
Abstract. Localization, kðAÞ, and delocalization indices,
dðA;BÞ, as defined in the atoms in molecules theory, are
a convenient tool for the analysis of molecular electronic
structure from an electron-pair perspective. These indi-
ces can be calculated at any level of theory, provided
that first- and second-order electron densities are avail-
able. In particular, calculations at the Hartree–Fock
(HF) and configuration interaction (CI) levels have been
previously reported for many molecules. However, kðAÞ
and dðA;BÞ cannot be calculated exactly in the frame-
work of Kohn–Sham (KS) density functional theory
(DFT), where the electron-pair density is not defined. As
a practical workaround, one can derive a HF-like elec-
tron-pair density from the KS orbitals and calculate
approximate localization and delocalization indices at
the DFT level. Recently, several calculations using this
approach have been reported. Here we present HF, CI
and approximate DFT calculations of kðAÞ and dðA;BÞ
values for a number of molecules. Furthermore, we also
perform approximate CI calculations using the HF for-
malism to obtain the electron-pair density. In general,
the approximate DFT and CI results are closer to the
HF results than to the CI ones. Indeed, the approximate
calculations take into account Coulomb electron corre-
lation effects on the first-order electron density but not
on the electron-pair density. In summary, approximate
DFT and CI localization and delocalization indices are
easy to calculate and can be useful in the analysis of
molecular electronic structure; however, one should take
into account that this approximation increases system-
atically the delocalization between covalently bonded
atoms, with respect to the exact CI results.
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1 Introduction

The quantum theory of atoms in molecules (AIM) has
gained popularity in the last decade as a rigorous
method for molecular structure analysis [1]. The AIM
theory provides a solid framework for partitioning a
molecule into its constituent atoms. Accordingly, every
molecular property can be partitioned into atomic
contributions. The basis for the definition of atoms in
a molecule is the one-electron density or charge density,
qðrÞ, which is a quantum observable and amenable to
experimental determination by means of X-ray crystal-
lography. Thus, in principle, the AIM theory can be
applied to the analysis of electron densities obtained
from experiment or calculated at any level of theory. In
practice, it has been mostly used for the analysis of
charge densities calculated by using ab initio quantum
mechanical methods; however, in recent years, there has
been increasing interest in the analysis of experimental
charge densities [2].

Following the AIM theory, an atomic basin is defined
as a region in real space bound by zero-flux surfaces in
qðrÞ or by infinity [1]. Usually, each basin contains an
atomic nucleus, which acts as a topological attractor for
the basin; thus, each basin can be assigned to one of the
atoms in a molecule. This partitioning scheme ensures
that each of the atomic subsystems behaves as a proper
open system [1]. Moreover, the atomic contributions to
any molecular property can be calculated by integrating
through the atomic basins. For instance, the electron
population of an atom A is defined as follows,

NðAÞ ¼
Z

A

qðrÞdr ; ð1Þ

where the subscript A indicates that the integration has
to be carried out only through the space corresponding
to the atomic basin of the atom A. The summation of all
the atomic electron populations in a molecule yields the
number of electrons, N.

Even though the AIM theory is based on the topo-
graphical analysis of the one-electron density, the
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second-order of electron-pair density, Cðr1; r2Þ, contains
relevant information on the distribution of the electrons
between the atoms in a molecule [3, 4, 5]. Knowledge of
the electron-pair density allows the electron localization
and delocalization indices to be defined [6],

kðAÞ ¼ �2D2ðA;AÞ þ NðAÞNðAÞ ; ð2Þ

dðA;BÞ ¼ �4D2ðA;BÞ þ 2NðAÞNðBÞ ; ð3Þ

where D2ðA;AÞ ¼
R
A Cðr1; r2Þdr1dr2 and D2ðA;BÞ ¼R

A;B Cðr1; r2Þdr1dr2þ
R
B;A Cðr1; r2Þdr1dr2.

