the effect of the neglected inactive double exci-
tations is computed using second order MP perturbation
theory using an internally contracted basis.
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Fig. 1. Flowchart of the SORC

In the first iteration of this procedure the diagonalization
f the CI matrix is feasible since the DDCI2 list only grows
s O(NRefs × N2) compared to the prohibitive O(NRefs × N4)
rowth of the configuration list for the parent MRCI scheme. In
he second iteration the diagonalization of the selected DDCI3

atrix remains feasible since the size of the significant AANO

asis is often much smaller than the complete MO space. Since
nly the active space electrons are effectively correlated, the
ize consistency errors of the method are moderate. The SORCI
avefunctions still explicitly contain the leading dynamic and

[
w
m

edure. For details see ref. [68].

ll static correlation effects which gives rise to the hope that
he state and transition densities required for the computation of
rst- and second-order properties are reasonably accurate. This
an, however, only be verified or disproved by test calculations
r by comparison to highly accurate computational benchmark
esults.
The SORCI method has seen several successful applications
13,69–78] and is available in the ORCA package [67]. Below,
e will present a benchmark study for the multiplets of transition
etal ions and hexaquo complexes using the SORCI method.
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.6. Relativistic effects

Beyond the BO approximation a number of terms arise in the
olecular Hamilton operator which describe relativistic effects

nd interactions of the electrons with external magnetic and
lectric fields. For molecules with not too heavy atoms (∼up to
rypton) these effects are of limited importance for the structure

nd bonding of molecules. They are nevertheless essential for
orrectly calculating spectral properties. Here we only deal with
he two most important relativistic effects which are commonly
but not uniquely, see ref. [132]) subdivided into so-called scalar-
elativistic and spin-orbit coupling (SOC) effects which are
haracterized by being spin-independent and spin-dependent,
espectively [133].

.6.1. Scalar relativistic effects
Close to the nucleus, electrons are moving close to the speed

f light. This has severe influences on the shape of the effective
otentials that the core electrons see. The ‘relativistic potential’
ooks like an attractive interaction and therefore, core orbitals
ecome much steeper and the core-orbital energies much lower.
his mainly concerns the deep lying s- and p-levels but also
ropagates into the valence region where stabilization of s-
nd p-levels is also observed. The opposite effect is true for
- and f-electrons. These electrons effectively ‘see’ less of the
uclear charge since due to the contraction of the core-orbitals,
he nuclear charge is more effectively shielded. Consequently, a
estabilization of d- and f-levels is observed.

There are many different ways to deduce the correct form
f the scalar relativistic equations. All of them start from the
our-component Dirac equation and its generalization to N-
lectrons which is commonly at the simplest possible level,
here the non-relativistic electron–electron repulsion is added

o the one-electron Dirac terms and results in the N-electron
irac-Coulomb operator. Full four component calculations can
owadays be done to high precision for small molecules and
ield very accurate results when appropriate allowance is made
or electron correlation effects (Dirac program [134]). How-
ver, for larger molecules further approximations are com-
onplace and yield computational formalisms with essen-

ially the same computational cost as a standard nonrelativistic
alculation.

The first step is to decouple the large- and small components
hrough some approximate expansion procedure. The second
tep is to separate spin-dependent and spin-independent terms
n the expansion which are then identified as spin-orbit and
calar-relativistic effects, respectively. If the SOC is included
n the self-consistent field calculation, one ends up with so-
alled two-component schemes in which the SOC effects are
reated on an equal footing with the remaining interactions.
wo-component schemes may be thought of as generalizations
f the j–j coupling scheme which is sometimes used in atomic
heory.
The complete reduction of the four-component Dirac equa-
ion into one-component form requires either the neglect of SOC
r its a posteriori treatment by perturbation theory or some other
rocedure. The resulting equations have the distinct advantage

f
c
o
m

ry Reviews 251 (2007) 288–327 297

hat most of the computational machinery developed for the non-
elativistic case can be used with minor modifications. Except
or cases with complete or near orbital degeneracy, perturba-
ion theory for the SOC is a good approximation for the first
–4 rows of the periodic table. The majority of scalar-relativistic
ne-component all-electron calculations are done in a way which
nly requires a modification of the one-electron matrix.

The oldest decoupling method is the Pauli-expansion of the
irac equation in powers of 1/c2. This method has fallen into dis-
se due to the fact that the resulting scalar-relativistic operators
the Darwin- and mass–velocity terms) are not bounded from
elow and can therefore not be used in variational treatments.
resently, the two most widely used quasi-relativistic methods
re the zeroth order regular approximation (ZORA [135]) and the
ouglas–Kroll–Hess (DKH [136–138]) approach up to second-
rder in the external potential. Both methods are variationally
table but differ in many other aspects. The ZORA method has
he disadvantage that it is not gauge invariant which causes cer-
ain problems in the calculation of electric properties and molec-
lar gradients but is readily implemented otherwise [139,140].
However, see [141]). Furthermore, the ZORA method has the
efect that the core-orbital energies are much too low in energy.
rocedures to correct for this shortcoming are known [142].
he formalism of the DKH approach is fairly involved, but at

east to second order, it is also readily implemented, at least if
he transformation of the electron–electron interaction terms are
isregarded as is common practice [143,144].

In the ORCA program used in this work, both the ZORA
nd the second-order DKH method are implemented and usu-
lly yield similar relativistic corrections to molecular structures,
nergies and properties. In addition, an interface to the higher-
rder DKH module of Wolf, Reiher, and Hess [143] is available.
RCA features two ZORA implementations which closely fol-

ow the ideas by van Wüllen [139] and Filatov [140], respectively
nd yield identical results in the limit of infinite basis set and
xact numerical integration. Furthermore, the extension of the
ORA approach to infinite order (IORA [145]) is available.

.6.2. Spin-orbit coupling
The importance of SOC for the properties of transition metal

ons has been recognized since the initial days of LFT. Indeed,
FT ideas with consideration of SOC effects have given a large
mount of insight into the spectroscopic properties of transition
etals ions. Most commonly, the SOC operator which has been

mployed was taken from the theory of atomic spectra [146] and
s:

ˆ SOC−LFT = λLS (29)

here λ is some effective many-electron SOC constant, L the
otal orbital angular momentum operator and S is the total spin
perator. Such an approach has several conceptual shortcom-
ngs. First, the many-electron SOC constant λ is ill defined

or molecules since the molecular terms usually do not derive
leanly from atomic terms and ligand-SOC is neglected. Sec-
ndly, the operator in Eq. (29) will not mix states of different
ultiplicities, which, however, is one of the most important
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ffects of SOC. A slightly more satisfying approach is to use:

ˆ ′
SOC−LFT =

∑
i

ξ(ri)lisi (30)

n which the orbital- and spin-operators for each electron i enter
nd ξ(ri) is an operator which only depends on the distance of
he electron from the nucleus. Owing to the presence of the
ndividual rather than the total electron spin, this operator does

ix states of different multiplicity and there is no ambiguity as
o the origin and sign of ξ(ri). In polyatomic molecules this SOC
perator is readily generalized to [147]:

ˆ ′′
SOC−LFT =

∑
A

∑
i

ξ(riA)lAi si (31)

Here, ‘A’ sums over all nuclei and lAi is the angular momen-
um of the ith electron relative to the Ath nucleus. This operator
an be used in a ligand field as well as in an ab initio framework,
f a suitable choice is made for ξ(ri). The most popular form is:

(riA) = α2

2

Zeff
A

|RA − ri|3 (32)

here Zeff
A is a semi-empirically chosen charge for nucleus A at

osition RA and α∼ 1/137 in atomic units is the fine structure
onstant. Semi-empirical values for Zeff

A have been given by
oseki et al. [148–150] for most of the periodic table. Their
isadvantage is that they are somewhat basis set dependent.
evertheless, the effective nuclear charge approach performs

easonably well for the 2p- and 3d-elements but deteriorates in
uality for the higher main group and heavier transition metals.

In order to arrive at a more satisfying ab initio SOC operator,
ne has to go back to the microscopic form of the SOC operator,
ost commonly in the Breit–Pauli (BP) approach [151–155].
he ZORA and DKH forms of the microscopic SOC operator are
omewhat more complicated. However, a reasonable discussion
s already possible on the basis of the BP operator. It includes
ne- and two-electron contributions:

ˆ BP = Ĥ
(1)
BP + Ĥ

(2)
BP (33)

ˆ (1)
BP = α2

2

∑
i

∑
A

ZAr
−3
iA l̂iAŝi (34)

ˆ (2)
BP = Ĥ

(2)
SSO + Ĥ

(2)
SOO

= −α
2

2

∑
i

∑
j 	=i
r−3
ij l̂ij ŝi −

∑
i

∑
j 	=i
α2r−3

ij l̂ij ŝj (35)

Here Ĥ (2)
SSO and Ĥ

(2)
SOO denote the spin-same orbit (SSO)

nd spin-other-orbit (SOO) contributions. p̂i, ŝi stand for the
omentum and the spin operator of the ith electron, and riA =

ri − RA| is the distance between the electron i and the nucleus
. The angular momentum operator of the electron i calculated

ith respect to the nucleus A at the position RA is defined

s l̂iA = (ri − RA) × p̂i. Similarly, rij = |ri − rj| represent the
istance between the electrons i and j; l̂ij = (ri − rj) × p̂i sym-
olizes the orbital momentum operator of the electron i with

H

(

ry Reviews 251 (2007) 288–327

espect to the position of the electron j. Boldface printed opera-
ors conventionally have three cartesian components x, y, z.

Usually the one-electron term of the BP Hamiltonian is the
ominant contribution to the SOC matrix elements because of
xtensive cancellation between the two-center one- and two-
lectron terms. The one-electron term describes the interaction
f the spin of electron i with the magnetic moment induced by
he orbiting of the same electron in the nuclear electrostatic field.
lthough it is ‘near-sighted’ owing to the r−3 dependence, two-

nd three-center contributions cannot be neglected altogether if
igh accuracy is requested. Accordingly, the two-electron SSO
erm arises from the interaction of electron i with the magnetic

oment induced by the movement of electron i in the field of
lectron j. The SOO term describes the coupling of the spin mag-
etic moment of electron i with the orbital magnetic moment
f electron j and vice versa. These two terms provide screen-
ng of the one-electron term similarly to the contributions of
he nuclear-electron attraction and electron–electron repulsion
nteractions in the BO Hamiltonian. The one-electron contribu-
ion to SOC grows rapidly with the nuclear charge, whereas the
wo-electron part increases more slowly as one moves down the
eriodic table.

Although the approximation free computational treatment
f the BP Hamiltonian is certainly feasible (this was demon-
trated by the works of several groups [156–162]), the direct
tilization of the SOC operator in the form of Eqs. (33)–(35)
s very demanding in terms of memory and computer time due
o the large number of two-electron four-center integrals arising
rom Eq. (35). Therefore, suitable approximations could con-
iderably increase the size of the systems which are feasible
o treat and the speed of the calculations. One way to simplify
q. (33) is to completely ignore the two-electron term. However,

his approximation drastically overestimates SOC splitting [148]
ecause the two-electron screening contribution is ignored. This
ould seem to immediately lead back to the effective nuclear

harge SOC operator. In order to go beyond the accuracy of
his method, an alternative approach suggested by Hess et al.
s used [163]. It deals with the two-electron SOC contribution
o the BP Hamiltonian by a mean-field approximation in a way
hich is analogous to the treatment of the electron–electron

epulsion in the HF method (spin-orbit mean-field (SOMF) oper-
tor). Because the HF approach itself recovers 99.7–99.9% of
he total non-relativistic energy, the SOMF scheme seems to be
ery attractive for the estimation of spectroscopic parameters
ince almost all SOC energy will be recovered and SOC effects
re roughly four orders of magnitude smaller than electrostatic
ffects due to the α2 dependence of the operator.

We have recently slightly reformulated and implemented the
OMF operator into the ORCA package [160,163,164] and will
riefly sketch the working equations below. The goal of the
OMF treatment is to convert the BP-SOC Hamiltonian into
ffective one-electron form:∑

ˆ SOMF =

i

ẑiŝi (36)

Given the first-order density matrix P for the state of interest
no matter whether it comes from a SCF, a correlated ab initio
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r a DFT calculation), the density is:

(r) =
∑
μ,ν

Pμνφμ(r)φν(r) (37)

Employing the following notations:

ˆ 1el−SOC
i = α2

2

∑
A

ZAr
−3
iA l̂iA (38)

ˆ SOC = −α
2

2
l̂ijr

−3
ij (39)

nd, omitting the full derivation [160,163,164], the final working
quation for our SOMF implementation can be written as:

ϕμ|ẑ|ϕν〉 = 〈ϕμ|ĥ1el−SOC|ϕν〉 + (ϕμϕν|ĝSOC|ρ)

− 3

2

∑
κτ

Pκτ[(ϕμϕκ|ĝSOC|ϕτϕν)

+ (ϕτϕν|ĝSOC|ϕμϕκ)] (40)

From Eq. (40) it is apparent that the SOMF operator contains
one-electron, a Coulomb and an exchange part, very much like

he spin-averaged HF operator in Eq. (12). However, the two-
lectron SOC integrals (ϕμϕν|ĝSOC|ϕκϕτ) have less permutation
ymmetry than the corresponding electron–electron repulsion
ntegrals in HF theory and therefore some care is required in
he derivation and implementation. Computationally, the most
xpensive term is the Coulomb contribution (ϕμϕν|ĝSOC|ρ) for
hich efficient and accurate approximations were recently dis-

ussed [164]. There have been many successful applications of
he SOMF concept [165–172] in the framework of the AMFI
rogram developed by Schimmelpfennig [173]. The results sug-
est that the SOMF approach gives results roughly within a few
avenumbers of the full BP-SOC treatment which is considered

o be fairly satisfactory given the strongly reduced computational
ffort. In the AMFI program two-additional approximations
ere introduced in that only one-center integrals are kept and

he density entering the Coulomb and exchange contributions is
aken from HF calculations on neutral atoms. Both approxima-
ions are largely avoided in the ORCA implementation and have
ecently been discussed in the framework of g-tensor calcula-
ions [164].

It is instructive to compare the SOMF operator with the ‘effec-
ive potential’ SOC operator commonly used in DFT programs.
n this case, the spatial part of the effective one-electron operator
s:

ϕμ|V̂ eff|ϕν〉 = α2

2
〈ϕμ|∇V × p̂|ϕν〉 (41)

Where the molecular potential V is interpreted to be the local
ohn–Sham potential used in the Kohn–Sham self-consistent
eld process which is given by∑ ZA

∫
ρ(r′) ′
KS(r) = −
A

|r − RA| + |r − r′|dr

+ δEX[ρ]

δρ(r)
+ δEC[ρ]

δρ(r)
(42)

t
i
fi

ry Reviews 251 (2007) 288–327 299

The terms represent the electron-nuclear attraction, Coulomb
otential, exchange potential and correlation potential, respec-
ively. This operator is computationally attractive but has been
riticized since it does not contain the SOO interaction and
ends to overestimate SOC effects [171,174]. Schreckenbach and
iegler have argued that the SOO interaction is small because
model system in which one unpaired electron interacts with a
losed shell system leads to vanishing SOO contributions and
hat if there is more than one unpaired electron the effect is
robably small [175]. However, the SOO contribution to the
xchange has apparently not been considered by Schreckenbach
nd Ziegler and here the SOO contribution is large in the SOMF
reatment, i.e. twice that of the SSO term. The one-electron term
f the Veff treatment is identical to the SOMF operator and the
oulomb potential leads to precisely the same SSO term as in

he SOMF treatment. Since the SOO part to the Coulomb contri-
ution is zero, these parts also agree. The contribution from the
orrelation potential has been shown to be negligible [164,175].
hus, the only difference between the SOMF and Veff SOC
perators comes from the exchange part, where the Veff treat-
ent only models the SSO contribution to the SOMF treatment.
owever, since the SSO part is precisely equal to twice the SSO

ontribution to the exchange part in the SOMF derivation, a very
imple and effective way of improving the Veff SOC operator
ould be to scale its exchange part by +3. However, as has been

hown in ref. [164], the DFT Veff exchange contribution is of the
rong sign and from numerical experience, the best scaling is
btained by multiplying the Veff exchange term by −2 (this has
een referred to as Veff(−2X) − SOC). It has been shown that this
perator is indeed a good approximation to the SOMF operator
nd leads to significantly improved molecular SOC results at no
xtra cost compared to the conventional Veff − SOC operator.
owever, since the SOMF operator is also readily implemented

nd evaluated there is no need for further approximations. It
hould be stressed that the Veff operator yields results which
re in error by as much as 30% compared to the more accurate
OMF treatment. These errors sometimes partially cancel with
ther errors made in DFT procedures.

. Calculation of multiplets

.1. Introduction

In this section, the CASSCF and SORCI methods are applied
o the calculation of the atomic and molecular multiplets of
i- and tri-valent transition metal ions and hexaquo-complexes.
hile it would be feasible to obtain more accurate results with

arger basis sets, the purpose of this section is to document the
erformance of the models if basis sets of moderate size are used
hat can also be used for calculations on larger molecules. The
asis sets are, nevertheless, of polarized triple-ζ quality and are
onsequently large enough to meaningfully assess the quality of
he methods themselves.
The calculation of multiplets is not a simple undertaking as
he majority of atomic and molecular multiplet components are
nherently multideterminantal (though not necessarily multicon-
gurational) in character. This poses problems for all methods
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Table 1
The metal-ligand bond distances (in Ångström) used in the present study

Divalent [189] Trivalent [190]

Ti – 2.028
V [191] 2.128 1.992
Cr [191] 2.052 1.959
Mn 2.192 1.991
Fe 2.114 1.995
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hat are based on a single reference determinant such as DFT
nd standard single-reference correlation models such as many-
ody perturbation or coupled cluster theory. Hybrids between
igand-field theory and DFT have been put forward for the cal-
ulation of multiplet structures [176–179] and have also shown
ome success. They do, however, not follow naturally from rig-
rous DFT theory and will therefore not be reviewed here.

