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a b s t r a c t

Electronic delocalization is invoked in many textbooks as the driving force of several fundamental phe-
nomena such as conjugation, hyperconjugation, and aromaticity. These phenomena are important to
explain structure, stability, and reactivity not only of classical organic compounds but also of many inor-
ganic, organometallic, and all-metal cluster species. There are a number of available theoretical methods to
quantify the electron localization/delocalization in molecules. In this review, we concentrate our efforts in
the description of those studies that analyze electron delocalization in transition metal complexes employ-
ing the two most widespread techniques to measure delocalization: the electron localization function
and the electron sharing indices obtained in the framework of the quantum theory of atoms in molecules.
While the former enables the localization of regions in the molecular space where electrons concentrate
leading to chemically significant regions such as bonds or lone pairs, the latter provides an atomic sub-
division of the molecular space where each atom localizes a certain number of electrons. The joint effort
of these techniques has already been proven as one of the most powerful methods to understand the
chemical bonding. We show that theoretical studies of electron delocalization improve significantly our
understanding of the bonding mechanism, structural properties, and reactivity of transition metal species.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Importance of TM complexes

Living organisms transport and store transition metals (TMs).
Although TM are present in small concentration ranges in bio-
logical systems, their importance is capital as they are bound to
proteins or found in cofactors such as porphyrins or cobalamins.
Iron, well-known for reversible binding of dioxygen (hemoglobin or
hemerythrin), copper which participates in activation of dioxygen,
cobalt found in vitamin B12 or molybdenum proteins catalyzing the
reduction of nitrogen and nitrate are just a few examples which
illustrate the importance of TM complexes in biological systems
[1]. TMs are also important in a wide range of fields such as cataly-
sis, material synthesis, photochemistry, bioinorganic chemistry and
even cancer treatment, as is the case for cis-platinum which was
shown, in 1965, to prevent cell division [2,3]. The synthesis of new
TM complexes is timely and some complexes find striking applica-
tions, especially in the field of catalysis. In addition, TM complexes
are appealing to the chemists due to the variety of colors exhibited
in comparison with complexes formed by the main metals, which
are usually white [4].

Due to the size and the number of electrons involved in TM
complexes, reliable purely ab initio methods are prohibitive and the
density functional theory (DFT) methods has had a prominent posi-
tion in the understanding of TM chemistry [5]. Therefore, the role
of the quantum chemistry in the field of TM chemistry has come
along with the development of new functionals in the framework
of DFT.

1.2. Chemical bonding in TM

TM complexes are species consisting of a TM covalently bonded
(coordinated) to one or more molecules or ions (ligands). The for-
mation of the complex can be understood as a Lewis acid, the TM
cation, reacting with a Lewis base, the ligand.

The most successful simple model to explain the chemical bond-
ing is perhaps the electron pairing model developed by Lewis, who
in addition to his cubic atom theory, gave rise to the well-known
octet rule [6]. The octet rule is a rule of thumb which states that
atoms tend to combine in such a way that they occupy their valence
shells with eight electrons. In TM chemistry there is an analogy to
the octet rule, the 18-electron rule, which is used for characterizing
and predicting the stability of metal complexes. The origin of this
rule comes from the fact that valence shells of a TM can accommo-

date 18 electrons: 2 in each of the five d orbitals, 2 in each of the
three p orbitals and 2 in the s orbital.

In as much as several quantum mechanical concepts such as the
electron sharing indices (ESI) [7] or bond orders [8–10] have over-
come the octet rule to analyze chemical bonding, several theories
have also been defined to improve the picture of the chemical bond-
ing in TM chemistry provided by the Lewis model. The ligand field
theory (LFT) is one of the most widely used models, still present in
most textbooks that analyze TM chemistry. LFT represents an appli-
cation of molecular orbital theory (MOT) to TM complexes, and is
an improvement over the well-known crystal field theory (CFT),
which uses an electrostatic model to explain all metal ion–ligand
interactions and was first proposed by Hans Bethe in 1929 [11].

Several quantum chemical tools have been designed to ana-
lyze chemical bonding, including the natural bond orbital (NBO)
methods [12], the charge decomposition (CDA) [13] or the energy-
decomposition analyses (EDA) [14]. For a recent review on the
nature of bonding covering some of these aspects in TM compounds
see Ref. [15]. The aim of this review is to pursue the study in TM
bonding by focusing on the electron delocalization in TM species.
Namely, we will analyze the role of two quantum chemical tools,
the quantum theory of atoms in molecules (QTAIM) and the elec-
tron localization function (ELF), to have a good grasp of the electron
delocalization in TM chemistry. We will show through a series of
examples how these two approaches can be successfully used to
analyze the most fascinating bonding situations encountered in TM
chemistry.

1.3. QTAIM and ELF, competing or complementing each other?

Since the appearance of the ELF in the literature in 1990, several
researchers [16–19] have deeply analyzed the differences between
QTAIM and ELF approaches. So far, the QTAIM has been the pre-
ferred quantum mechanical tool to analyze chemical bonding and
chemical interactions.

QTAIM, based on the topology of the electron density, enables
the partition of the molecular space into atomic regions, giving rise
to atomic properties including the atomic population and its statis-
tical interpretation accompanying, as well as a bunch of chemical
tools which were used to analyze the chemical bonds: the bond
critical point (BCP) and the ring critical point (RCP), the value of the
density, the energy density and the Laplacian of the electron den-
sity calculated in these points are just a few examples. QTAIM was
not exempt of controversy, and some of the issues of the theory,
such as the tenet [20] that a BCP and a bond path connecting two
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