D2ðA;AÞ corresponds to the probability of having two
electrons in the basin of atom A, while D2ðA;BÞ is the
probability of having an electron in the basin of atom A
at the same time that there is another electron in the
basin of atom B. Actually, the calculation of localization
and delocalization indices as defined in Eqs. (2) and (3)
corresponds to a partition of the exchange–correlation
density,

CXCðr1; r2Þ ¼ 2Cðr1; r2Þ � qðr1Þqðr2Þ ; ð4Þ

between atoms and pairs of atoms. At the Hartree–Fock
(HF) level, CXCðr1; r2Þ accounts for the exchange or
Fermi correlation between electrons [7]. At higher levels
of theory, CXCðr1; r2Þ also includes Coulomb correlation
effects. Thus, kðAÞ is related to the amount of correlation
between electrons in atom A, while dðA;BÞ relates to the
correlation between electrons in atoms A and B. Since
CXCðr1; r2Þ must integrate to the negative of the number
of electrons in the system, �N , the summation of all the
localization and delocalization indices in a molecule
must be equal to N.

D2ðA;AÞ;D2ðA;BÞ; kðAÞ, and dðA;BÞ values for a small
set of diatomic molecules at the HF level of theory are
reported in Table 1. For homonuclear molecules, the
two atoms are denoted A and A0, i.e., the delocalization
index is dðA;A0Þ. It is interesting to compare these values
with those corresponding to the noninteracting atoms.
Consider, for instance, two H atoms at infinite separa-
tion. D2(H, H) is zero for each of the H atoms because
there is only one electron and no electron pairs in each
basin, while D2(H, H0) is 1, which corresponds to an
interatomic electron pair with infinite interelectronic
distance (one electron in each basin). Then, following
Eqs. (2) and (3), kðHÞ ¼ 1, and dðH;H0Þ ¼ 0, i.e. there is

one electron localized in each H atom and no electron
delocalization between the two atoms. The situation is
different for the H2 molecule. At the HF level, the two
electrons are in a r orbital that is delocalized between
the two atoms, and each electron has a 50% probability
of being in each atom. Since there is no correlation be-
tween two electrons of unlike spin at the HF level, the
probability that both electrons are in one of the two
basins is D2ðH;HÞ ¼ 0:5 � 0:5 ¼ 0:25. Accordingly, the
probability of one electron being in H and the other in
H0 is D2ðH;H0Þ ¼ 2 � 0:5 � 0:5 ¼ 0:5, where the factor 2
accounts for the two possible ways of putting two elec-
trons in two atoms: Hð1ÞH0ð2Þ and Hð2ÞH0ð1Þ. Using
these values, one obtains kðHÞ ¼ 0:5 and dðH;H0Þ ¼ 1
(Table 1). The formation of the N2 molecule also leads
to a decrease in the number of interatomic electron pairs,
47.48, with respect to the 49 pairs that can be formed
between the isolated atoms. At the HF level, kðNÞ and
dðN ;N 0Þ are 5.48 and 3.04.

The CO molecule has 42.68 interatomic electron
pairs. This value can be compared to the number of
electron pairs that are formed between two isolated C
and O atoms (48) and between two C+ and O) ions (45).
dðC;OÞ is 1.57, significantly lower than dðN ;N 0Þ in N2,
because the polarity of the bond leads to an inequal
sharing of the three electron pairs between the C and O
atoms. Finally, for the LiF molecule, D2ðLi;FÞ is 20.39,
very close to the value of 20 for the isolated Li+ and F)

ions. In comparison, two isolated neutral Li and F at-
oms form 27 interatomic electron pairs. dðLi;FÞ is rather
low (about 0.2), in agreement with the ionic character of
the bond.

According to the results just discussed here and in
previous articles [6, 8, 9], the localization index, kðAÞ,
gives the number of electrons that are localized in atom
A. For any atom, the localization index is always smaller
than or equal to the atomic population. Actually, the
ratio 100 [kðAÞ=NðAÞ] is the percentage of electron lo-
calization in atom A. It can reach 100% only for isolated
atoms. In practice, values close to 100% are obtained for
atoms which have only closed-shell interactions with
their neighbors. The delocalization index, dðA;BÞ, cor-
responds to the number of electrons delocalized or
shared between the atoms A and B. High values of
dðA;BÞ are usually obtained for pairs of bonded atoms
with open-shell interactions. The actual values of dðA;BÞ
depend on the order and polarity of the bond between
the two atoms. For polyatomic molecules, it is worth
remarking that delocalization indices between nonb-
onded atoms, although generally small, can be of
chemical significance in some cases [6, 8, 9].