Multiplets can be described in a natural and straightforward
ay if the restrictions imposed by a single reference determi-
ant are lifted and a multiconfigurational treatment is used for
he underlying self-consistent field calculation. In this section,
he calculations are based on SA-CASSCF wavefunctions. Since
he CASSCF calculations do not include any dynamic corre-
ation, some remaining errors are expected. These errors can
e large enough to require the use of a multiconfigurational
ethod which recovers at least the differential dynamic corre-

ation effects. In this section, the SORCI method is used for this
urpose which should allow a fair assessment of its strengths
nd weaknesses for such multiplet calculations.

The di- and trivalent transition metal hexaquo-species pro-
ide a ‘classic’ series for the prediction of d–d spectra. However,
ith the exception of the INDO/S work of Andersson et al. [29],
e are not aware of a systematic theoretical study of their d–d

pectra.

.2. Computational details

.2.1. Basis sets
After some preliminary calculations we decided to employ

he following combination of basis sets for the actual com-
utations, henceforth denoted as the standard basis: On the
etal centers the basis set of Wachters [180] was used, together
ith the polarization set of Bauschlicher et al. [181] (alto-
ether (14s11p6d3f) → [8s6p4d2f]). On the oxygens we used
he TZV basis [182] with a (2d) polarization set [183] such
hat a (11s6p2d1f) → [5s3p2d] basis set arose; for the hydrogen
toms the TZVP (5s1p) → [3s1p] set was used. Since the SORCI
ethod makes use of the resolution of the identity (RI) approx-

mation [184–188] to approximate the numerous four-index
lectron–electron repulsion integrals over molecular orbitals,
n auxiliary basis set is necessary. In this work, the auxiliary
asis optimized for RI-MP2 calculations with the TZVP basis
et optimized by Weigend et al. [102,103] were used. They are
f the following size: metals: 9s8p7d6f4g, oxygen: 8s6p4d3f1g,
ydrogen: 4s3p2d1f. All calculations were done with the ORCA
rogram package [67].

.2.2. CASSCF calculations
The reference wavefunctions were of the SA-CASSCF type.

epending on the context, the active space consistent of the five
etal d-orbitals or the five metal-d-orbitals together with the

s orbital (i.e. CAS (n, 5) and CAS (n, 6), respectively). The
verage was taken over all target states and multiplicities.
.2.3. SORCI method
The SORCI method introduces three thresholds, which con-

rol the size of the reference space (Tpre), the size of the strongly

w

E

o 2.106 1.873
i 2.061 –
u [191] 1.964 –

nteracting and variationally treated subspace (Tsel) and the size
f AANO basis (Tnat). Based on a previous calibration study
71] we have modified the original default parameters [68]
o Tpre = 10−4, TSel = 10−6 Eh and Tnat = 10−5 which should
rovide results within 0.1 eV of the methods limit when all
arameters are set to zero. Since any individual selection pro-
edure leads to slight breakings of the degeneracy of orbitally
egenerate states we report the arithmetic mean of the individual
omponents in such cases. The symmetry breaking effects were
ypically ≤20 cm−1. Core electrons were frozen in the calcu-
ations but the 3sp electrons were included which essential for
btaining accurate results. No virtual orbitals were rejected.

.2.4. Geometries
Since the present study represents a survey study we have

ecided to base our computations on idealized geometries of Th
ymmetry with metal ligand distances taken from experimental
tudies (Table 1). Such an approach neglects low-symmetry dis-
ortions by the environment as well as Jahn–Teller distortions
hich occur in orbitally degenerate ground states. However, for
r(II), Cu(II) and Mn(III) the Jahn–Teller distortions are too

arge to be ignored and in these cases only limited agreement
ith measured spectra can be expected. For the water molecules

n standard arrangement of r(O–H) = 0.9817 Å and of a HOH
ngle of 107.7◦ was assumed.

.2.5. Multiplets in octahedral symmetry
Within the metal d-shell the following terms summarized in

able 2 arise and are commonly classified under Oh symmetry.
ome higher lying terms which exist have not been considered
ue to the lack of experimental data.

.3. Results for ‘naked’ transition metal ions

In the first step of the calibration procedure, we have studied
he performance of the SORCI method for the well-known spec-
ra of the ‘naked’ dipositive and tripositive transition metal ions.
hese spectra are known to be notoriously difficult to describe
ith ab initio methods. The results are compared in Table 3 to the

xperimental multiplet energies that were taken from the NIST
ables [192]. Since we do not include spin-orbit coupling in
he calculations, the “experimental” values refer to degeneracy-

eighted multiplet averages, according to [77]:

¯ (L, S) =
∑
J (2J + 1)E(J,L, S)∑

J2J + 1
(43)
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Table 2
Terms in the dN series which arise from d–d excitations considered in this work

dN Ground term Spin-allowed transitions Spin-forbidden transitions

Oh Configuration

d9 2Eg t2g
6e3

g
2T2g(t2g

5e4
g) None

d8 3A2g t2g
6e2

g
3T2g(t2g

5e3
g) 3T1g(t2g

5e3
g) 3T1g(t2g

4e4
g) 1Eg(t2g

6e2
g) 1T2g(t2g

5e3
g)

d7 4T1g t2g
5e2

g
4T2g(t2g

4e3
g) 4T1g(t2g

4e3
g) 4A2g(t2g

3e4
g) 2Eg(t2g

6e1
g) 2A2g(t2g

5e2
g) 2T2g(t2g

5e2
g)

d6 5T2g t2g
4e2

g
5Eg(t2g

3e3
g) 3T2g(t2g

5e1
g)

d5 6A1g t2g
3e2

g None 4T1g, 4T2g (t2g
4e1

g) 4A1g, 4Eg, 4T2g(t2g
3e2

g)

d4 5Eg t2g
3e1

g
5T2g(t2g

2e2
g) 3T1g(t2g

2e2
g)

d3 4A2g t2g
3e0

g
4T2g(t2g

2e1
g) 4T1g(t2g

2e1
g) 4T1g(t2g

1e2
g) 2Eg(t32g) 2T1g(t32g)

d 3T1g(

d

w
a
l
a
b

T
C
p

C

d

d

d

d

d

d

d

Δ

Δ

Δ

J
tion.
2 3T1g t2g
2e0

g
3T2g(t2g

1e1
g)

1 2T2g t2g
1e0

g
2Eg(t2g

0e1
g)

here Ē(L, S) is the averaged energy of a given L, S term

nd E(J, L, S) is the energy of each individual total angu-
ar momentum (J = L + S) component for each multiplet. The
veraging gives corrections of at most a few hundred wavenum-
ers compared to the transition energy between the two lowest

able 3
omparison of calculated and experimental transition energies between multi-
lets of dipositive transition metal ions

onfiguration Term SA-CASSCF SORCI Exp.

2 (3F) 1D 11014 8452 8470
3P 13321 10205 10620
1G 17231 15187 14400
1S 42546 31476 32480

3 (4F) 4P 14637 11308 11710
2G 14746 12750 12090
2P 19625 16042 15560
2D 19625 16110 16360
2H 19625 18250 16910

4 (5D) 3P 22154 18260 17680
3H 19861 18481 17430
3F 22835 19761 18540
3G 25139 22495 20890

5 (6S) 4G 32289 (32348) 29540 (29475) 26860
4P 37279 (37347) 31824 (31356) 29210
4D 40215 (40289) 35703 (35590) 32380

6 (5D) 3P 24999 21590 19730
3H 22416 22758 20230
3F 25774 23600 21600
3G 28383 27400 24800

7 (4F) 4P 18854 15840 15300
2G 18950 18358 17280
2P 25235 22500 20320
2H 25235 24843 23010
2D 27420 24042 23410

8 (3F) 1D 16366 14955 14030
3P 19833 17039 16830
1G 25622 24530 23110

mean–unsigned 3929 1295

mean–signed 3929 1146

max 10071 3328

r
S

T
C
p

C

d

d

d

d

d

d

d

Δ

Δ

Δ

t2g
1e1

g) 1Eg(t22g) 1T2g(t22g) 1A1g(t22g)

None

-components of the ground- and excited states under investiga-
Upon inspection of Tables 3 and 4, which summarize the
esults for the multiplets in dn configurations, it is evident that the
A-CASSCF method already captures the majority of the mul-

able 4
omparison of calculated and experimental transition energies between multi-
lets of tripositive transition metal ions

onfiguration Term SA-CASSCF SORCI Exp.

2 (3F) 1D 13598 10905 10960
3P 16323 12689 13400
1G 21215 19230 18390
1S 52488 41709 42260

3 (4F) 4P 17506 13716 14370
2G 17781 15832 15270
2P 23616 19911 19450
2D 25700 20233 20660
2H 23616 22533 20660

4 (5D) 3P 26289 21768 22960
3H 23539 23125 21530
3F 27065 23520 22900
3G 29743 26775 25730

5 (6S) 4G 37679 (37739) 35764 (34844) 32280
4P 43559 36232 35310
4D 46872 41861 38870

6 (5D) 3P 28976 22787 23350
3H 25954 26303 23920
3F 29843 26221 25590
3G 32813 31396 28810

7 (4F) 4P 21503 18449 18240
2G 21752 20627 20260
2P 28920 23127 23820
2H 28920 28705 26910
2D 31453 26627 27600

8 (3F) 1D 18651 15833 16250
3P 22486 19664 19800
1G 29145 28141 26910

mean–unsigned 4143 615

mean–signed 4143 1069

max 10226 3484
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Table 5
Comparison of calculated and experimental 3d → 4s excitation energies energies
for dipositive ions

Configuration Excitation SA-CASSCF SORCI Exp.

d1 2D(d1s0) → 2S(d0s1) 28245 23503 25420
d2 3F(d2s0) → 3D(d1s1) 43232 38140 38040
d3 4F(d3s0) → 4F(d2s1) 47417 45420 44010
d4 5D(d4s0) → 5F(d3s1) 48680 51530 49670
d5 6S(d5s0) → 6D(d4s1) 55658 66425 63050
d6 5D(d6s0) → 7S(d5s1) 22844 30026 29670
d7 4F(d7s0) → 6D(d6s1) 41031 48850 46160
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iplet effects albeit with rather limited accuracy (average error
4000 cm−1 and maximum error ∼10,000 cm−1). The errors

re reduced by a factor of 3–4 by the SORCI method. The SORCI
rrors for the di- and tripositive ions average to ∼1100 cm−1

hich is in the desired accuracy range of 0.1–0.2 eV relative to
xperiment. In both cases, the major errors come from the ions
ith five and six d-electrons.
In general, it was found that the errors of the method increase

ith increasing numbers of unpaired electrons and also for
igher orbital angular momentum multiplets. We speculate that
he main defects come from a disturbingly slow convergence of
he differential dynamic correlation with basis set size. However,
or Mn2+ (d5) calculations with the much larger QZVP basis
et (24s18p10d3f1g contracted to 11s6p5d3f1g) yield transition
nergies which are only very slightly improved at the SORCI
evel. We have therefore also considered the possibility that not
nough dynamic correlation was recovered and have carried
ut additional calculations using the MR-MP2 method on top
f the CASSCF wavefunction. These calculations should yield
esults very close to those obtained by the CASPT2 method, the
ain difference being that the internally contracted FOIS of the
ASPT2 method is replaced by an individually selected uncon-

racted FOIS (Tsel = 10−8 Eh was used in these calculations). The
R-MP2 calculations together with the QZVP basis set yielded

ransition energies of 29,570; 31,880 and 35,530 cm−1 to the 4G,
P and 4D states, respectively. These numbers are virtually iden-
ical to the SORCI results with the same basis. In order to recover
ven more dynamic correlation, the perturbation treatment was
xtended to fourth order (MR-MP4 [193]). These calculations
ielded transition energies of 28,440; 31,160 and 34,440 cm−1, a
mall but consistent improvement over the SORCI and MR-MP2
esults. Finally, if all electrons are correlated in MR-MP2 calcu-
ations with the QZVP basis set, the transition energies become
7,620; 29,370 and 32,750 cm−1 which are now in excellent
greement with the experimental values. Thus, core-correlation
eyond the contribution of the 3sp is another important factor
or a truly quantitative prediction of transition metal multiplets.
he SORCI method also profits from the inclusion of the core
rbitals. With the Wachters basis, the calculated transition ener-
ies are 28,970; 29,740 and 33,890 cm−1 to the 4G, 4P and 4D
hich are in distinctly better agreement with experiment than

he values in Table 3.
It is interesting to compare these results to numbers reported

n the literature for the 6S–4G splitting in Fe3+ (d5). It has
een calculated to be 35,640 cm−1 by CCSD(T) [194] and
3,640 cm−1 by CASPT2 [194] and 33,370 cm−1 by ACPF
194] compared to 32,280 cm−1 observed experimentally and
5,760 cm−1 from SORCI. However, the SORCI result was
btained with a much smaller basis set. Using the extensive
ZVP basis set, the SORCI prediction for the position of the

G state becomes 34,840 cm−1. Inclusion of scalar relativistic
ffects through the DKH2 procedure further lowers the transi-
ion energy to 34,680 cm−1. Finally, the simultaneous inclusion

f core-correlation, scalar relativistic effects and the QZVP basis
ields the best SORCI value of 33,480 cm−1. While this value is
s good as the best CASPT2 and ACPF results, the QZVP basis
et is too large for standard applications in molecules. Like-

[
e

s

8 3F(d8s0) → 5F(d7s1) 47665 57710 53840
9 2D(d9s0) → 4F(d8s1) 56953 68900 61280

ise, the MR-MP4 method is computationally too expensive
or standard applications and also suffers from the intruder state
roblem to at least the same extent as CASPT2 and MR-MP2.
evertheless, these results once more document that extensive
ynamic correlation treatments are necessary in order to predict
he states of transition metal ions to high accuracy.

Calculated 3d → 4s excitation energies are collected in
able 5. Their quality is comparable to the results obtained
or the dn multiplets. The occasionally large errors of the SA-
ASSCF method are nearly quantitatively corrected by the
ORCI procedure with the exception of the d9 configuration
here the CASSCF result is largely overcorrected and the pre-
icted transition energy is in error by the unusually large amount
f 7000 cm−1. However, this is a fairly high-energy transition
nd one may face again the limitations of the basis set in this
ase.

From the results of this section it is concluded that the SORCI
ethod based on SA-CASSCF wavefunctions give a fairly accu-

ate description of the various dn and d → s multiplets in di-
nd tripositive transition metal ions. The typical accuracy is
0.1–0.2 eV in the transition energies. Some larger errors occur

or increasing numbers of unpaired electrons and higher angu-
ar momentum states. Both deficiencies are mainly related to the
ne-particle basis set and in these cases the convergence of the
ifferential dynamic correlation energy is very slow. In addi-
ion, core-correlation even beyond the contributions from the
sp shell may make contributions as large as ∼2000 cm−1 to
he transition energies.

.4. Results for hexaquo complexes

.4.1. Multiplets and configurations

.4.1.1. Convergence of the results. Before discussing the
esults obtained for the series of transition metal ions it is impor-
ant to test the influence of the various approximations made
n the results. As a prototypical test case we have chosen the
exaquo–Ni(II) complex. Similar results are obtained for other
ons. For historical reasons, the results of this subsection were
btained based on spin-averaged Hartree–Fock (SAHF) orbitals

195,196] which yield very similar results compared to the more
laborate CASSCF treatment used in the remainder of the study.

3.4.1.1.1. The spectrum of [Ni(H2O)6]2+. The absorption
pectrum of [Ni(H2O)6]2+ consists of three dominant bands of
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Table 6
Comparison of the transition energies (in cm−1) of the Ni(II) complex using different approximations

Approximation 3T2g
3T1g

3T1g
1Eg

1T2g Deviationa

Standard geometry 7820 13299 25841 16025 22986 607
Optimized geometry 7405 12580 24900 16111 22742 774
Scalar-relativistic effectb 7947 13476 25943 15948 23061 566
Solvent effectc 7724 13109 25737 16389 22922 703
RAS reference spaced 8355 13926 26311 16331 23773 857
Higher thresholds 7214 12272 25348 16356 22889 881
Lower thresholds 8079 13725 25545 15237 23080 427
TD-DFT (B3LYP) 11937 19241
Exp.e 8500 ± 1200 13500 ± 1100 25300 ± 1500 15400 ± 1200 22000 ± 1200

a Average absolute deviation from the experimental values.
b Computed with the second-order Douglas–Kroll–Hess method.
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c Computed with the COSMO solvent model and ε= 80 to simulate an aqueo
d Larger reference space which includes the metal 3s, and 3p orbitals.
e Data from ref. [215].

ypical intensity for spin-allowed d–d excitations. They were
ssigned to the three spin-allowed transitions from the 3A2g
round term to 1 − 3T2g, 1 − 3T1g and 2 − 3T1g, respectively.
hile 1 − 3T2g arises from a t2g → eg single-excitations, the two

T1g states are heavy mixtures of t2g → eg single- and double-
xcitations. The assignment of the spin-forbidden transitions is
ore subtle in this system. From a very detailed analysis of

he fine structure of the 1 − 3T1g transition and its tempera-
ure dependence, Solomon and Ballhausen [197] assigned the
pin-forbidden 3A2g → 1 − 1Eg transition to the high-energy
houlder of the split 1 − 3T1g band. The unusually high intensity
f this spin-forbidden excitation is attributed to efficient spin-
rbit coupling with the 3T1g state. A similar conclusion was
eached in a MCD study by Thomson and co-workers [198,199].
n the low-energy side of the 3A2g → 2 − 3T1g transition an

dditional shoulder is observed in the experimental spectrum at
22,000 cm−1 which was assigned to the 3A2g → 1T1g spin-

orbidden excitation by Thomson and co-workers [198,199].
hus, the d–d excited states of [Ni(H2O)6]2+ appear to be well
nderstood. Since spin-allowed and spin-forbidden excitations
s well as single- and double-excitations are observed and in
ddition since the ground state is orbitally non-degenerate the
ystem is particularly well suited for calibrating the theoretical
ethodology below.
3.4.1.1.2. Geometry dependence. To check for the pre-

ision of the standard geometries, the geometry of the
Ni(H2O)6]2+ was optimized at the BP86/TZVPP level and
he transition energies were recalculated. Ni–O distances of
.078 Å, O–H distances of 0.975 Å, and an HOH angle of
08.11◦ were obtained which are in acceptable agreement with
he standard geometry. The transition energies computed with
he standard and optimized geometries are quite close to each
ther and show average deviations of 607 cm−1 and 774 cm−1

rom the experimental values, respectively. Thus, the standard
eometries are acceptable a good choice for this study.

3.4.1.1.3. Scalar relativistic effects. A possible source

f error in the study of transition metal complexes could
e the neglect of relativistic effects. Thus, we performed
SORCI calculation with inclusion of the scalar-relativistic

econd-order Douglas–Kroll–Hess (DKH2) approximation

t
A
a
a

ution.

136–138,143,144,200]. In this approach, only the one-electron
art of the Hamiltonian is decoupled to the second order in
xternal potential which has been found to be satisfactory
or the description of valence states in a number of studies
144,201–203]. As seen in Table 6, the scalar relativistic effects
alculated with this method are fairly limited. They amount
o ∼100 cm−1 on the transition energies and perhaps slightly
mprove the agreement with experiment (the mean absolute devi-
tion drops from 607 to 566 cm−1).

3.4.1.1.4. Solvent effects. Since the calculations always
efer to isolated molecules while the experimental data are
btained in condensed phases, it is important to have at least
rough estimate of the effects of the environment. This is

xpected to be especially important for anions, which have very
iffuse charge densities but less critical for the cations stud-
ed in this work. A straightforward way to crudely describe
uch effects is the use of continuum solvation models [204].
e have recently implemented and tested the conductor like

creening (COSMO [205]) model into our MR-CI program and
ave obtained fairly accurate predictions of solvent shifts in
protic media [206]. In cases where specific hydrogen bond-
ng effects are important it is, however, necessary to include a
ew solvent molecules explicitly in the quantum chemical cal-
ulation. However, in the present case, the transitions under
nvestigation are well localized on the metal center and con-
equently, the introduction of a polar, unstructured environment
ppears to be sufficient [207]. The results in Table 6 indicate
hat the computed shifts are only of the order of ∼100 cm−1

nd do not improve the agreement with the experimental
alues.

3.4.1.1.5. Reference space. In all CI calculations presented
ntil now we used the ‘minimal’ CAS (N,5) reference space
hich correlates primarily the 3d-electrons involved in the tran-

itions under investigation. In order to extend the treatment to
he correlation of the 3s3p electrons a more extensive RAS ref-
rence space was constructed in which double excitations out of

he 3s and 3p-orbitals into were allowed in the reference space.
gain, the effect on the transition energies is remarkably small

nd amounts to less than 100 cm−1 with a mean absolute devi-
tion of 857 cm−1 to experiment.
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3.4.1.1.6. Thresholds. Perhaps the most important param-
ter is the convergence of the results with respect to the three
hresholds introduced into the SORCI procedure. Previous test
alculations [71] suggested standard values of 10−4, 10−6 Eh
nd 10−5 for these parameters. To further check for the influ-
nce of the thresholds two additional sets of calculations were
erformed, one with all three parameters one order of magni-
ude larger, the other with all parameters one order of magnitude
maller than the default values. The results in Table 6 show
he expected pattern: the calculations with looser thresholds
ead to slightly larger deviations from the experimental val-
es than the standard parameters while the tighter thresholds
ive somewhat better agreement. The achieved average absolute
eviation of only 427 cm−1 shows the intrinsically high accu-
acy of the SORCI methods. However, since the results with the
tandard thresholds are already quite good and obtained at much
ower computational cost, they were kept for the remainder of
he study.

3.4.1.1.7. Comparison to TD-DFT. The last issue we want
o discuss shortly pertains to why we used such a complicated CI
rocedure instead of the popular TD-DFT. Thus, we performed
TD-DFT calculation within the Tamm–Dancoff approxima-

ion (TDA) for the [Ni(H2O)6]2+ complex using the B3LYP
unctional [208–210] and the same basis sets as in the SORCI
alculations. The results in Table 6 demonstrate several short-
omings of the TD-DFT approach. First, the calculated transition
nergies are much worse than those of the SORCI calculations
nd the errors exceed 5000 cm−1. Second, the TD-DFT method
s even incapable of predicting the correct number of d–d tran-
itions in this complex. The second 3T1g state is not obtained.
he reason for this is clear from the basic ligand field discus-
ion above: The two 3T1g states contain substantial t2g → eg
ingle- as well as double-excitation character. Such double exci-
ations cannot be described with the TD-DFT method within the
onstraints of the adiabatic approximation [52]. Procedures to
vercome these difficulties have been suggested (for a review
ee [59]). Third, the description of the spin-forbidden excita-
ions based on TD-DFT methods is not evident (however, see
ecent results by Ziegler and co-worker [211] and the com-
ined DFT/LFT procedures such as proposed by Atanasov et al.
176,177]). In addition to these results, we have found in many
D-DFT calculations on transition metal hexaquo species that

n particular non-hybrid functionals which lack the HF exchange
end to give water-to-metal LMCT transition at unphysically low
nergies. This is a well known defect of TD-DFT (among others
212–214]) which has been reported in a number of studies (for
review see [59]). From these admittedly rather superficial dis-
ussion, we may conclude that TD-DFT should only be applied
ith great care to the calculation of the absorption spectra of

ransition metal complexes and we will not pursue it further in
his work.

3.4.1.1.8. Summary. From the data collected in Table 6 we
onclude that the SORCI method with the standard basis set,

tandard geometries based on experimental values, a minimal
AS (N, 5) reference space and the standard threshold values

eads to rather good transition energies. The inclusion of rela-
ivistic corrections, continuum dielectric corrections to simulate

D
a
a
t

ry Reviews 251 (2007) 288–327

he condensed phase, larger basis sets and tighter thresholds all
o not change this agreement by more than 100–200 cm−1.

.4.2. Results for complexes
In this section the calculated transition energies of the hex-

quo complexes of di- and trivalent transition metal complexes
re presented and compared with experimental values [1,216].

herever possible, we did take into account spin-forbidden tran-
itions.

Our results are summarized in Table 7, where comparison to
xperimentally estimated transition energies is made. It should
e noted that the experimental transition energies have been
nferred from band maxima and do not strictly correspond to the
ertical transition energies calculated here (vide infra). In addi-
ion, any low-symmetry and environmental effects have been
eglected in the present study. We nevertheless believe, that the
esults are still indicative of the typical accuracy with which
ransition metal d–d spectra can be predicted by the employed

ethodology.
As seen from Table 7 the results for hexaquo-complexes fol-

ow closely the trends observed for the same methodology for
he free ions. The CASSCF results are qualitatively reasonable
ut show some large errors all of which are consistent with an
verestimation of electronic repulsion and an underestimation
f the ligand field splitting. These errors are almost quantita-
ively reduced by the SORCI method which gives, with a few
xceptions discussed below, accurate results for the hexaquo-
omplexes studied. In particular, in the cases where the CASSCF
esults are already good, the SORCI method usually yields very
ccurate results. In the cases where the CASSCF method has
arge errors, the SORCI values always represent a large improve-

ent but does not fully correct the CASSCF deficiencies.

.4.2.1. d1 Configuration. [Ti(H2O)6]3+ is a classic example
or ligand field transitions. Despite the experimentally observed
ahn–Teller Splitting of ∼2500 cm−1 in the excited 2Eg state,
he complex was calculated in Th symmetry (Table 7). The error
n the calculated transition energy is only ∼700 cm−1 com-
ared to the average transition energy of 18,800 cm−1. The
omplexes containing d1 and d2 ions generally exhibit static
rigonal Jahn–Teller distortions in crystals which lead to sym-

etry lowering to D3d symmetry [220,221]. Despite this fact,
e used models with Th symmetry since the distortions are not

xceedingly large and the small additional splitting is not the
ocus of the present investigation.

.4.2.2. d2 Configuration. The 3T1g(t2g
2e0

g) ground term in

he d2 configuration is also Jahn–Teller active, but the
2g Jahn–Teller splitting is not exceedingly large such that
V(H2O)6]3+ was also studied in Th symmetry. Two spin-
llowed transitions to orbitally triply degenerate multiplets with
t12g)(e1

g) configuration are expected and calculated in excellent
n agreement with experiment. Using large ANO basis sets,

aniel and co-workers [222] calculated the 3T2g and 3T1g states

t 9660 and 23,680 cm−1 with the CASSCF method and 9830
nd 19,930 cm−1 with CASPT2; the errors are much larger than
hose obtained with the SORCI method.
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Table 7
Comparison of calculated (CASSCF and SORCI levels) and experimental transition energies (in cm−1) for di- and trivalent first row transition metal hexaquo
complexes in Th symmetry (symmetry labels correspond to Oh; solution data taken from Griffith [1] (Table A.40) and Holmes and McClure [216] unless otherwise
noted)a

[M(H2O)6]2+ [M(H2O)6]3+

CASSCF SORCI Exp. CASSCF SORCI Exp.

d1(2T2g) 2Eg(t2g
0e1

g) – – – 16685 17880 ∼20300b Ti3+

d2(3T1g) 3T2g(t2g
1e1

g) – – – 14761 16830 17100 V3+

3T1g(t2g
1e1

g) – – – 27966 25120 25200
1Eg(t2g

2e0
g) – – – 14242 11730 –

1T2g(t2g
2e0

g) – – – 13868 11850 –
1A1g(t2g

2e1
g) – – – 28858 23920 –

d3(4A2g) 4T2g(t2g
2e1

g) 11328 12350 12400 V2+ 15718 17580 17400 Cr3+

4T1g(t2g
2e2

g) 18339 18470 18500 24450 24740 24700
4T1g(t2g

1e2
g) 29960 28550 28000 38511 38540 37800

2Eg(t2g
3e0

g) 16421 14320 – 19485 17630 15000
2T1g(t2g

3e0
g) 17317 15400 – 20535 18840 –

d4(5Eg) 5T1g(t2g
2e2

g) 9073 10195 ∼12300c Cr2+ 12903 15770 ∼15940d Mn3+

3T1g(t22e2
g) 12936 10070 13374 9040

d5(6A1g) 4T1g(t2g
4e1

g) 27543 22560 18800 Mn2+ 26729 16690 12600
4T2g(t2g

4e1
g) 30677 27830 23100 32425 22730 18500

4T1g(t2g
3e2

g) 31808 29780 25000 34907 28910 24300
4Eg(t2g

3e2
g) 31691 29820 25250 35159 29580 24600

4T2g(t2g
3e2

g) 37940 32490 28100 41268 32710 –

d6(5T2g) 5Eg(t2g
3e3

g) 7783 9020 10400 Fe2+ – – –
3T2g(t2g

3e3
g) 17348 14250 – – – –

d6(1A1g) 3T2g(t2g
5e1

g) – – – 2499 5257 –
3T1g(t2g

5e1
g) – – – 8096 10779 –

1T1g(t2g
5e1

g) – – – 12714 15670 16600 Co3+

1T2g(t2g
5e1

g) – – – 23078 23600 24900

d7(4T1g) 4T2g(t2g
4e3

g) 5551 6630 8100 Co2+ – – –
4T1g(t2g

4e3
g) 23015 19970 19400 – – –

4A2g(t2g
4e3

g) 12152 14313 16000 – – –
2Eg(t2g

6e1
g) 15889 13130 11300 – – –

2T2g(t2g
5e2

g) 20247 19110 21550 – – –
2A2g(t2g

5e2
g) 23965 19150 – – – –

d8(3A2g) 3T2g(t2g
5e3

g) 6397 7760 8500 Ni2+ – – –
3T1g(t2g

5e3
g) 11128 13160 13500 – – –

3T1g(t2g
4e4

g) 27435 25320 25300 – – –
1Eg(t2g

6e2
g) 18662 15740 15400 – – –

1T2g(t2g
5e3

g) 24148 22710 22000 – – –

d9(2Eg) 2T2g(t2g
5e4

g) 7548 9190 ∼8500e Cu2+ – – –

a Note that column 2 only gives the leading configuration for each term. In the actual calculations there sometimes is rather strong configurational mixing which
renders the assignment to a particular configuration ambiguous (e.g. 3T1g states in d8).

b Estimated as an average over the two components of the absorption band, ref. [217], p. 205.
c Estimated from the reported band maxima at 8000, 14,550 and 18,050 cm−1 and their assignment (D4h symmetry notation) as due to the 5A1g → 5B1g

(transition between the components of the 5Eg(Oh) Jahn–Teller spit ground state) 5A1g → 5B2g, 5A1g → 5Eg(components of 5T2g(Oh)) according to
(14,450 + 18,050)/2 − 8000/2, ref. [218].

d Estimated from the reported band maxima at 10,400; 21,140 cm−1 and their assignment as due to the 5A1g(D4h) → 5B1g(D4h) (transition between the components
o 5 5 5 ding

00 cm
(

3
r
n
l
s

s

f the Eg(Oh) Jahn–Teller spit ground state) and A1g(D4h) → T2g(Oh), accor
e Estimated from the reported absorption band position at ∼7000 and ∼12,0

12,000–7000/2), ref. [217] p. 210).

.4.2.3. d3 Configuration. The ground term in the d3 configu-

ation is 4A2(t32g) which is orbitally nondegenerate and therefore
ot Jahn–Teller active. Consequently, Th symmetry is an excel-
ent approximation for [V(H2O)6]2+ and [Cr(H2O)6]3+. The
ingly excited d–d states give rise to two orbitally triply excited

e
t
a
e

to (21,140–10,400/2, ref. [219]).
−1 due to the 2B1g→2A1g and 2B1g→2B2g,2Eg(D4h notations) according to

tates with (t22g)(e1
g) configuration (4T1g and 4T2g). The third
xcited quartet state corresponds to a doubly excited configura-
ion 4T1g(t12ge2

g). The agreement between the SORCI predictions
nd the experimental values is excellent for both complexes with
rrors well below 1000 cm−1. It is particularly noteworthy that
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he double excitations are predicted with the same accuracy as
he single excitations by the SORCI method. This would not
e the case for the majority of single-reference methods and
hows that the SORCI method is well balanced. Anderson et al.
29] obtained very similar transition energies in their detailed
NDO/S study of first-row transition metal hexaquo species. The
lose agreement between the semi-empirical INDO/S and ab
nitio SORCI results attests to the quality of the semi-empirical
pproach for such systems.

.4.2.4. d4 Configuration. The [Cr(H2O)6]2+ and [Mn-
H2O)6]3+ complexes feature a 5Eg(t2g

3e1
g) orbitally degenerate

round configuration and are subject to a rather strong eg-type
ahn–Teller effect. Experimentally only one broad absorption
and is found around 14,000 cm−1 for [Cr(H2O)6]2+ which
orresponds to the unresolved components of the Jahn–Teller
plit 5T2g(t2g

2e2
g) multiplet. For both ions, the SORCI results

ppear to give somewhat too low transition energies. However,
ue to the crude geometries used in the calculations, we do not
ttach too much significance to this result.

.4.2.5. d5 Configuration. The high-spin d5 configuration leads
o a 6A1g(t2g

3e2
g) ground term which is orbitally nondegen-

rate. However, there are no spin-allowed transitions within
he d-shell for this configuration. Consequently, the observed
ransitions are all very weak and correspond to sextet–quartet
ransitions. Apparently, the sextet–quartet spectrum is not well
redicted by the SORCI method for both [Mn(H2O)6]2+ and
Fe(H2O)6]3+. All transition energies are systematically too high
y 3000–4000 cm−1. This result might have been anticipated
n the basis of a similar discrepancy obtained for the corre-
ponding sextet–quartet transitions in the d5 ions. The result
ndicates a slight bias of the SORCI method for high spin states
r likewise, a tendency to underestimate the ligand field split-
ing since the quartet excited states all correspond to eg → t2g
e-excitations.