Equations (2), (3) and (4) are completely general and
can be used at any level of theory, provided that the first
and second-order density functions are known. In par-
ticular, most of the current theoretical ab initio methods
express the molecular wavefunction in terms of molec-
ular orbitals (MOs). Then kðAÞ and dðA;BÞ can be
expressed as

kðAÞ ¼ �2
X
i;j;k;l

DijklSijðAÞSklðAÞ þ NðAÞ2 ; ð5Þ

Table 1. Atomic populations, N, integrated values of the electron
pair-density, D2, localization k, and delocalization, d , indices for
the H2, N2, LiF, and CO molecules at the Hartree–Fock (HF) level.
Results from Ref. [6]
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dðA;BÞ ¼ �4
X
i;j;k;l

DijklSijðAÞSklðBÞ þ 2NðAÞNðBÞ ; ð6Þ

respectively, where fDijklg are density matrix elements
for the second-order density matrix in a MO base, and
fSijðAÞg are overlaps between MOs, integrated within
the basin of atom A. The four-index summations in Eqs.
(5) and (6) run over all the occupied MOs in the
molecule. These equations can also be expressed in terms
of basis functions,

kðAÞ ¼ �2
X

l;m;k;r

DlmkrSlmðAÞSkrðAÞ þ NðAÞ2 ; ð7Þ

dðA;BÞ ¼ �4
X

l;m;k;r

DlmkrSlmðAÞSkrðBÞ þ 2NðAÞNðBÞ ;

ð8Þ
fDlmkrg are density matrix elements for the second-order
density matrix in an atomic orbital base, and fSlmðAÞg
are overlaps between basis functions, integrated within
the basin of atom A.

At the HF level of theory, the electron-pair density
can be expressed in terms of the one-electron density
matrix [10],

Cðr1; r2Þ ¼
1

2

qðr1; r1Þ qðr1; r2Þ
qðr2; r1Þ qðr2; r2Þ

����
���� : ð9Þ

Then, the expressions for the localization and delocal-
ization indices at the restricted HF level for closed-shell
molecules can be written as [6],

kðAÞ ¼ 2
X
i;j

SijðAÞ
� �2

; ð10Þ

dðA;BÞ ¼ 4
X
i;j

SijðAÞ SijðBÞ : ð11Þ

At the HF level of theory, the localization and
delocalization indices reduce to Wiberg indices [11] if
the integrations over atomic basins are replaced by a
Mulliken-like partitioning in Hilbert space [12, 13].

Localization and delocalization indices have been
calculated for a number of molecules at the HF and
configuration interaction (CI) levels of theory [6, 8, 9, 12,
13, 14, 15, 16, 17]. The evolution of the localization and
delocalization indices during the course of several
reactions has been studied [8], as well as the effects of
solvation on the electron-pairing patterns of several
molecules [15]. Although most of the calculations re-
ported correspond to closed-shell molecules, this kind of
analysis can be extended easily to open-shell molecules
[16]. In general, it has been found that at the HF level
the results obtained from the AIM analysis are generally
consistent with the qualitative predictions of the simple
Lewis model [18], especially for diatomic molecules;
however, the results obtained at the CI level of theory
are quite different from the HF ones. In general, for
pairs of atoms forming covalent bonds, dðA;BÞ values
calculated at the CI level are significantly lower than the
HF ones, especially for nonpolar covalent bonds. In
contrast, for pairs of atoms with closed-shell bonds
(ionic or van der Waals) or nonbonded atoms, the HF

and CI results are very similar [6]. From a physical point
of view, the HF method accounts only for exchange or
Fermi correlation, which is the main driving force to-
wards the pairing of electrons of different spin [3, 4, 5].
Post-HF methods, such as CI, also take into account
Coulomb correlation, which considers the instantaneous
repulsion between electrons of any spin, thus disrupting
the pairing of a and b electrons in covalent bonds.