Using the more extensively correlated CCSD(T) and
ASPT2 methods, Ghosh and Taylor predicted positions of

he first 4T1 term in [Fe(H2O)6]3+ that are even worse than
ORCI (21,254 cm−1 for CASPT2, 19,941 cm−1 for CCSD(T),
6,690 for SORCI compared to 12,600 cm−1 observed experi-
entally). Thus, for the high-spin d5 configuration the SORCI
ethod appears to have a bias of about 4000 cm−1 in favor of

he high-spin state. To remove this bias very extensive cor-
elation treatments with very large basis sets are necessary
hich will be very costly computationally. In their CASPT2

nd CCSD(T) study on [Fe(H2O)6]3+ the authors speculated
hat the experimental assignment may be in error in this
ase [194]. However, based on our results this appears to
e unlikely and a more reasonable assumption is that the
extet–quartet spectra are simply difficult to predict by ab initio
ethods.
.4.2.6. d6 Configuration. The 5T2g(t2g
4e2

g) ground configura-

ion of [Fe(H2O)6]2+ is again subject to a limited Jahn–Teller
istortion which typically leads to splitting on the order of

t
c
u
c

ry Reviews 251 (2007) 288–327

2000 cm−1 which is a diagnostic feature for six-fold coor-
ination in the MCD spectra of ferrous complexes [223]. In
h symmetry we calculate the 5Eg state at 9020 cm−1 which

s ∼1400 cm−1 lower than the observed band maximum of the
errous ion in aqueous solution. The position of the first triplet
xcited state at ∼14,200 cm−1 is also in good agreement with
he experimental observation.

The [Co(H2O)6]3+ complex is unusual in the series, since it
s the only member which features a closed-shell low-spin d6

onfiguration 1A1g(t2g
6e0

g). The spin-allowed single excitation
f the t2g → eg type lead to two orbitally triply degenerate multi-
lets of 1T1g and 1T2g symmetry which are excellently predicted
y the SORCI method.

.4.2.7. d7 Configuration. The 4T1g(t2g
5e2

g) configuration of

he [Co(H2O)6]2+ complex is orbitally degenerate and exhibits
weak Jahn–Teller distortion, which was neglected in our cal-

ulations. Consequently, there are a number of spin-allowed
ranisitons arising from t2g → eg excitations. The agreement
etween the SORCI predictions and the experimentally observed
ransition energies is reasonable with errors not exceeding

1500 cm−1. This also holds for the 4A2g state which corre-
ponds to a double excitation.

.4.2.8. d8 Configuration. The spectrum of the [Ni(H2O)6]2+

omplex was discussed above. The SORCI predictions are in
xcellent agreement with the experimental observations. This
olds for triplet–triplet transitions as well as for triplet–singlet
ransitions and for single-excitations as well as for double excita-
ions. Using an ANO basis, Daniel and co-workers [222] report
he vertical transition energies for the three triplet-to-triplet tran-
itions of 5678, 8398, and 24,830 cm−1 from CASSCF and 7039,
724, and 23,703 cm−1 from CASPT2 calculations. Again, these
esults are significantly inferior to the SORCI results obtained in
his work. Iuchi et al. [224] recently reported a multiconfigura-
ion quasi-degenerate perturbation theory (MC-QDPT) study of
he same ion based on SA-CASSCF results and arrived at vertical
ransition energies of 8436 cm−1 (3A2g → 3T2g), 13,904 cm−1

3A2g → 3T1g) and 27,456 cm−1 (3A2g → 3T1g) at a Ni–O dis-
anceof 2.055 Å. These numbers compare very well with both
xperiment and the SORCI results and shows that the differ-
nt multireference treatments converge to essentially the same
nswers.

.4.2.9. d9 Configuration. The [Cu(H2O)6]2+ complex with
round configuration 2Eg(t2g

6e3
g) exhibits a large static

ahn–Teller distortion which has been the subject of many inves-
igations [225]. Our calculations in Th symmetry are therefore
efinitely oversimplified. The calculated transition energy is
lose to 10,000 cm−1, which is a ‘generic’ transition energy for
exaquo–copper complexes, but may be on the low-end of what
s reasonable for such systems. Tanaka and Johansen [226] found

ransition energies of 9437, 9840, and 10,969 cm−1 from SDCI
alculations using the MIDI4 basis which are similar to our val-
es. However, this basis is too small for conclusive results at the
orrelated ab initio level.
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(WET) it is sufficient to calculate only a few matrix ele-
ments and then generate the others by a few simple relations
[228–230]. Because the CI wavefunctions employed in our
F. Neese et al. / Coordination Ch

In summary, the SORCI method tends to give accurate results
or the dn multiplets of the first row transition metal com-
lexes. The method greatly improves on CASSCF results and in
any cases gives near quantitative agreement with experimental

esults. Problems mainly occur for the spin-forbidden transi-
ions of the d5 configuration, where the dynamic correlation
ffects are very large due to the presence of five unpaired elec-
rons which introduces a high degree of (dynamic) Coulomb-
orrelation which is difficult to model with ab initio methods
ince very large basis sets in conjunction with a treatment of
ore-correlation are needed to obtain sufficient convergence
n the correlation treatment. The errors are in favor of the
igh-spin state (as in the parent HF method) and amount to
000–4000 cm−1 which must be kept in mind when applying
his methodology to systems with large numbers of unpaired
lectrons.

. Calculation of spin-orbit coupling effects

The next important step in modeling the optical properties of
ransition metal ions is a realistic treatment of SOC. The intri-
acies of the SOC operator as being a complicated multicenter
wo-electron operator where already alluded to in Section 2.6.2.
et, a treatment of SOC is indispensable for the correct pre-
iction of many spectroscopic phenomena such as intersystem
rossing rates, intensities in forbidden transitions, fine-structure
=zero-field) splitting, g-tensors, metal-hyperfine couplings and

CD intensities to name only a few. The effect of SOC is that
t mixes states of different multiplicities (with �S = 0, ±1) and
plits the different MS members of a given total S multiplet.
he effect may occur to first order in perturbation theory, if

he state under investigation is orbitally degenerate and to sec-
nd order for all states. As such, the SOC reintroduces some
ngular momentum into the wavefunction, even if the first-order
OC is ‘quenched’ by low-symmetry. This gives rise to the rich
henomena studied in magnetic resonance spectroscopy on para-
agnetic transition metal ions. However, this is a large subject

y itself, which is covered elsewhere [24,76] and will not be
ouched upon in this review. Here, we discuss the calculation
f SOC induced splitting in total S multiplets through quasi-
egenerate perturbation theory at the SA-CASSCF and SORCI
evels.

.1. Spin-orbit matrix elements

The starting point for the introduction of SOC is that several
ulticonfigurational states |ΨSS

I 〉 = ∑
μCμI |ΦSS

μ 〉 where cal-
ulated by a multiconfigurational method which is either taken
o be the SA-CASSCF or SORCI method in the present work
the superscript ‘SS’ indicates that the wavefunction is of total
pin S with spin-projection quantum number MS = S). These
unctions are approximations to the eigenfunctions of the BO-
perator ĤBO and we whish to calculate the effects of turning on

he SOC with operator ĤSOC. Since ĤBO is spin-independent,
he functions |ΨSS

I 〉 are calculated in blocks of different multi-
licity (and spatial symmetry if applicable). Furthermore, it is
ufficient to restrict the attention to a single member of each

s
t
t
T

ry Reviews 251 (2007) 288–327 307

otal S multiplet since the eigenfunctions of ĤBO with total spin
are 2S + 1 fold degenerate. These restrictions must be lifted

nce SOC is introduced. Thus, the basis of the treatment are
he states |ΨSM

I 〉 where I covers all roots calculated in the first
tep of the procedure and M = −S. . .S enumerates all members
f a given multiplet. The |ΨSM

I 〉 are easily generated from |ΨSS
I 〉

hrough the successive application of shift operators, since all
S + 1 members of the multiplet share the same spatial part of the
avefunction.

.1.1. Quasi-degenerate perturbation theory
In the basis of these functions, SOC effects are conve-

iently treated through quasi-degenerate perturbation theory
hich amounts to the diagonalization of the (complex valued)
atrix representation of ĤBO + ĤSOC in the basis of the states
ΨSMI }. Since the basic states {ΨSMI } can always be chosen to
e real valued, the matrix elements are simply:

〈ΨSMI |ĤBO + ĤSOC|ΨS′M′
J 〉

= δIJ δSS′δMM′E(S)
I + 〈ΨSMI |ĤSOC|ΨS′M′

J 〉 (44)

Thus, the main task to be accomplished is the calculation
f the SOC matrix elements over pairs multiconfigurational
avefunctions which may correspond to long expansions with
otentially may involve several million CSFs each.

.1.2. Reduction of the SOC matrix elements
It was argued in Section 2.6.2, that the full two-electron

P-SOC operator is well approximated through the effective
ne-electron SOMF operator ĤSOMF = ∑

iẑ(i)ŝ(i), where ẑi is
he spatial vector operator which involves a given input den-
ity P which we take to be the first order density of the lowest
tate |ΨSS

0 〉, possibly averaged over spatially degenerate compo-
ents. Employing the standard tensor angular momentum oper-
tors notations for an arbitrary angular momentum operator Ĵ
227]:

ˆ0 = Ĵz, Ĵ+1 = − 1√
2

(Ĵx+iĴy), Ĵ−1 = 1√
2

(Ĵx − iĴy) (45)

he SOC Hamiltonian can be rewritten as

ˆ SOMF =
∑

m=0,±1

(−1)m
∑
i

ẑ−m(i)ŝm(i) (46)

It is highly useful to employ symmetry relations and selec-
ion rules for SOC matrix elements with angular momen-
um operators [228–230]. Using the Wigner–Eckart theorem
pin-free calculations are linear combinations of CSFs and,
herefore, eigenfunctions of Sz, so that MS = S, it is logically
o evaluate the matrix elements between functions |ΨSS

μ 〉 only.
he WET states that the M, M′, m dependence of the matrix
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lement
〈
ΨSMI

∣∣∑
iŝm(i)

∣∣ΨS′M′
J

〉
is entirely included in the

lebsch–Gordan coefficients

(
S′ 1

M ′ m

∣∣∣∣∣ SM
)

(CGCs) [231].

hus, the matrix element can be written as [227]:

ΨSMI

∣∣∣∣∣∑
i

ŝm(i)

∣∣∣∣∣ΨS′M′
J

〉
=
(
S′ 1

M ′ m

∣∣∣∣∣ SM
)

〈ΨSI ||Ŝ||ΨS′
J 〉

(47)

The quantity 〈ΨSI ||Ŝ||ΨSJ 〉denotes a ‘reduced matrix element’
f the set of the operators Ŝm. Application of the WET to the
ase of the SOMF-operator yields:〈
ΨSMI

∣∣∣∣∣∣
∑

m=0,±1

(−1)m
∑
i

ẑ−m(i)ŝm(i)

∣∣∣∣∣∣ΨS′M′
J

〉

=
(
S′ 1

M ′ m

∣∣∣∣∣ SM
)〈

ΨSI

∥∥∥∥∥∑
i

ẑ−m(i)ŝ(i)

∥∥∥∥∥ΨS′
J

〉
︸ ︷︷ ︸

YSS
′

IJ
(−m)

(48)

The remaining task is now to calculate the reduced matrix
lements. As explained elsewhere in detail [24,232], one obtains
or the three possible cases S − S′ = 0, ± 1 the following matrix
lements:

SS
IJ (m) =

√
S(S + 1)

S

〈
ΨSSI

∣∣∣∣∣∑
i

ẑm(i)ŝ0(i)

∣∣∣∣∣ΨSSJ
〉

(49)

SS−1
IJ (m) =

〈
ΨSSI

∣∣∣∣∣∑
i

ẑm(i)ŝ+1(i)

∣∣∣∣∣ΨS−1S−1
J

〉
(50)

SS+1
IJ (m) =

√
2S + 3

2S + 1

〈
ΨSSI

∣∣∣∣∣∑
i

ẑm(i)ŝ−1(i)

∣∣∣∣∣ΨS+1S+1
J

〉
(51)

.1.3. Second quantized form of the SOC operator
In order to arrive at manageable expressions for the reduced

atrix elements, it is common and useful to employ the second
uantization formalism [233] for the calculations of the SOC
atrix elements. The one-electron SOC operator in the second

uantization approach can be written in the form of:

ˆ SOMF =
∑

m=0,±1

(−1)m
∑
pσ;qσ′

〈ψp|ẑ−m|ψq〉︸ ︷︷ ︸
z−mpq

〈σ|ŝm|σ′〉a+
pσaqσ′

(52)

Here {ψ} is the set of one-electron orbitals used to construct
he CSFs {Φ}, σ, σ′ =α, β loops over spin-components and

+
pσ and apσ are the operators for the creation and destruction
f an electron with spin σ in orbital ψp, respectively. Using
he short-hand notation a+

pα = â+
p and a+

pβ = b̂+
p and likewise

or the destruction operators, the summations over spins can be
D

ry Reviews 251 (2007) 288–327

ewritten as:

σσ′
〈σ|ŝ0|σ′〉a+

pσaqσ′ = 1

2
[â+
p âq − b̂+

p b̂q] (53)

σσ′
〈σ|ŝ+1|σ′〉a+

pσaqσ′ = − 1√
2
â+
p b̂q (54)

σσ′
〈σ|ŝ−1|σ′〉a+

pσaqσ′ = + 1√
2
b̂+
p âq (55)

Combining the last two equations with Eq. (50) and using
±
pq = zxpq ± iz

y
pq, the SOC operator in the framework of the sec-

nd quantization formalism is finally written as [159,234,235]:

ˆ SOMF = 1

2

∑
pq

z−pqâ
+
p b̂q + z+pqb̂

+
p âq + z0

pq[â
+
p âq − b̂+

p b̂q]

(56)

In this form, the operator is most conveniently handled and
ll aspects having to do with the subtlety of the electron spin are
ransferred to the second-quantized spin-operators. Note that the
perator 1

2 [â+
p âq − b̂+

p b̂q] corresponds here to the spin density

perator, and the terms −2−1/2â+
p b̂q and 2−1/2b̂+

p âq are spin-
ising and -lowering operators. The latter three operators can
lso be considered as the M = 0 and ±1 components of a triplet
ector operator while the operator Epq = â+

p âq + b̂+
p b̂q which

ccurs exclusively in spin-independent operators is the M = 0
omponent of a singlet operator [236].

.1.4. Calculation of reduced matrix elements
At this point the problem of calculating the SOC matrix ele-

ents has been simplified as much as possible and what remains
o be done is the evaluation of the reduced matrix elements of
he form:

〈ΨSMI |ĤSOC|ΨS′M′
J 〉

=
∑
μν

CμICνJ 〈ΦSMμ |ĤSOC|ΦS′M′
ν 〉

= 1

2

∑
μν

CμICνJ
∑
pq

〈ΦSMμ |z−pqâ+
p b̂q + z+pqb̂

+
p âq

+ z0
pq[â

+
p âq − b̂+

p b̂q]|ΦS
′M′
ν 〉 (57)

The two-problems that arise in the evaluation of this equation
re: (1) the matrix elements of the spin-dependent operators over
eneral CSFs are complicated and (2) there are very many of
hem since the expansions can reach several million CSFs. In
he ORCA code, Eq. (57) is not evaluated as it stands. It is much

ore convenient to proceed via the reduced transition density
atrices which are defined as follows:

IJ =
∑

CμICνJ 〈ΦSM |â+âq + b̂+b̂q|ΦS′M′ 〉 (58)
pq

μν

μ p p ν

IJ
pq(0) =

∑
μν

CμICνJ 〈ΦSMμ |â+
p âq − b̂+

p b̂q|ΦS
′M′
ν 〉 (59)
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IJ
pq(+) =

∑
μν

CμICνJ 〈ΦSMμ |â+
p b̂q|ΦS

′M′
ν 〉 (60)

IJ
pq(−) =

∑
μν

CμICνJ 〈ΦSMμ |b̂+
p âq|ΦS

′M′
ν 〉 (61)

Here, DIJpq corresponds to the standard reduced transition
ne-particle density matrix and DIJpq(0) to the standard reduced
ransition one-particle spin-density. The two other density matri-
es are ‘coupling’ or ‘transition’ spin-coupling density matrices.
nce these density matrices are available, it is straightforward

o evaluate the reduced matrix elements in Eqs. (49)–(51) which
re subsequently contracted with the appropriate CGCs in order
o set up the entire SOC matrix. Diagonalization of this complex

atrix then yields the desired spin-orbit resolved energy levels.
Since the vast majority of the matrix elements in Eqs.

58)–(61) are zero for two wavefunctions of the form of Eq. (24),
t is important to identify and calculate the remaining matrix ele-

ents with high-efficiency in order for the SOC calculation not
o become a bottleneck of the treatment. Unfortunately, the cal-
ulation of SOC matrix elements requires a detailed description
f the employed CSF basis. There are many ways to construct
uitable CSFs. The principle step which is always involved is that
he singly occupied orbitals of a given configuration are coupled
n some consistent way into the complete set of linearly indepen-
ent spin-eigenfunctions which are consistent with the number
f unpaired electrons and the requested multiplicity. Details of
opular techniques like the ‘symmetric group approach’ (SGA)
nd the ‘graphical unitary group approach’ (GUGA) are beyond
he scope of this review and can be found in the specialist liter-
ture [237–240].

In the ORCA program, we adopted a simple but efficient
nd very flexible way: the bonded functions method [241–243].
owever, the originally used graphical techniques for matrix

lement evaluations [244,245] are not efficient enough for large-
cale use. Instead, the matrix elements are calculated using ideas
ased on the work of Golebiewski and Broclawik [246] which
mploys second quantization in a straightforward manner. A
onded function can be written as [246]:

ΦSSI 〉 = Â(i1i2)(i3i4) . . . (ik−1ik)(ik+1) . . . (iN ) (62)

ij) = 2−1/2ψi(r1)ψj(r2)[α(1)β(2) − β(1)α(2)] for i 	= j

(63)

ii) = ψi(r1)ψi(r2)α(1)β(2) (64)

i) = ψi(r1)α(1) (65)

Thus, a bonded function is antisymmetrized product of
ragments of doubly occupied MOs, singly occupied singlet-
oupled MOs and singly occupied uncoupled MOs that are

ccupied by spin-up electrons. Â is the antisymmetrization oper-
tor which includes the usual normalization factor (N!)−1/2.
he bonded functions possess the following useful properties

246]:

l
o
‘
t

ry Reviews 251 (2007) 288–327 309

. Substitution of the pair (ij) by (ji) does not change the bonded
function.

. Interchange of the two pairs (ij) and (rs) does not change the
bonded function.

. Interchanging of (ij) and an unpaired term (r) does not influ-
ence the bonded function.

. Shift of an unpaired term (r) from the position p to the posi-
tion q leads to the multiplication of the bonded function by
(−1)p+q.

Therefore, the positions of bonded terms are not vital and
nly the order of the unpaired terms type of (r) is important
246]. In order to treat the terms â+

i âj − b̂+
i b̂j and b̂+

i âj of Eqs.
53)–(55), we followed the suggestion of Böckmann et al. [234]
nd extended the standard set of bonded functions with the addi-
ional building units of the following types

ij)+ = 2−1/2ψi(r1)ψj(r2)[α(1)β(2) + β(1)α(2)] (66)

ī) = ψi(r1)β(1) (67)

hich represent triplet coupled electron pairs and singly-
ccupied orbitals with spin-down, respectively. Such extended
onded functions can, in principle, describe the states with

S 	= S [234]. This property, however, will not be used explic-
tly since we will always employ the matrix elements between
tandard states with MS = S. The extended bonded functions only
ccur after the action of the operator â+

i âj − b̂+
i b̂j on a standard

onded function and then immediately vanish in the procedure
f contraction with the other bonded function in order to calcu-
ate the matrix element.

The evaluation of the matrix elements of the SOC Hamil-
onian of Eqs. (53)–(55) is performed in two steps. Firstly, the
ction of the operators â+

i âj − b̂+
i b̂j and â+

i b̂j (one can avoid
he calculation of the operator b̂+

j âi because it corresponds to

he operator â+
i b̂j due to the relation(Ŝ+1)

+ = −(Ŝ−1)) on a
onded function is considered. The action of these operators on
ll possible cases is listed in Table 8. Consider, for instance, the
ction of the operator {â+

i âj − b̂+
i b̂j} on the bonded function

ΦSSI 〉 = Â(ik)(j). Employing Eqs. (62)–(65) and expanding
ΦSSI 〉 into its constituent Slater determinants, one obtains:

ΦSSI 〉 = 1√
2

(|ik̄j| − |īkj|) (68)

hen,

â+
i âj − b̂+

i b̂j}|ΦSSI 〉 = {â+
i âj − b̂+

i b̂j}
1√
2

(|ik̄j| − |īkj|)

= 1√
2

(ii)(k) (69)

hich corresponds to rule no. 11 of Table 8. The remaining rules
f Table 8 can be derived in the similar way.

Secondly, the overlap between the bonded function on the

eft hand side and the bonded function after the action of the
perators of Eqs. (53)–(55) is calculated. This process is called
contraction’. The overlap integral is zero if the bonded func-
ions differ by any orbital. All possible combinations of bonded
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Table 8
List of operator rulesa

Category |J〉 {a+
i aj − b+

i bj}|J〉 a+
i bj |J〉 b+

i aj |J〉
1 a. no j Arbitrary 0 0 0
2 b. 2x j Arbitrary 0 0 0
3 c. i = j (ii) 0 0 0
4 (i) (i) 0 (ī)

5 (ik) (ik)+ − 1√
2

(i)(k) 1√
2

(ī)(k̄)

6 d. i 	= j (jj)
√

2(ij)+ (j)(i) (ī)(j̄)

7 (j) (i) 0 (ī)
8 (ik) (ik)+ − 1√

2
(i)(k) 1√

2
(ī)(k̄)

9 (ij) 0 0 0
10 (ik)(j) − 1√

2
(ii)(k) 0 − 1√

2
(ii)(k̄)

11 (jk)(i) 1√
2

(ii)(k) 0 1√
2

(ii)(k̄)

12 (ik)(jl) − 1√
2

(ii)(kl)+ 1
2 (ii)(k)(l) 1

2 (ii)(k̄)(l̄)

13 (i)(j) 0 0 (ii)
14 (jj)(i) (ii)(j) 0 (ii)(j)

15 (jj)(ik) (ii)(jk)+ − 1√ (ii)(j)(k) − 1√ (ii)(j̄)(k̄)
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a Rules were originally derived in refs. [234,246].

unctions contraction rules are listed in Table 9. Using the two
ets of rules for the application of a general second quantized
perator on a bonded function and the contraction between two
ets of bonded functions with identical orbitals but different
pin coupling the matrix elements of any second quantized spin-
ependent and spin-independent operator can be calculated. The
nly remaining problem is that of an efficient implementation.
owever, this subject would lead to far astray in the present

ontext.

.2. Illustrative calculations
In order to illustrate the calculation of SOC in transition metal
omplexes, we start with SA-CASSCF calculation of the di- and
ripositive free ions. Comparison is made to experimental data
sing the LS coupling rules. In this method, the energy of a given

able 9
ist of contraction rulesa

in |I〉 in |J〉 in |I〉 in |J〉
1 (rs) (rs) 1 1
2 (rs) (ri)(s) 1 − 1

2 (i)
3 (rs) (ri)(sj) 1 − 1

2 (ij)
4 (rs) (r)(s) 1 0
5 (rs) (rs)+ 1 0
6 (rs) (ri)+ (s) 1 1

2 (i)
7 (rs) (ri)+ (sj) 1 1

2 (ij)+
8 (r)(si) (rs)+ − 1

2 (i) 1
9 (rs)(si) (rs) − 1

2 (i) 1
0 (r) (r) 1 (−1)p

1 (r) (r̄) 1 0
2 (r̄) (r) 1 0
3 (r̄) (r̄) 1 (−1)p

a Rules were originally derived in refs. [234,246].
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d
d
d
d
d
d
d
d

W
l

2 2

-term is:

(J,L, S) = 1
2λ(J(J + 1) − L(L+ 1) − S(S + 1)) (70)

here λ is the ‘many-electron SOC constant’. Its value is deter-
ined from experiment by averaging the splitting E(J, L, S) −
(Jmax, L, S) of the lowest LS term and theoretical from a single
nergy difference E(J, L, S) − E(J − 1, L, S) after the quasi-
egenerate perturbation procedure. The results in Table 10 show
hat the ionic fine structure can be quite accurately predicted by
he combination of the SOMF operator with CASSCF wavefunc-
ions even if rather moderate basis sets are used. The remaining
eviations only amount to a few wavenumbers. Deviations of
his magnitude would even be expected in an exact treatment of

lectron correlation and SOC since the direct dipolar spin–spin
oupling was not taken into account but certainly also contributes
o the splitting. However, the level of agreement between theory
nd experiment is quite pleasing given that there is no empiri-

able 10
A-CASSCF-SOC results for the spin-orbit splitting of the lowest states of the
aked divalent transition metal ions

onfiguration M2+ M3+

λcalc (cm−1) λexp (cm−1) λcalc (cm−1) λexp (cm−1)

1(2D) 83 79 153 153
2(3F) 62 62 106 109
3(4F) 59 58 95 95
4(5D) 61 62 93 94
6(5D) 105 107 149 153
7(4F) 177 182 245 256
8(3F) 331 332 448 456
9(2D) 816 829 1102 1104

achters basis set, tight CASSCF convergence, SOMF operator with semiana-
ytic integration and Grid5.
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Table 11
Electron correlation effects on SOC constant λ (cm−1) for the neutral Mn and
Cu atoms

Mn(6D) Cu(2D)

Method
CASSCF −59.76 −804.28

Correlation of:
3d4s- −51.47 −821.08
3p- −53.44 −840.64
3s- −54.23 −842.85
2p- −52.47 −822.87
2s- −52.43 −822.89
1s- −52.50 −822.90
Exp. −51.05 −817.14
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RCI calculations with full valence CASSCF reference function and different
ctive spaces, TZVPP basis set. Experimental data are taken from ref. [192].

ism involved whatsoever. Beyond the basis set only natural
onstants such as the speed of light enter these calculations.

While, the CASSCF values are already surprisingly accu-
ate one may wonder how the calculated SOC constants are
ffected by dynamic correlation. Dynamic electron correlation
ontributes to the calculated SOCs mainly in two ways. Firstly,
t affects the spin-free state energies and, therefore, defines the
rder of the states (terms in atoms). Secondly, it alters the spac-
ng between energy levels with different J inside one term by
odifying the matrix elements of the SOC matrix. Table 11

emonstrates the effect of the dynamic correlation for the neu-
ral Mn and Cu atoms. Already the valence-shell correlation
ecreases the deviation of the calculated SOC constants from
he fully-correlated all-electron calculation. At the same time
he further inclusion of 3s- and 3p-orbitals into the active space
omewhat deteriorates the results by decreasing the value of
OC matrix elements. This deviation can be compensated by

he inclusion of the 2p orbitals into the correlation treatment.
urther expansion of the active space does not influence signifi-
antly the calculated SOC constants. At the time that all electrons
re correlated, the results are in excellent agreement with the
xperimental measurements.

The method outlined above is by no means restricted to
mall molecules. It can be applied for any molecule for which
he SS-CASSCF or MRCI or SORCI method can be car-
ied out. Presently, the MR-CI method is restricted to small
olecules (<10 atoms), the SORCI method to medium sized
olecules (<30–50 atoms) while the SA-CASSCF method in

ur implementation can be applied to fairly large molecules with
100 atoms or 700–1000 basis functions, respectively.
In our opinion, the prospects of treating all kinds of SOC

ffects in transition metal complexes by this method are fairly
romising. In particular, since the method involves an explicit
onstruction of all MS components of each multiplet it is much
ore readily and naturally applied to the problem of SOC

han single-determinant methods such as DFT where sometimes
ather artificial procedures are employed. We are currently inves-

igating a number of molecular spectroscopic phenomena (in
articular zero-field splitting) with this method and will report
esults in due course.

t
h

ig. 2. Comparison of measure (top) and calculated (bottom four panels) d–d
pectra of [Ni(H2O)6]2+. The calculations where done at the SORCI and
ASSCF levels with and without the treatment of SOC effects.

As an initial example in the field of optical spectroscopy, con-
ider the absorption spectrum of the hexquo–Ni2+ ion (Fig. 2).
alculations were carried out at the SA-CASSCF and SORCI

evels with and without inclusion of SOC. One can see that the
OC introduces splitting of the order of a few hundred wavenum-
ers in the T2g and T1g terms which split in first order by SOC.
ince the three components of the SOC operator transform
nder the T1g representation in Oh symmetry, the 3T1g-states
plit into A1g + Eg + T1g + T2g by the effect of SOC while 3T2
tates split into A2g + Eg + T1g + T2g components. The splitting
f the 3T1g and 3T2g states amounts to 2ζNi and ζNi, respectively,
here ζNi is the covalently reduced one-electron SOC constant
f Ni2+ (∼600–700 cm−1). The calculated transition energies
t the SORCI + SOC level are in excellent agreement with the
xperimental spectrum shown on top of Fig. 2. A detailed treat-
ent of these effects in the framework of ligand field theory in

his complex has been given in the classic paper by Solomon
nd Ballhausen [197]. However, a more thorough treatment is
utside the scope of this review.

. Calculation of resonance Raman spectra and
xcitation profiles
The final subject covered in this review is the calcula-
ion of resonance-Raman intensities. While rR spectroscopy
as been intensely used in inorganic and bioinorganic chem-
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stry [10,247–252] the quantum chemistry of this important
ethod has not been well developed. There are several works

escribing the calculation of rR spectra of organic compounds
251,253–255] but truly first-principles calculations of the spec-
ra of inorganic complexes are extremely sparse if existent at all.
elow we give an introduction into this area with emphasis on
recent study performed in our laboratory.

.1. General theory of electronic absorption and resonance
aman scattering

After averaging over different molecular orientations and
olarizations of the incident light beam the absorption cross
ection σA(EL) can be written in SGS units as:

A(EL) = 4π

3h̄c
EL

∑
V

3∑
ρ=1

|〈V |mp|I〉|2Γ
(EV − EI − EL)2 + Γ 2

(71)

In Eq. (71) EL is the incident photon energy; |I〉 and |V〉 the
nitial and excited vibronic states; EI and EV are their energies;

the homogeneous linewidth; andmρ is the vector component
f the transition dipole moment operator. The formal theory of
aman scattering is well-known [256]. Quantum mechanically,
aman scattering is described by second order time-dependent
erturbation theory. The central result is the polarizability tensor
iven in the energy frame, which for vibrational Raman scatter-
ng is of the form:

αρλ)I→F =
∑
V

〈F |mp|V 〉〈V |mλ|I〉
EV − EI − EL − iΓ

+
∑
V

〈F |mp|V 〉〈V |mλ|I〉
EV − EI + ES − iΓ

(72)

Here |F〉 denotes the final vibronic state; ES the scattered pho-
on energy. The polarizability tensor (αρλ)I→F was first given
y Kramers and Heisenberg [257] in analogy to classical disper-
ion theory. Later, Dirac [258] derived it by considering an atom
nteracting with a quantized radiation field. All the developments
n the study of Raman scattering since have been based on the
ramers–Heisenberg–Dirac (KHD) expression, Eq. (72). The

orresponding expression for the resonance Raman (rR) cross
ection σI→F(EL), averaged over all orientations of the molecule
nd integrated over all directions and polarizations of scattered
adiation (4π solid angle) is:

I→F (EL) = 8πE3
sEL

9h̄4c4

∑
ρ,λ

|(αρλ)I→F |2 (73)

The intensity of the scattered light at a given direction is deter-
ined by the differential cross-section σ′ = dσ/dΩ) where dΩ

s an element of solid angle. σ′ is some function of squares of
olarizability tensor invariants and the illumination-observation
eometry [256]. The first “resonant” term in Eq. (72) describes

Raman scattering which is a two-photon process involving vir-

ual absorption to the entire manifold of excited vibronic states,
ollowed by the virtual emission to the final state. The “non-
esonant” second term in Eq. (72) corresponds to the case where

w
g
e

ry Reviews 251 (2007) 288–327

mission precedes absorption. According to Eqs. (71)–(73) con-
ributions from all intermediate states are summed at the ampli-
ude level before squaring. The magnitude of the contribution
rom each state depends on both the transition length and the
nergy denominator. Thus, as the energy of the incident radi-
tion approaches resonance with a particular electronic state,
ibronic levels of that state begin to dominate the sum. A number
f further simplifications and specializations of the expressions
71)–(73) are usually assumed under conditions of electronic
esonance. The Born–Oppenheimer approximation is employed
o separate the vibronic states into products of electronic and
ibrational states:

I = g(r,Q)i(Q) F = g(r,Q)f (Q)

V = e(r,Q′)ν(Q′) (74)

here r denote the electron coordinates; Q and Q′ are the nor-
al modes corresponding to the ground and excited states; g(r,
) and e(r, Q′) are the ground and excited electronic wavefunc-

ions, respectively; i(Q), f(Q) and ν(Q′) are the corresponding
ibrational eigenfunctions of these electronic states. Under these
pproximations, the transition dipole length matrix elements in
qs. (71)–(73) become:

F |mρ|V 〉 = 〈f |〈g|mρ|e〉|V 〉 = 〈f |Mge,ρ(Q)|V 〉 (75)

here Mge,ρ(Q) = 〈g|mρ|e〉 is the electronic transition length
atrix element between the ground and excited electronic
avefunctions g(r, (Q) and e(r, (Q′). Mge,ρ(Q) is the function
f nuclear coordinates because Born–Oppenheimer electronic
tates depend parametrically on the nuclear coordinates.

The next level of approximation used to simplify the expres-
ions for absorption cross section and Raman polarizability con-
ists in the neglect of the nuclear coordinate dependence of the
lectronic transition length when on resonance with a strongly
llowed electronic transition, that is, Mge,ρ(Q) is replaced by

ge,ρ(Q0), where Q0 is the ground state equilibrium geom-
try. This is the famous Franck–Condon (FC) approximation
259–261]. It amounts to assuming that Mge(Q0) is much larger
han the variation of Mge over the range of Q in which the initial
nd final vibrational wavefunctions are localized. Under the BO
nd FC approximations the expressions for the absorption cross
ection (71) and the rR polarizability (72) become:

A(EL) = 4π

3h̄c
EL

∑
n

(M0n)2

×
∑
νp

Γn|〈νn|i〉2

(ενn − εi0 + E0n − EL)2 + Γ 2
n

(76)

αρλ)I→F =
∑
n

M0n,ρM0n,λ

×
∑ 〈f |νn〉〈νn|i〉

(ε − ε + E − E ) − iΓ
(77)
νn
νn i0 0n L n

here n labels electronic states (index 0 corresponds to the
round electronic state); E0n is the adiabatic minima separation
nergy between the ground and the nth excited state; Γ n and
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0n are the corresponding homogeneous linewidth and transi-
ion dipole moment; ενn and εi0 are the energies of the vibrational
tates |�n〉and |i〉. The FC approximation has been shown to
e sufficiently accurate for the description of strongly dipole
llowed electronic transitions [262–267].