In addition to the calculation of kðAÞ and dðA;BÞ as
defined here, there exist other approaches for studying
the localization or delocalization of electrons in mole-
cules. The best known is the electron localization func-
tion (ELF) [19], which can be used to locate the regions
of maximal electron localization in real space. Actually,
both approaches are complementary. A recent study has
found that the delocalization index correlates with the
electron population in the bonding region as determined
from the topological analysis of ELF [20]. Furthermore,
it is worth saying that the concept of electron delocal-
ization can be extended to include three-center electron
delocalization [21], which has been used to characterize
three-center bonding [22]; however, third-order electron
densities are needed for this kind of analysis, which
precludes its use at post-HF levels of theory.

Recently, several authors have used the HF expres-
sions of kðAÞ and dðA;BÞ (Eqs. 10, 11) with Kohn–Sham
(KS) orbitals obtained with density functional theory
(DFT) methods [23, 24, 25, 26, 27]. From a practical
point of view, in the cases where HF calculations are
available for comparison [26], the DFT results obtained
in this way are very close to the HF ones. In general, the
only difference is that electron delocalization between
covalently bonded atoms increases slightly at the DFT
level of theory [26]. This is at variance with the results
reported in Ref. [6], where it was shown that consider-
ation of Coulomb correlation at the CI level generally
leads to a significant decrease in the electron delocal-
ization between covalently bonded atoms. From a the-
oretical point of view, using Eqs. (10) and (11) with KS
wavefunctions obtained by means of DFT methods is
questionable, because it assumes that the electron-pair
density at the DFT level of theory can be constructed
using the same formalism valid at the HF level. How-
ever, since there is not yet a practical way to obtain
molecular electron-pair densities in DFT methods [28],
this is the only feasible approach at the moment for the
calculation of approximate localization and delocaliza-
tion indices at the DFT level.

The aim of this work is to analyze the effects of
introducing electron correlation at several levels of
theory on the atomic populations and on localization
and delocalization indices. In particular, special atten-
tion is paid to the approximate results obtained at the
DFT level of theory. For such a purpose, systematic
calculations of kðAÞ and dðA;BÞ for a number of rep-
resentative molecules using the HF, DFT, and CI
methods were performed. At the DFT level of theory,
where the electron-pair density is not available, the HF
expressions, Eqs. (10) and (11), were used to calculate
approximate localization and delocalization indices. At
the CI level of theory, two different approaches were
used for the calculation of localization and delocaliza-
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tion indices. First, Eqs. (7) and (8) and the CI electron-
pair density were used to obtain kðAÞ dðA;BÞ indices,
taking explicitly into account all the correlation effects
present in the CI wavefunction. Second, Eqs. (10) and
(11) and the natural orbitals (NOs) generated in the CI
calculation were used to obtain approximate localiza-
tion and delocalization indices, in the spirit of the ap-
proximate DFT calculations reported in the literature
[23, 24, 25, 26, 27]. The comparison of the exact and
approximate results at the CI level of theory will allow
the validity of using the HF equations for the electron-
pair density in the context of DFT and ab initio post-
HF calculations to be assessed.

2 Methods

The present work is focused on the study of three series of mole-
cules: diatomic systems, hydrides, and polyatomic molecules. HF
and CI with singles and doubles excitations results were taken from
Ref [6]. DFT calulations with the B3LYP functional were carried
out for all the molecules, using the Gaussian 98 [29] and Aimpac
[30] packages. At the three levels of theory, the 6-311++G(2d,2p)
basis sets was used for the hydride molecules and H2, while the 6-
311G(2d) basis set was used for He2 and Ar2, and the 6-311+G(2d)
basis set for the rest of the diatomic molecules. The 6-31G* basis set
was used for CO2, SO2, and SO3, and the 6-31G** basis set was used
for C2H4, C2H6, and B2H6. Molecular geometries were completely
optimized at all levels of theory.

The atomic populations and the localization and delocalization
indices at the HF and CI levels correspond to the results reported in
Ref. [6]. Approximate DFT and CI indices were calculated by using
the HF expressions in Eqs. (10) and (11) with the KS orbitals and the
NOs obtained at the DFT and CI levels of theory, respectively. For
the approximate CI calculations, the occupations of the NOs are
replaced by the occupations obtained at the HF level of theory: for a
closed-shell molecule with N electrons, the first N/2 NOs are con-
sidered doubly occupied and the rest are considered as empty. In fact,

the only difference between the exact HF calculations and the ap-
proximate DFT and CI calculations is in the set of orbitals that is
actually used in each calculation; therefore, in relation to the calcu-
lation of kðAÞ and dðA;BÞ values, the three cases can be considered as
HF calculations. Thus, HF(DFT) and HF(CI) are used to denote the
approximate DFT and CI calculations, respectively. Note that
the HF and DFT orbital occupations are identical, but different from
the CI NO occupations; thus, the atomic populations calculated
with the HF(CI) approximation are different from the exact CI
populations.

The accuracy of the integrations was assessed by ensuring that
the integrated Laplacian in each atomic basin was close to zero.
Furthermore, for each molecule, both the summation of all the
atomic populations and the summation of all the localization and
delocalization indices must yield the number of electrons in the
molecules. The error in these summations was smaller than 10)4 au
for the diatomic molecules and hydrides and smaller than 10)3 au
for all the polyatomic molecules.

3 Results

The AIM analysis was carried out for three series of
molecules: a series of diatomic molecules (Table 2), a
series of second-row hydride molecules (Table 3), and a
set of small polyatomic molecules (Table 4). The atomic
populations and the localization and delocalization
indices calculated with four different approaches (see
earlier) are gathered in Tables 2–4. Atomic units are
used in Tables 1–4 and throughout the text.

3.1 Diatomic molecules

The results for the series of diatomic molecules are
collected in Table 2. For the heteronuclear molecules,
the atomic charges are related to the polarity of the

Table 2. Atomic populations, N, localization, k, and delocaliza-
tion, d , indices for a series of diatomic molecules at different levels
of theory: HF, configuration interaction with singles and doubles

excitation (CI), and approximate density functional theory (DFT)
and CI by using the HF expressions, called HF(DFT) and HF(CI),
respectively

a From Ref. [6]
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bond. For each molecule, the magnitude of the charges
increases in the order HF > HF(CI) > CI>DFT. The
differences between the HF and DFT atomic popula-
tions or charges are between 0.2 and 0.3 for CO, NO+

and CN), and only about 0.02 for LiF. These trends are
in agreement with the well-known fact that, in general,
the HF method overestimates the degree of ionicity of
covalent bonds.

The molecular description provided by means of
the atomic populations is complemented by the local-
ization and delocalization indices. In particular, the
interatomic delocalization index depends on the po-
larity and order of the bond. At the HF level, the
covalent apolar molecules H2, N2, and F2, have
dðA;A0Þ values of 1.00, 3.04, and 1.28, respectively. In
contrast, the ionic LiF molecule exhibits a dðLi;FÞ
value of 0.18. In between, the polar covalent mole-
cules, NO+, CN), and CO, exhibit dðA;BÞ values of
2.41, 2.21, and 1.57, respectively. Localization indices
in diatomic molecules depend on the atomic popula-
tions and delocalization indices and do not afford
more relevant information.

The kðAÞ and dðA;BÞ values obtained with the
HF(DFT) and HF(CI) methods are very close to the
HF results. For instance, for the H2 molecule, the re-
sults are exactly the same at the three levels of theory, a
consequence of H2 having only one doubly occupied
symmetric orbital [6, 16]. For the N2, F2, and LiF
molecules, the differences between the kðAÞ and dðA;BÞ
values calculated with the HF method and the
HF(DFT) and HF(CI) approximations are below 0.05.
Electron correlation effects are stronger in covalent
molecules. In all cases, both the HF(DFT) and the

HF(CI) delocalization indices increase with respect to
the HF level. The HF(DFT) approximation yields the
largest dðA;BÞ values for the covalent polar molecules,
with differences between 0.2 and 0.3 with respect to the
HF results.