The calculation of dipole-forbidden transitions (Mge(Q0) = 0)
r weakly dipole-allowed transitions (Mge(Q0) ≈ 0) is not pos-
ible in terms of the FC approximation, because vibroni-
ally induced transition moments are neglected. The simplest
pproach to account for the variations of the electronic transi-
ion dipole moments with the nuclear coordinates is to expand

ge(Q) as a Taylor series around the ground-state equilibrium
eometry (Herzberg–Teller approach [268]):

ge(Q) = Mge(Q0) +
∑
j

∂Mge

∂Qj

(Qj −Qj,0) + 1

2

∑
j,k

× ∂2Mge

∂Qj∂Qk

(Qj −Qj,0)(Qk −Qk,0) + . . . (78)

Truncation of the Taylor expansion (78) after the sec-
nd term yields the Born–Oppenheimer–Franck–Condon–
erzberg–Teller (BO–FC–HT) approximation for the transition
ipole moment. Applications of the BO–FC–HT treatment based
n the semi-empirical QCFF/PI [269] method as well as calcula-
ions based the ab initio CIS [270,271], CASSCF [263,272] and
D-DFT [266] methods have been reported; the agreement with
xperimental spectra is usually moderate to good. A physical
xplanation of the transition dipole moment coordinate depen-
ence is that displacements of nuclei result in a perturbation of
he electron–nuclear interaction. Thus, a mixing of the excited
tate electronic wavefunction with other excited state electronic
avefunctions occurs which leads to a mixing of the correspond-

ng transition moments [268,273] (“intensity borrowing” from
ipole-allowed transitions).

Eq. (77) for the rR polarizability is the so-called Albrecht A-
erm expression for excitation within an allowed absorption band
274,275]. Non-Condon mechanisms of Raman scattering aris-
ng from the transition dipole moment coordinate dependence
re usually classified through the HT expansion of an electronic
avefunction in a Taylor’s series in terms of displacements of

he nuclear coordinates from the ground state equilibrium geom-
try. This allows the breakdown of the Raman polarizability into
everal terms of distinct physical origin [274,275]:

αρλ)I→F = A+ B + C . . . (79)

The B-term arises from the HT expansion of the excited state
lectronic wavefunctions in terms of the states evaluated at the
round state equilibrium geometry whereas the C-term orig-
nates from the corresponding expansion of the ground state
lectronic wavefunction. The A-term is expected to be the most
mportant contributor to rR intensities of fundamentals, over-
one, and combination bands. Non-Condon terms must be con-

idered if the electronic excitation is to a weakly allowed or
lectric dipole forbidden transition or for scattering into non-
otally symmetric vibrational final states. In this case the FC
actors in the absorption and resonance Raman expressions are

s
d
t

ry Reviews 251 (2007) 288–327 313

o longer pure vibrational overlap integrals of the type 〈νn|i〉
nd 〈νn|f〉, but involve matrix elements with one or more vibra-
ional coordinates. The relationship between rR intensities and
xcited state vibrational dynamics is clearest when A-term scat-
ering is dominant (vide infra), and rR spectra that are dominated
y totally symmetric vibrations are often interpreted assuming
-term activity alone. Although non-Condon contributions in

bsorption and rR cross-sections are not always negligible, we
ill not consider these effects in the following.
The direct calculation of absorption spectra and rR excita-

ion profiles in the FC approximation requies the evaluation
f multidimensional overlap integrals of vibrational wavefunc-
ions (Eq. (74)), commonly known as FC integrals (factors).
ifferent methods [276–284] have been proposed for the eval-
ation of these integrals in the cases where the ground and
xcited PESs are of a general harmonic form. In spite of the
xistence of elaborate numerical algorithms, only a few pro-
rams have been reported which allow the routine calculation
f vibronic structure of absorption spectra and rR intensities.
he most comprehensive implementations are found in the pro-
rams HOTFCHT [285] and FCfast [267] for computing the
ibronic fine structure of electronic spectra at different temper-
tures. The intensities of different vibronic transitions of large
rganic molecules have been predicted with reasonable accuracy
y means of these programs in several papers [266,267,285].

For harmonic PES’s the nuclear motion may be represented
y the following Hamiltonians, which are written in terms of
imensionless normal coordinates (DNC’s):

ˆ
g =

N∑
i

h̄ωgi

2
(p2
gi + q2

gi) (80)

ˆ
e =

N∑
i

h̄ωei

2
(p2
ei + q2

ei) (81)

here we label ground-state quantities by index g and excited-
tate quantities by index e; Ĥg and Ĥe are the ground and excited
urface Hamiltonians; ωgi and ωei are the corresponding har-
onic frequencies for the ith normal mode. p and q denote the

imensionless momentum and coordinate vectors, whose ele-
ents correspond to the normal modes:

i =
(

1

h̄ωi

)1/2

Pi (82)

i =
(ωi
h̄

)1/2
Qi (83)

i and Qi being the conjugate momentum and the normal coor-
inate, respectively, of the ith mode. In the general case qe and
g are related by the linear transformation:

e = Sqg − Δ (84)
S is Duschinsky rotation matrix which allows the ground-
tate and the excited-state normal modes to be different. � is the
imensionless displacement between the equilibrium configura-
ions of the two electronic states. The vibrational wavefunctions
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f the ground- and excited-states have the following form:

sm =
N∏
i

ψmi (qsi), s = g, e (85)

here

mi (qsi) = π−1/4(mi!2
mj )−1/2 exp

(
−q

2
i

2

)
Hmi (qsi) (86)

s the mith eigenfunction of the ith mode and Hmi (qsi) is the
ermite polynomial of the mith order. It follows from Eqs.

82)–(86), that the FC factors depend directly on the struc-
ural difference between the ground and excited electronic states.
hus, the lineshape of the electronic absorption spectrum and

R excitation profiles reflect the geometrical structure and vibra-
ional force field in the excited-state. In order to calculate σA and
αρλ)I → F one needs to perform the summation over all multidi-
ensional vibrational eigenstates of the excited-state surfaces.
he computational cost of this procedure scales as ∼NL, where
is the maximum number of vibrational excitation quanta. The

atter number is usually chosen in a way that ensures that higher
xcitations give negligible contributions to the final intensities.
rom the scaling considerations it is immediately evident that
uch calculations become computationally prohibitive as the size
f the molecule and the corresponding number of modes grows.
n addition, Eqs. (76) and (77) do not lend themselves easily to
ualitative interpretations due to the many nested summations
nd possible interference effects. Thus, it is difficult to deter-
ine which aspects of the excited-state PESs play a dominant

ole in the rR enhancement mechanisms of different vibronic
ands within a given electronic transition. When working with
arge molecules, it appears preferable to begin at the simplest rea-
onable level of approximation, where the vibronic transitions
nd rR intensities depend only on a small number of parameters
hat can be related to certain topological characteristics of the
xcited-state PESs, and at the same time can be determined from
he experimental data in a straightforward way.

.1.1. The IMDHO model
The simple approach used for the evaluation of the mul-

idimensional FC factors is to assume that the ground- and
xcited-states are harmonic, have the same normal modes com-
ositions (Sij = √

ωei/ωgiδij , i.e. no Duschinsky effect) and
iffer only in equilibrium positions and vibrational frequencies.
his special case is the “independent mode, displaced harmonic
scillator” (IMDHO) model. In fact, in this model on usually
ven assumes identical vibrational frequencies in the ground-
nd excited-states and only allows for a shift in the minima of
he excited state harmonic PESs relative to the harmonic ground
tate PES. Under these strongly simplifying approximations, a
ystem of N vibrational modes can be treated as a collection of N
ndependent pairs of harmonic oscillators. Each degree of free-

om is completely described by a vibrational frequency ωi and
ts origin shift Δi in dimensionless normal coordinates (vide
nfra). For this case Manneback [276] derived recursion rela-
ions for one-dimensional FC factors, from which it is readily

[
t
h

ry Reviews 251 (2007) 288–327

educed that the electronic absorption lineshape and rR inten-
ities depend on �, and, in the case of excited-state frequency
hanges, on {Ri}, where Ri =ωgi/ωei. The origin shift Δi along
he ith mode makes the major contribution to the rR intensity
i of the ith fundamental, though the overall shape of the rR
xcitation profile depends on the displacements along all normal
odes. This behaviour is perhaps best understood from the time-

ependent theory of absorption and rR intensities (vide infra).
f, on the other hand, the origin shift is zero, then the Raman
undamental is forbidden by parity, but overtones may appear
ith non-negligible intensity if there is a frequency change on

he excitation.

.1.2. The Shorygin approach
The semiclassical theory of Shorygin [286,287], which com-

ines the polarizability theory with the dispersion equation,
ermits a direct relation between rR intensities and excited-state
ES gradients in the case of A-term activity. This theory has
et at least with qualitative success although it departs from the

orrect theory by certain drastic approximations. Later, Krushin-
kii and Shorygin [288,289], presented a “quantum model” to
odify the semiclassical theory. Assuming the potentials of the

round and excited states to be harmonic and identical in force
onstants, they obtained the following approximate expression
or the A-term in the case of an isolated electronic transition:

= (Mge)2

[
(Ev

ge)2 + E2
L

(Ev
ge)2 − E2

L

]
2kΔ〈i|q|f 〉 (87)

here Ev
ge is the vertical transition energy; k the force constant

or given normal mode, Δ the dimensionless displacement of
xcited-state PES along this mode.

.1.3. Savin’s equation
The rR excitation profiles of different vibrational modes in

he same molecule may have considerably different lineshapes.
herefore, the relative intensities of two Raman lines at any
iven excitation energy in the resonance region may not be
irectly related to the displacements along the corresponding
odes. However, relative Raman intensities of fundamentals

ehave quite regularly in the preresonance region, for which
simple approximation has been derived [269,275,290–292]:

(αρλ)0→1|2
∣∣∣∣ Δsωs

(E0 − EL + iΓp)(E0 − EL + ωs + iΓp)

∣∣∣∣2 (88)

here Δs and ωs are the dimensionless displacement and fre-
uency of the vibrational mode the intensity of which is being
easured. As the detuning energy (E0 − EL) becomes large, Eq.

88) reduces to

(αρλ)0→1|2
Δ2
sω

2
s

(E0 − EL)4 (89)
Eq. (89) is usually referred to as Savin’s formula
269,275,290–292]. Its importance is that although the FC fac-
ors depend upon Δ alone, the preresonant Raman intensities
ave a strong dependence on the vibrational frequency. Savin’s
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ormula is likely to present the simplest possible parameteri-
ation of rR data in the case of A-term activity and is widely
sed in analysis of experimental results for isolated electronic
ransitions [247,251,293].

.1.4. Transform theory
Another approach which is used for the calculations of rR

ntensities is the so-called transform theory. This theory is based
n the ‘optical theorem’, which connects the optical absorption
ith the imaginary part of the polarizability tensor components

hrough the Kramers–Kroning relations between the real and the
maginary parts of the polarizability tensor components [294].
he relations may be used to deduce polarizability-dependent
uantities, like rR intensities, from optical absorption spectra.
he transform theory approaches to rR scattering were devel-
ped independently by Blazej and Peticolas [295] and by Tonks
nd Page [296,297]. For the IMDHO model it was shown that
he shape of rR excitation profiles for fundamental, overtone,
nd combination bands depends only on the absorption band-
hape and the mode frequency, whereas the absolute scaling
f the excitation profiles depend on the corresponding excited-
tate displacements Δ [298]. For a single electronic transition
he absolute value of Δ can be obtained from the absorption
pectrum and absolute Raman cross-section for the mode of
nterest. Commonly, absolute cross-sections are not measured,
nd Δ can be obtained from the overtone to fundamental ratio,
s the overtone and fundamental intensities depend on dif-
erent powers of Δ. If overtone intensities are not available,
elative values of Δ for different modes can still be obtained
rom their relative rR intensities at a single excitation wave-
ength. Modifications of the transform theory approach for the
alculations of rR intensities have also been made in order to
nclude excited-state frequency changes [299,300] and Duschin-
ky rotations [301]. The transform approach is more general
han direct modeling techniques, as it is valid in the presence
f arbitrary and unknown frequency changes, anharmonici-
ies, or Duschinsky rotations in modes other than the ones of
nterest. However, from the methodological viewpoint the trans-
orm approach has the significant drawback that its formalism
or the calculation of rR intensities has been developed for
he case of a single excited electronic state. In practice, the
xcited-state distortions are calculated from rR intensities, or,
ice-versa, rR intensities are determined from Δ by utilizing
n absorption bandshape which is either the experimental one
254] or a crude approximation like a simple Gaussian band
255]. Thus, the method is difficult to apply if the rR spec-
rum is obtained for an excitation frequency at which several
lectronic states are in resonance with the incident light. Under
uch circumstances, one first needs to deconvolve the absorp-
ion spectrum into its constituent bands, which is difficult, if
ot impossible, without a direct modeling technique involving
joint fit of the absorption spectrum and the rR intensities. Fur-

hermore, transform theory relies on the relationship between

he absorption spectrum and the Raman polarizability, which is
ot preserved in any simple form if the measured absorption
pectrum is not that of a single molecule. Therefore, the valid-
ty of utilization of experimental absorption spectrum, which

w
r
w

ry Reviews 251 (2007) 288–327 315

s usually characterized by significant inhomogeneous broad-
ning, in order to construct rR excitation profiles seems to be
uestionable.

.1.5. Time dependent techniques
Since the sum-over-states formulation of the absorption

ross-section and rR polarizability turns out to be very difficult
o evaluate exactly for large molecules with many vibrational
egrees of freedom, many workers have chosen to solve the
roblem in the time-domain. The most attractive feature of this
pproach is that it features a linear scaling of the computa-
ional effort with the number of vibrational modes. A successful
pplication of this approach thus avoids the necessity to calcu-
ate the entire spectrum of eigenvalues and eigenvectors of a
omplex system, and, at the same time, clearly reveals the con-
ection between the rR intensities and the excited-state nuclear
ynamics, which is obscured in sum-over-states methods. Two
ime-domain approaches have been developed. The first one
mploys Green’s function techniques [302,303]. The molec-
lar lineshapes are expressed in terms of Fourier transforms
f appropriate time-correlation functions which may be eval-
ated in closed form for a general harmonic molecule including
quilibrium displacements, frequency changes and Duschinsky
otations [303]. This technique has also the advantage of con-
idering finite-temperature effects, but it is mathematically more
nvolved than the second, and more widely used, time-dependent
pproach, which is based on wave packet dynamics developed
y Heller [304] and applied to rR scattering by Lee and Heller
304,305]. The wave packet formulation of the rR scattering
rovides a simple and intuitively appealing physical picture of
his process. Initially, the corresponding expression for the rR
olarizability was derived directly from time-dependent pertur-
ation theory, but it is actually more easily obtained starting
rom the usual sum-over-states formula. The denominator in the
xpression for the rR polarizability (Eq. (77)) can be written as
half-Fourier transform [247,306]:

αρλ)I→F =
∑
n

M0n,ρM0n,λ

∑
νn

〈f |νn〉〈νn|i〉
(ενn − εi0 + E0n − EL)−iΓn

=
∑
n

M0n,ρM0n,λ

∫ ∞

0

∑
νn

〈f |νn〉〈νn|i〉

× e−i((ενn−εi0+E0n−EL)−iΓn)tdt (90)

here the integration time is chosen to have the unit, which is
eciprocal to energy. Since:

νn|e−i(ενn+E0n)t = 〈νn|e−iĤnt (91)

here Ĥn is the vibrational Hamiltonian for the nth, Eq. (90)
an be rewritten as:

αρλ)I→F =
∑
n

M0n,ρM0n,λ

∫ ∞

0
〈f |in(t)〉ei(EL+εi0+iΓn)tdt
(92)

here e−iĤnt is the propagator considered to operate on the
ight-hand side; in(t) = e−iĤnt|i〉 is the time-dependent nuclear
avefunction corresponding to the nth excited state.
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Likewise, the transformation of the absorption cross-section
o the time domain is done by replacing in Eq. (76) the
nergy denominator by a real part of a half-Fourier transform
248,307]:

(EL) = 4π

3h̄c
EL

∑
n

(M0n)2Re
∫ ∞

0
〈i|in(t)〉ei(EL+εi0+iΓn)tdt

(93)

Eq. (93) may be interpreted as a Fourier transform of the
verlaps of wave packets moving on the excited PES’s with the
nitial vibrational wavefunction at a time zero |i〉 [307,308]. Eq.
92) involves the same wave packets and their overlaps with the
nal vibrational state |f〉 [305].

The central part in the derivations of Heller and coworkers
s the solution for a propagating wave packet in(t). The initial
ibrational state is a multivariate Gaussian (at T = 0 K). In this
ase (as follows for Ehrenfest’s theorem) in harmonic poten-
ials, Gaussian wave packets remain Gaussian, and undergo
eriodic motions. Furthermore, the expectation values of posi-
ion and momenta obey the classical equations of motion,
lthough the Gaussian wavepacket among other features, may
pread or acquire phase factors. Thus, relatively few param-
ters serve to specify a complete quantum wavefunction in(t)
nd its exact solution has been found in the general harmonic
ase including equilibrium displacements, frequency changes
nd Dushinsky rotations [306]. In this way the absorption cross-
ection and the rR polarizabilitiy (Eqs. (76) and (77) can be
ccurately evaluated in the case of general harmonic poten-
ials by means of the equivalent integral expressions (Eqs. (92)
nd (93)).

In particular, for the case of the IMDHO model, the resulting
verlap integrals in Eqs. (92) and (93) take on the relatively
imple forms:

f |in(t)〉 =
∏
k

{
(−1)mk (Δnk )mk

(2mkmk!)1/2 (1 − e−iωkt)mk
}

× e
−
∑

j
sn
j

(1−e−iωj t )
e−i(E0n+εi0)t (94)

i|in(t)〉 = e−
∑

J
sn
j

(1−e−iωj t )−i(εi0+E0n)t (95)

here Δnk is the dimensionless origin shift of the nth excited-
tate PES along kth normal mode; snk = (Δnk )2/2; mk is the
xcitation number of the kth mode in the final vibrational
tate |f〉.

Thus, the final expressions for absorption cross-section and
R polarizabilities in the IMDHO model have the following

orm:

(EL) = 4π

3
α(a0)2EL

∑
n

(M0n)2

× Re
∫ ∞

0
e
i(EL−E0n)t−Γnt−

∑
j
sn
j

(1−e−iωj t )
dt (96)

q
n
d

p
i
n

ry Reviews 251 (2007) 288–327

αρλ)I→F =
∑
n

M0n,ρM0n,λ

∏
k

{
(−1)mk (Δnk )mk

(2mkmk!)1/2

}

×
∫ ∞

0

∏
k

{(1 − e−iωkt)mk }

×e
i(EL−E0n)t−Γnt−

∑
j
sn
j

(1−e−iωj t )
dt (97)

here α is the dimensionless fine-structure constant given as
/137.03599; a0 = 0.529167; and transition dipole moments
0n are expressed in atomic units. The cross-section σ (in

˚ 2/molecule) in Eq. (92) is related to the molar extinction coef-
cient ε (in M−1 cm−1) by:

= 1

ln(10)
10−19NAσ (98)

here NA is Avogadro’s number. It follows from Eq. (97)
hat the computation of rR excitation profiles scales as Nf =

k

{(Δk)2mk/(2mkmk!)}. That is, although rR bands correspond-

ng to different vibrational excitation numbers in the final state
ave different profile bandshapes, the intensities of overtone and
ombination bands necessarily correlates with those of the fun-
amental bands, which fact must be used in the analysis of
xperimental data as well as in the assignment of rR bands
13].

.1.6. “Short-time” dynamics in resonance Raman
cattering

When only times shorter than the fastest excited-state vibra-
ional period make an important contribution to the integral (92),
R scattering is said to be in the “short-time limit”, and many
spects of Raman scattering are greatly simplified [309]. There
re several possibilities for recurrences in 〈f|i(t)〉 following the
nitial activity near t ∼ 0 to become unimportant: (1) The incident
hoton energy EL may be off resonance with excited electronic
tates. In this case the integrand of Eq. (92) oscillates rapidly
ausing the integral to self-cancel for t > τ, where �Eτ≈ 1 and
E is the energy mismatch. (2) If the homogeneous linewidth Γ

s very large, the e−Γ t factor truncates the integral at short times.
t is generally agreed that the homogeneous linewidth does not
xceed 1000 cm−1 in most systems. Therefore, as pointed out
n ref. [9], it is unlikely that a large Γ by itself can be respon-
ible for short-time behaviour on resonance, although it may
e a contributing factor in conjunction with other effects. (3)
here may be many displaced modes of different frequencies.
ffectively, this is equivalent to a large damping term without
aving to assume a very large Γ . Thus, the simultaneous return
f wave-packet i(t) to the FC region is unlikely until relatively
ong times. However, recurrences that occur at long times are
uenched by the phenomenological damping factor. Finally, sig-
ificant Duschinsky rotations may also result in a large effective
amping.
In the short-time regime the information about the excited
otential energy surface that is required in order to calculate rR
ntensities is localized in the vicinity of the FC region. Fortu-
ately, this means that electronic structure calculations in the FC
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egion will be sufficient to determine rR intensities (vide infra).
ithin the short-time approximation and under the assumption

f no changes in the force constants in the excited state, the rR
ntensities of fundamental and overtone bands for a single elec-
ronic excitation are given by the following expressions [309]:

(αρλ)k0→1(EL)|2 ∼ (VQ,k)2

2ωgkσ4 ε1

(
EL − Ever

σ

)
(99)

(αρλ)k0→2(EL)|2 ∼ (VQ,k)4

2(ωgk)2σ6
ε2

(
EL − Ever

σ

)
(100)

here

σ2 =
∑
k

(
(VQ,k)2

ωgk

)
(101)

nd

n(ω) =
∣∣∣∣
∫ ∞

0
e(iωt)−(t2/2)tndt

∣∣∣∣2 (102)

Q,k = ∂E/∂Qk|Q=0 is the excited-state potential energy gra-
ient along the kth normal mode at the ground-state equilibrium
eometry and Ever is the vertical excitation energy. At the same
evel of approximation the absorption spectrum is given by the
ormula:

A(EL) = 2
√

2π3/2

3h̄cσ
M2EL exp

(
(EL − Ever)2

2σ2

)
(103)

It follows from Eqs. (99)–(103) that relative rR intensities
f fundamental lines are directly proportional to the square of
artial derivatives of the excited-state electronic energy with
espect to ground-state normal modes at the ground-state equi-
ibrium position. The derivation of Eqs. (99)–(103) was based
n the assumption of the locally harmonic excited-state PESs.
hus, the results are generally not restricted to harmonic poten-

ials. It can be shown that in the IMDHO model rR intensities of
undamental bands in Eq. (99) become proportional to Δ2

kω
2
gk.

he same behaviour was also found in the preresonance region
sing other approaches [269,275,290–292] (see Savin’s formula
89)). The application of the gradient formulae (99)–(103) for
nalysis of experimental data and first principle calculation of rR
pectra has been used in many papers [249–251,254,255,310].
sually this method provides reasonable accuracy. However, it
as several limitations. Firstly, although the results are intuitively
ppealing, it is not sensible to use Eqs. (99)–(103) to construct
R profiles and absorption bandshapes over the whole spectral
ange since the conditions for the short-time dynamics might
ot be fulfilled on resonance. Secondly, the vibrational over-
ap for overtones and combination bands develops more slowly
han the overlap for fundamentals. Thus, when rR scattering is
n the short-time limit, the overtones and combination bands are
xpected to be weak relative to the fundamentals [309]. In all
hese cases, the application of full-time dynamics is more appro-

riate. Thirdly, when the absorption spectrum and rR excitation
rofiles of a molecule reveal vibronic structure, the application
f Eqs. (99)–(103) is not sensible since ε1(ω), ε2(ω) and σA(EL)
ive rise to featureless curves.

I

u

ry Reviews 251 (2007) 288–327 317

.2. Implementation of Heller’s theory

Since the problem of computing rR intensities, profiles and
bsorption bandshapes has been reduced to a manageable level
hrough the many approximations discussed above, it is only nec-
ssary to know the transition dipole moments in the FC region
nd the excited state displacements. This information can either
ome from fitting the unknowns to experimental data or they can
e deduced from quantum chemical calculations (vide infra). We
ave developed a general computer program which is linked to
he ORCA electronic structure package. The program takes the
ransition moments and excited state displacements for any num-
er of vibrational modes and electronic transitions and evaluates
qs. (96) and (97) in order to predict the desired spectra which
an then be directly compared to experimental measurements.
elow we describe a few key aspects of the program. Full details
ill be provided elsewhere [311].
It can be shown that the calculation of absorption cross-

ection and rR polarizabilitiy (Eqs. (92)–(93)) can be reduced
o the evaluation of the following elementary integral:

(ω, {ωj}, {sj}, Γ ) =
∫ ∞

0
e
iωt−Γt−

∑
j
sj(1−e−iωj t )

dt (104)

It is necessary to calculate this integral consistently, since too
ew time steps in the numerical integration may result in severe
aseline oscillations. Usually the density of integration points
hould be increased upon increase of 1/Γ and s, and when far
ff resonance (ω� 0). Therefore, it is suggested that the total
umber of integration points is increased until the same number
f points will provide convergence of the integral (104) and non-
egativeness of its real part is ensured for the whole range of ω
nder study. According to our experience, the latter requirement
s strong enough to automatically satisfy the first one.

Due to the linear scaling on the number of active modes the
ime-dependent method is particularly advantageous for large

olecules. Though, the prefactor in the linear dependence is
elatively high, and for the case of small number of normal modes

r not very large displacements

(∑
i

s2i ≤ 1 ÷ 2

)
the original

um-over-states method is still faster. In such cases it is possible
o develop the analytical expression of the integral in Eq. (104)
s a power series in the {si}:

(ω) =
∞∑
k=0

Ik(ω) (105)

The individual terms in the series (105) are calculated through
he following straightforward recursion relations:

k(ω) = 1

ω + iΓ

∑
j

sjωjIk−1(ω − ωj) (106)

ith
0(ω) = i

ω + iΓ
(107)

The importance of high-order terms in the series (105) grows
pon going to higher energies (ω > 0), and the number of terms



3 emist

n
i
i
p
s
s
I
(

5
s

i
p
p
n
p
d
c
c
e

i
t
r

(

t
i
e
w
e
r
o
e
3
o
s
e
b
g
e
i
m
m
a
t
fi
c
o
u
c

18 F. Neese et al. / Coordination Ch

ecessary to include in the calculation correlates with the max-
mum vibrational excitation number in the excited state, which
s characterized by some noticeable vibronic intensity. The
ower series method shows an efficiency similar to the original
um-over-states formulation for absorption and Raman cross-
ections. By approximating the integral O(ω) with the first term
0(ω) in the series (Eq. (105)) one recovers Savin’s formula (Eq.
89)) for pre-resonance Raman intensities.

.3. Quantum chemical modeling of electronic absorption
pectra and RR intensities

Quantum chemical calculations can provide useful structural
nformation for the ground and excited states, thus enabling first
rinciples calculation of absorption spectra and rR excitation
rofiles. As discussed for example by Myers and Mathies [9],
either the normal mode compositions, nor the signs of the dis-
lacements parameters can be determined from experimental
ata alone. However, both are readily obtained from quantum
hemical calculations. In such a way excited-state displacements
an be explicitly related to certain geometrical changes in the
xcited state, including bond-length and bond-angle changes.

Assuming a purely harmonic behavior of excited-state PES,
t is possible to choose between three methods of calculation of
he origin shiftΔ, excited-state frequencies and the Duschinsky
otation matrix:

(I) Δ is obtained from geometry optimization of the ground-
and excited states. First, the excited-state normal mode dis-
placementΔQ is calculated by projecting the differences in
the mass-weighted Cartesian coordinates onto the excited-
state normal coordinates:

ΔQ,j =
∑
i

LijD
(m)
i (108)

or, in matrix form,

ΔQ = LTD(m) (109)

where L is the transformation matrix between mass-
weighted Cartesian and normal coordinates; D(m) contains
the mass-weighted differences in the Cartesian coordi-
nates. Then the dimensionless displacements can be found
according to the following formula:

Δi =
(ωei
h̄

)1/2
ΔQ,i (110)

The Duschinsky rotation matrix S and harmonic fre-
quencies of the ground- and excited states are evaluated in
energy second derivative calculations. Such an approach
is applicable for example for the CIS, RPA, CASSCF, and
TD-DFT methods, for which analytical gradients are avail-
able [312,313]. An excellent example of how vibronic fine
structure may be simulated with TD-DFT based methods

is the paper by Neugebauer et al. [314] on the vibronic
fine structure of the permanganate ion. Despite of the
small size of the molecule (5 atoms) the authors reported
a set of vibronic basis states of size 35,389,440. While

i
a
s
s

ry Reviews 251 (2007) 288–327

such a large calculation is feasible with today’s computer
facilities, a full solution of the vibronic problem in the
way indicated by this study will remained confined to
the domain of small molecules. Excited-state geometry
optimizations with subsequent (numerical) force-field cal-
culations on small molecules have been reported in several
papers [255,266,267,271,285,315–319].

(II) For the harmonic potentials the same task can be accom-
plished by simply calculating the excited-state energy
gradient and second derivatives at the ground-state equi-
librium geometry. Under the harmonic approximation a
single Newton–Raphson step then immediately leads to the
excited state minimum. This procedure has obvious advan-
tages over the first method, since excited state geometry
optimizations are far from trivial. In particular, geometry
changes may induce changes in the ordering of the excited
states or changes in the ordering of the orbitals involved
in the transitions. It is even possible that no suitable min-
imum can be found for a particular excited-state. In all
these cases, calculations using method I will fail or at least
become very cumbersome.

III) The parameters of excited PES’s are evaluated through
energy scan calculations. At present this is the only choice
for the methods like MRCI calculations, and MRPT, for
which analytical energy gradients are presently not avail-
able in the ORCA program.

There is some evidence that the neglect of Duschinsky rota-
ions in quantum chemical calculations and analysis of exper-
mental data may be justified. First of all, the reliability of
xcited-state force fields has not been systematically assessed
hich is primarily due to the lack of experimental data on the

xcited-state frequencies. Thus, a large calculated normal mode
otation upon excitation may be caused by an unbalanced the-
retical treatment of the ground- and excited-states. A good
xample illustrating this point is given in ref. [271]. At the CIS/6-
1G level of theory, the force fields of the 1Ag and 1B2u states
f the benzene molecule indicated that the b2u mode submatrix
howed a large degree of mixing if unscaled force fields were
mployed. This mixing was subsequently substantially reduced
y a scaling procedure which was used to fit the experimental
round- and excited-state frequencies. Though the Duschinsky
ffect results in the modification of vibronic and rR intensities,
t is difficult to distinguish it experimentally from the transition

oment coordinate dependence, finite temperature, and anhar-
onic effects. The introduction of the Duschinky matrix as an

dditional set of parameters may lead to overparametrization of
he experimental data, thus giving rise to spurious minima in the
tting procedure, though the overall quality of the fit may be
onsiderably improved. In addition, in many cases, the accuracy
f experimental rR data may not be high enough to allow the
nambiguous identification of Duschinky rotations. Unlike the
ase of absorption spectroscopy the rR intensity calibration may

ntroduce noticeable errors arising from self-absorption effects
s well as the wavelength dependence of the detection system
ensitivity, which are almost always ignored in experimental
tudies.
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If the ground and excited-state surfaces normal modes are
arallel, a simple relationship between the excited state energy
radients and the dimensionless displacements can be deduced
or method (II). Since the expression for the excited-state poten-
ial energy in terms of the mass-weighted normal coordinates is
f the form

= E0 + 1

2

∑
k

ω2
ek(Q−ΔQ,k)

2
(111)

t follows that

Q,k = −ω2
ekΔQ,k (112)

hereVQ,k = ∂E/∂Qk|Q=0 is the excited-state potential energy
radient along the kth normal mode at the ground-state equilib-
ium geometry. It can be evaluated from the Cartesian energy
radient according to the formula

Q,k =
∑
i

1√
mi
VX,iLik (113)

r, in matrix notation,

Q = LTM−1/2VX (114)

here VX is the vector of Cartesian excited-state energy gradient;
is diagonal mass matrix.
If no frequency changes are assumed in the excited-state

ωek =ωgk) then the displacements can be simply evaluated
n the basis of energy-gradient calculations according to Eqs.
112)–(114). Otherwise, one should calculate {ωek} from the
artesian excited-state energy second-derivative matrix:

Q,kk =
∑
i,j

1√
mimj

WX,ijLikLjk (115)

r, in matrix notation,

Q = LTM−1/2WXM−1/2L (116)

here WQ is the normal coordinate excited-state energy second-
erivative matrix with the diagonal elements WQ,kk = ω2

ek; WX

s the Cartesian excited-state energy second-derivative matrix.
The excited-state normal mode displacements and frequen-

ies can be calculated through the fit of the excited-state potential
nergy of the form given in Eq. (111) to the energies which are
valuated for a set of molecules geometries that are displaced
long the corresponding normal modes. There are two possi-
ilities to perform such energy scan steps. In the first method,
nly the length of the displacement in the Cartesian coordinates
long the kth normal mode (dX,k) is initially specified. Then the
orresponding vector of Cartesian displacements is calculated
y the formula

RX,ik = dX,k

||T k||Tik (117)
r, in vector form,

RX,k = dX,k

‖T k‖T k (118)

a

D
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here �RX,k is the vector of Cartesian displacement along the
th normal mode; Tk is the kth mass-weighted normal mode unit
ector expressed in Cartesian coordinates; ||Tk|| is its norm; Tk
as the components Tik = (1/

√
mi)Lik. The length of the dis-

lacement along a mass weighted normal mode dQ,k which cor-
esponds to a Cartesian displacement dX,k is calculated according
o the formula

Q,k = dX,k

||T k|| (119)

Alternatively, one can choose the step size according to an
stimate of the expected change in the electronic energy �Eexp
ue to the displacement. It is reasonable to choose a�Eexp which
s above the characteristic noise level of the given method of
alculation. Then:

Q,k =
√

2ΔEexp

ωgk
(120)

he corresponding displacement vector in Cartesian coordinates
s given by expression

RX,k = dQ,kT k (121)

If all calculations ofΔQ,k in Eqs. (33)–(45) proceed in atomic
nits then the corresponding dimensionless displacements can
e obtained from the simple formula

k =
(
ω2
k

me

)0.25

ΔQk (122)

here all quantities are expressed in atomic units; me is the
lectron mass (me = 0.000548579903 Da).