The results obtained at the CI level of theory are
significantly different from the HF ones. The most
remarkable trend is that delocalization indices corre-
sponding to pairs of atoms with shared interactions are
systematically lower at the CI level. For instance, for
the H2 molecule, dðH;H0Þ is 1.0 and 0.8 at the HF and
CI levels of theory, respectively. At the HF level, there
is actually no correlation between the two electrons of
different spin occupying the same orbital. For the
HF(DFT) and HF(CI) calculations, the shape of the
only occupied MO changes with respect to the HF
calculations, but the two electrons continue to be
uncorrelated and perfectly delocalized between the two
atoms, with dðH;H0Þ equal to 1 [6, 16]. In contrast, the
CI level of theory takes into account the instantaneous
correlation between electrons of different spin. In
this case, the interelectron repulsion leads to a
greater localization of the electrons and a decrease in
dðH;H0Þ.

The same reasoning can be applied to the N2 and F2

molecules. The dðN;N0Þ values are about 3.0 for the
HF, HF(CI), and HF(DFT) calculations and 2.22 at the
CI levels, while the dðF;F0Þ values are 1.28 and 1.01 at
the HF and CI levels, respectively. For the covalent
polar molecules, consideration of Coulomb correlation
at the CI level also leads to a lowering of the inter-
atomic delocalization indices, in spite of the decrease in
charge transfer with respect to the HF level. In fact, the

Table 3. Atomic populations, N, localization k, and delocalization, d , indices for a series of diatomic molecules at different levels of theory:
HF, CI, and approximate DFT and CI by using the HF expressions, called HF(DFT) and HF(CI), respectively

a From Ref. [6]
b Value corrected from Ref. [6]
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effects of electron correlation of dðA;BÞ are inversely
proportional to the polarity of the bond: the differences
between the HF and CI delocalization increase along
the CO, CN), NO+, and N2 series (Table 2).

The differences between the HF and CI results are
minimal for the LiF molecule. Indeed, dðLi;FÞ is
marginally larger at the CI level (0.19) than at the HF
level (0.18). The He2 and Ar2 molecules are not bound at
the HF and DFT levels of theory. At the CI level,
dðHe;He0Þ and dðAr;Ar0Þ are 0.004 and 0.013, respec-

tively. Similar results are obtained at the HF(CI) level.
In general, Coulomb correlation appears to have little
effect on the interatomic delocalization for pairs of
atoms with ionic or van der Waals bonding (closed-
shell interactions).

The results discussed so far correspond to molecular
geometries completely optimized at each level of theory.
Indeed, the same trends are obtained if the calculations
are performed at the experimental geometry for each
molecule (results not reported).

Table 4. Atomic populations, N, localization, k, and delocalization, d , indices for a series of polyatomic molecules at different levels of
theory: HF, CI, and approximate DFT and CI by using the HF expressions, called HF(DFT) and HF(CI), respectively

a From Ref. [6]
b (C,H) and (C,H’) refer to the pairs formed by a carbon and its bonded hydrogen and a carbon and the hydrogen bonded to the other
carbon, respectively. (H,H’) refers to a pair formed by two hydrogens bonded to the same carbon and (H,H’) to pairs formed by hydrogens
bonded to different carbons. For C2H4, c and t refer to the pair of hydrogens being in cis or trans positions and C2H6, g and a refer to the
pair of hydrogens being in gauche or anti positions
c Value corrected from Ref. [6]
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3.2 Hydrides