Owing to anharmonic effects, gradient and normal mode scan
alculations will lead to values of {Δk} which generally differ
rom the ‘true’ values obtained by full geometry optimization.
his means that the {Δk} do not precisely correspond to the
hift of excited equilibrium geometry, but rather serve as some
ffective values to specify the local harmonic parameters of the
xcited PES’s in the FC region. However, the local behaviour
f the PESs determines the initial dynamics of propagating
avepackets which is of dominant importance for the absorption
andshape and rR intensities. Thus, quantum chemical meth-
ds like gradient and normal mode scan calculations, which are
iased towards achieving accuracy in the FC region and not in
he region of the potential minimum of the excited state, seem
o be preferable over geometry optimization techniques for the
alculations of the absorption bandshape and rR intensities.

Provided excited-state displacements � were determined in
he fitting of rR intensities together with the absorption band-
hape, and normal mode compositions (i.e. the transformation
atrix L) as well as the signs of the displacements were cal-

ulated quantum chemically, then the difference in Cartesian
oordinates between excited- and ground states D can be evalu-

ted in the following way:

i =
∑
k

(
h̄

ωei

)1/2
LikΔk√
mi

(123)
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Fig. 3. Deconvoluted absorption spectrum of [NiII(L)(L•)]1− in the range
9000–17,000 cm−1 (left); experimental and simulated rR spectra (right) cor-
responding to dimensionless normal coordinate displacements obtained from
the fit, MR-DDCI2 and spin-unrestricted BP86 DFT calculations (Table 12).
The two dotted lines represent the individual band shapes of the two different
electronic transitions contributing to the observed absorption band. The solid
line is their superposition and almost coincides with the experimental spectrum
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r, in the matrix form,

= h̄1/2Ω−1/2
e M−1/2LΔ (124)

here Ωe is the diagonal matrix of excited-state frequencies.
While the present work was near completion a method

hich also directly models absorption spectra and rR intensi-
ies from quantum chemical calculations was presented [320].
his approach relies on Placzek-type polarizability theory valid

or normal Raman and rR scattering [321–325]. RR excitation
rofiles were calculated from the derivatives of the frequency-
ependent polarizabilities with respect to normal coordinates.
he method is a short-time approximation to the KHD for-
alism. The calculation of the polarizability derivatives is an

xtension of a recent method to calculate the resonance and non-
esonance polarizabilities by including the finite lifetime of the
lectronic excited-states into linear-response theory within TD-
FT [326]. The method successfully reproduced the rR spectra
f uracil and pyrene [320].

.4. An example: UV–vis, resonance Raman and quantum
hemical study of transition metal bis-dithiolenes

The methodological approach presented above has been
xtensively tested in a combined UV–vis, rR, and quantum
hemical study of a series of transition metal complexes
nvolving the benzene-1,2-dithiol (L2−) and Sellmann’s 3,5-di-
ert-butyl-benzene-1,2-dithiol(LBu2−) ligands [13]. Below we
riefly explain the results obtained for the [NiII(L)(L•)]1− sys-
em. This is a square planar complex with approximate D2h
ymmetry. The electronic ground state is characterized by the
lectron configuration (1au)2(1b1u)2(2b3g)2 (2b2g)1(1b1g)0. The
ingly occupied the 2b2g orbital is predominantly ligand based
nd consequently the system is best described as a delocal-
zed ligand radical bound to a diamagnetic low-spin Ni(II) d8

entral metal [327]. As discussed in detail in ref. [327], this
ompound features an intense absorption band in the near IR
egion shown in Fig. 3. It can be decomposed into two bands
hich are assigned to the 1b1u → 2b2g and 1au → 2b2g sin-
le electron excitations which are both best viewed as inter-
alence charge transfer (IVCT) transitions [327]. Detailed rR
tudies provided valuable insight into the nature of these tran-
itions and have helped to identify important marker vibra-
ions for the detection of ligand based radicals in similar
omplexes.

The ∼77 K frozen-solution rR spectrum shown in Fig. 3 was
btained with laser excitation at 840 nm which falls into the
egion of the IVCT band. A rich set of vibrational peaks were
bserved between 150 and 1800 cm−1 which were assigned
o vibrational fundamentals, overtones and combination bands.
he detailed assignments followed from the comparison of
alculated (BP86/TZVP) and observed vibrational fundamen-
al frequencies which are presented in Table 12 (see ref. [13]

or details). Since the FC mechanism is expected to dominate
he rR enhancement, the most intense peaks were assigned to
otally symmetric fundamentals. In the assignment of over-
one and combination bands we have used the fact that under

t
e
p
s

xcept for the hump ∼15,000 cm−1 where another transition contributes to the
pectrum which was not unambiguously identified or modeled.

he approximation of separable harmonic surfaces their intensi-
ies necessarily correlate with those of the fundamental bands
[9,306]; compare Eq. (97)). The observation of overtone and
ombination bands implies noticeable values of the associated
xcited state distortions. These values were evaluated through
nonlinear least-square fitting procedure based on the Heller

nalysis described above.
The two dominantly enhanced normal modes which are

n resonance with the IVCT transition are the intense rR
ands at ∼360 and ∼1100 cm−1. They were assigned to Ni–S
ν2) and C–C (ν6) stretching vibrations, respectively. The
act that in addition to low-frequency Ni–S stretching modes
here is significant enhancement of C–C stretching vibrations
1000–1600 cm−1) already indicates significant ligand involve-
ent in the electronic excitation.
In order to obtain more insight into these enhancement pat-

erns, electronic structure calculations were used in order to

stimate excited state dimensionless normal coordinate dis-
lacements (ΔIi where i labels normal modes and I electronic
tates). Having obtained reasonable estimates of the nonzeroΔIi ,



F. Neese et al. / Coordination Chemistry Reviews 251 (2007) 288–327 321

Table 12
Calculated (BP86/TZVP) and experimental frequencies of the most important totally symmetric vibrations that appear in the rR spectra of [Ni(L)2]1− compound,
and corresponding dimensionless normal coordinate displacements for 1b1u → 2b2g and 1au → 2b2g electronic transitions obtained from the fit, MR-DDCI2 and
spin-unrestricted BP86 DFT methods

Vibration Frequency Δ

Calc. Exp. RR 1b1u → 2b2g 1au → 2b2g

TD-DFT MR-DDCI2 Fit TD-DFT MR-DDCI2 Fit

Metal-ligand stretching (ν1) 158.4 176 1.74 1.92 1.90 0.83 0.46 0.65
M S stretching, C—deformation (ν2) 343.7 364 1.03 1.47 1.36 0.50 0.72 0.99
Ring deformation, C S stretching (ν3) 477.2 492 0.51 0.73 0.52 0.36 0.45 0.67
Ring deformation, C S stretching (ν4) 663.4 662 0.03 0.19 0.09 0.12 0.04 0.22
C C stretching, C S stretching (ν5) 1016.3 1028 0.08 0.16 0.16 0.0 0.05 0.07
C C stretching, C S stretching (ν6) 1079.2 1093 0.18 0.57 0.44 0.26 0.37 0.46
C C stretching (ν7) 1324 1296 0.07 0.12 0.02 0.35 0.39 0.31
C 8
C 9
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C stretching (ν8) 1421.1 1433 0.0
C stretching (ν9) 1522.3 1535 0.0

heoretical rR spectra can be deduced by combining these dis-
lacements with transition energies, transition moments as well
s the phenomenological linewidth parameter Γ obtained from
tting the absorption bandshape. Since the theoretical displace-
ents turned out to be reasonably accurate they needed little

efinement in the subsequent fitting of the rR intensities. Note
hat it is sufficient to fit a single rR spectrum together with the
bsorption bandshape in order to obtain the displacements of
ll modes which are in resonance with the electronic transition
tudied [247]. In addition to detailed calculations, we will outline
elow a simple qualitative method that in many cases can explain
he observed enhancement patterns without the need to perform
laborate quantum chemical calculations. All that is needed are
he shapes of the normal modes involved and an electronic dif-
erence density from some kind of excited state calculation that
e take to be TD-DFT together with the BP86 functional in the
resent case.

Unfortunately, the analysis of the experimental data is com-
licated by the fact that the laser excitation (840 nm) is such
hat the observed rR spectra (Fig. 3) falls in resonance with both
f the electronic transitions described above which must conse-
uently be accounted for in the fitting procedure. The calculated
nd fitted dimensionless normal coordinate displacements are
ompared in Table 12. The agreement between theory and exper-
ment is striking despite the considerable number of simplifying
ssumptions made. In particular, the multireference ab initio
ased MR-DDCI2 results are more accurate than the more eas-
ly obtained TD-DFT values which are, however, also fairly
easonable. Interestingly, in spite of the large values found for

1, mode ν1 has a rather small rR intensity. This is explained
y the significant frequency dependence of the rR intensities
nd more narrow excitation profiles for low-frequency modes
s compared to high-frequency ones. The fit of the absorption
pectrum between 9000 and 17,000 cm−1 clearly indicates that
he peculiar bandshape of the intense near-IR IVCT transition

esults from the superposition of two electronic band systems.
ogether with the significant vibronic broadening the effective
andwidth is almost 2.5 times higher than the homogeneous
inewidth.

e
1
d
m

0.31 0.20 0.31 0.35 0.32
0.20 0.19 0.22 0.17 0.19

In our opinion, these results are very encouraging and it is
o be expected that techniques like the one used in this study
ill see much more widespread in the near future. Below, the

omputational results are qualitatively interpreted.

.4.1. Enhancement mechanism for 1b1u → 2b2g

ransitions
For this type of transition the donor 1b1u MO is the bonding

ombination of the HOMO (2b2) of two L2− ligands [327], while
he acceptor 2b2g level is the antibonding combination. The b2g
igand fragment MO can undergo a symmetry allowed back-
onding interaction with the Ni–dxz orbital which was analyzed
n detail previously [327]. Accordingly, the difference density
lot for an 1b1u → 2b2g transition (Fig. 4) indicates a loss of
onding for the M S, C3 C4, C1 C2, C1 C6 and C5 C6 bonds,
hus leading to their lengthening in the electronically excited
tate. At the same time the C S bonds are expected to contract.
onsequently, in addition to the expected Ni S bond elongation

he geometry changes associated with the 1b1u → 2b2g excita-
ion have a significant component that corresponds to quinoidal
istortion (elongation of C1 C2, C1 C6 and C5 C6 bonds) of
he aromatic ring. The totally symmetric normal modes with
he largest projections onto this elongation and contraction pat-
ern are expected to show the dominant enhancement in the
R spectra. These criteria are met by the ν1 (∼170 cm−1), ν2
∼350 cm−1) and ν6 (∼1100 cm−1) modes (Fig. 4). The latter
ode features in-phase stretching of C1 C2, C1 C6 and C5 C6

onds and thus has the largest projection onto the quinoidal
omponent of the excited state distortion among the other C C
tretching vibrations.

.4.2. Enhancement mechanism for 1au → 2b2g transitions
For the 1au → 2b2g IVCT transition the main difference is

hat the donor 1au MO is a non-bonding combination of the
a2 MO of two L2− fragment orbitals [327]. This implies less

longation of the M S bonds upon excitation as compared to the
b1u → 2b2g case. This explains why the calculated excited state
isplacements Δ1 and Δ2 associated with the NiS stretching
odes have smaller values (Table 12). The difference density
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Fig. 4. Normal modes with the largest excited state displacements for the IVCT 1b1u → 2b2g transition of [NiII(L)(L•)]1− and their relation to the nature of excitation.
Donor and acceptor MOs were obtained from spin-unrestricted BP86 DFT calculations. The corresponding electronic difference density is plotted for the isodensity
value of 0.0008 a.u. (red and blue colors indicate a decrease and increase of the electronic density in the excited state, respectively). Bond length changes upon
excitation are represented by outward arrows (bond elongation) and inward arrows (bond contraction). In the normal mode representation the length of arrows and
arch-lines roughly designate the relative amplitude of bond stretching and bending, respectively. Internal coordinates vibrating in antiphase are denoted by inward
and outward arrows.

Fig. 5. Normal modes with the largest excited state displacements for the IVCT 1au → 2b2g transition of [NiII(L)(L•)]1− and their relation to the nature of excitation.
Donor and acceptor MOs obtained from spin-unrestricted BP86 DFT calculations. The corresponding electronic difference density is plotted for the isodensity value
of 0.0008 a.u. (red and blue colors indicate a decrease and increase of the electronic density in the excited state, respectively). Bond length changes upon excitation
are schematically represented by outward arrows (bond elongation) and inward arrows (bond contraction). In the normal mode representation the length of arrows
and arch-lines roughly designate the relative amplitude of bond stretching and bending, respectively. Internal coordinates vibrating in antiphase are denoted by inward
and outward arrows.
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lot for the 1au → 2b2g transition (Fig. 5) indicates the loss of
onding for the C2 C3 and C4 C5 bonds and gain of bonding
or the C1 C6 bond. This leads to the lengthening of the former
nd contraction of the latter bonds in the excited state. Similar to
he case of a 1b1u → 2b2g transition such a distortion pattern has
significant component along the ν6 mode. In addition, there

re significant projections of the excited state distortion onto the
7 and ν8 modes which both feature in-phase stretching of the
2 C3 and C4 C5 bonds. The net effect is that according to

he calculations and the fit to the experimental data, the excited
tate displacements along ν6, ν7 and ν8 are almost equal upon
au → 2b2g excitation (Table 11).

. Concluding remarks

In this review, we have described in some detail ab initio
pproaches to several aspects of transition metal optical spec-
roscopy with emphasis on the methods used and developed
n our laboratory. It was shown that the SORCI method on
op of state-averaged CASSCF calculations represents an accu-
ate method for the prediction of transition metal multiplets,
ven in conjunction with moderate basis sets. The method at its
resent stage of development can be applied to somewhat larger
olecules with 30–50 atoms and ∼500–700 basis functions.
he popular TD-DFT method is distinctly less successful in the
rediction of transition metal multiplets due to the various fail-
res of its present realizations and the restrictions imposed by a
ingle reference determinant in the Kohn–Sham framework. In
ur opinion, multiconfigurational ab initio methods which take
are of static and at least differential dynamic correlation pro-
ide a natural framework for the calculation of such effects. The
ORCI method is just one of the possible realizations of such
method. While it has been reasonably successful in the recent
ast, it definitely requires further implementational and concep-
ual improvements. Many of the remaining problems could be
legantly solved by reformulating the method in an internally
ontracted framework and replacing the a posteriori Davidson
orrection for size consistency with a more rigorous treatment of
nlinked cluster effects, possibly along the lines of Staemmler’s
CCEPA method [131]. Work in this direction is in progress in

ur laboratory.
In the second part of the review, the calculation of one- and

wo-electron SOC effects from first principles has been dis-
ussed. The recent implementation of the full spin-orbit mean-
eld (SOMF) operator provides a very accurate and efficient
ffective one-electron SOC treatment which closely reproduces
he SOC constants of free atoms and ions, and by inference and
xperience, also gives a very good approximation to the full
reit-Pauli SOC operator in molecules. The SOMF approach is
istinctly more accurate than popular effective potential SOC
perator used in many DFT programs which may introduce
rrors of up to ∼30% in calculated observables. We have
escribed the incorporation of the SOMF operator into the

ulticonfigurational CASSCF and MRCI/SORCI modules of

he ORCA program in some detail and it was shown that this
ombination of techniques yields accurate results. This imple-
entation forms the basis for the calculation of various SOC

H
t
s

ry Reviews 251 (2007) 288–327 323

ependent optical and magnetic properties of transition metal
ons in complexes which are currently being explored. An obvi-
us improvement is the formulation of the SOMF operator in the
ramework of the ZORA and DKH methods which will allow the
uccessful application of the methodology to all-electron calcu-
ations on heavy elements, where kinematic relativistic effects
ecome important.

In the third part of this review recent attempts were described
o predict absorption bandshapes and resonance Raman inten-
ities from first principles calculations. In particular, we have
ocused our attention on the exploration of local harmonic
arameters of excited state potential energy surfaces at the
round state equilibrium geometry in combination with Heller’s
ime dependent theory of absorption and resonance Raman
heory. The latter provides a conceptually and computation-
lly attractive framework. It fully avoids the laborious cal-
ulation of multidimensional Franck–Condon factors which
uickly becomes a bottleneck in bandshape calculations on
arger molecules. The combination with analytic or numeric
artial gradient techniques, which only sample the shape the
f the excited state PES in the Franck–Condon region, is par-
icularly attractive due to two reasons: first, such techniques
ave been developed to high efficiency by the quantum chem-
cal community over the past several decades and, in particu-
ar, are readily implemented for TD-DFT methods which are
ften accurate enough for at least a qualitative discussion of
xperimental results. However, we have shown above that even
trongly simplified multireference ab initio methods can yield
etter agreement with experiment, at least for the cases studied
o far. Secondly, the restriction to the Franck–Condon region
s a big advantage over methods which require a more global
ampling of excited states PESs since the latter is difficult to
chieve in a stable and efficient way. The occurrence of curve
rossings, conical intersections and avoided crossings makes
eometry optimization on excited surfaces very challenging and
nlikely to succeed for higher lying excited states of a given
ymmetry. Yet, the restriction to the Franck–Condon region is a
ensible approximation for larger molecules since due to multi-
ode interference effects, their absorption and resonance Raman

pectra are usually dominated by short-time dynamics effects.
In conclusion, we believe that some progress in the treat-

ent of transition metal optical spectra has been documented in
his review. In our opinion, the prospects of theoretical transi-
ion metal optical spectroscopy are bright and we look forward
o apply the methods described herein and their refinements in
lose conjunction with experimental investigations in the near
uture. This progress will be necessary in order to make contri-
utions not only to inorganic spectroscopy itself but also to fields
ike inorganic photochemistry, which is of increasing importance
n both, the industrial and the academic framework.
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