The results for the second-row hydrides are collected
in Table 3. According to the atomic charges and the
dðX ;HÞ values at the HF level, the molecules in this
series can be ordered as LiH, BeH2, FH, BH3, H2O,
NH3, and CH4 with respect to the decreasing polarity
of the X–H bond, where X is a second-row atom. The
C–H bonds in CH4 are very close to perfect apolar
covalency, with dðC;HÞ close to 1 and small atomic
charges on the C and H atoms. In the other extreme,
LiH , BeH2, and FH provide good examples of strongly
polar X–H interactions. The corresponding delocaliza-
tion indices are dðLi;HÞ ¼ 0:20, dðBe;HÞ ¼ 0:27, and
dðF;HÞ ¼ 0:40. The H atoms in LiH and BeH2 exhibit
charges of about )0.9, while the H atom in FH bears a
charge of 0.78. Finally, BH3, H2O, and NH3 are good
examples of molecules with moderately polar X–H
bonds. The corresponding dðX ;HÞ values are 0.50, 0.61,
and 0.89, respectively, while the N(H) charges are
)0.70, 0.63, and 0.59, respectively. As for the localiza-
tion indices, the kðX Þ and kðHÞ values are closely
related to the atomic populations and delocalization
indices.

The general trends along the hydride series discussed
in the preceding paragraph are preserved at all the levels
of theory; however, the method of calculation has sig-
nificant effects on the numerical values. The effects of
electron correlation in the atomic populations are simi-
lar to those found in the preceding section; thus, for all
the molecules, the degree of charge transfer between the
central atom and the H atoms decreases in the order
HF > HF(CI) P CI > DFT. The effects of electron
correlation are more important for the molecules with
polar covalent bonds (BeH2, BH3, NH3, H2O). For these
molecules, the differences between the N(H) values cal-
culated at the HF and DFT levels are between 0.03 and
0.09.

When comparing the HF, HF(DFT), and HF(CI)
results, the dðX ;HÞ values appear to be inversely
proportional to the degree of charge transfer at each
level of theory. Accordingly, dðX ;HÞ increases in the
direction HF < HF(CI) < HF(DFT), while kðX Þ and
kðHÞ follow closely the trends in the atomic popula-
tions. In general, the differences between the three
methods are small, and the maximal difference be-
tween the HF and HF(DFT) results is 0.12 for dðB;HÞ
in BH3. When comparing the HF and CI results, the
trends are very dependent on the molecule. For the
molecules with strong polar bonds (LiH, BeH2, FH),
dðX ;HÞ increases slightly at the CI level. For H2O, the
interatomic delocalization is practically identical at the
two levels of theory. Finally, for CH4 and NH3,
dðX ;HÞ decreases at the CI level of theory. As for the
localization indices, the CI results are generally similar
to the HF(CI) and HF(DFT) ones; however, kðX Þ and
kðHÞ are larger at the CI level for BH3, CH4, NH3,
and H2O.

H–H0 interactions are also possible for molecules with
more than one H atom. In general , the dðH;H0Þ values
are quite small, especially for positively charged H at-
oms. Furthermore, similar results are obtained with the

four methods of calculation employed; however, it is
interesting to remark that, for the H2O and NH3 mole-
cules, electron correlation effects increase the delocal-
ization between the H atoms. For instance, for the H2O
molecule, dðH;H0Þ is 0.007, 0.008, and 0.019 at the HF,
HF(CI), and CI levels, respectively.

3.3 Polyatomic molecules

The results for several small polyatomic molecules are
gathered in Table 4. In general, the AIM analysis
becomes more complex in this case, because the number
of interatomic interactions grows geometrically with the
number of atoms. While electronic delocalization be-
tween distant atoms is generally small, in some cases, the
delocalization indices between nonbonded atoms can be
significant. Furthermore, the results obtained with the
AIM theory for these molecules are often difficult to
interpret with the Lewis model, even at the HF level of
theory. Indeed, a recent study [22] points out that three-
center bonding should be taken into account in order to
describe electron localization and delocalization in these
molecules. The characterization of three-center bonding
in Ref. [22] was carried out by means of a three-center
bond index, which is a generalization of the delocaliza-
tion index; however, these calculations are not yet
possible at post-HF levels of theory [21] and have not
been considered in the present study. Indeed, the
discussion will focus on the differences between local-
ization and delocalization indices calculated at several
levels of theory. A more detailed explanation of the
electron-pair characteristics of these molecules can be
found in previous works [6, 22].

Actually, C2H4 and C2H6 are the only molecules for
which the AIM description at the HF level is fully
consistent with the Lewis picture. The atomic charges on
the C and H atoms of both molecules are very low, for
all the methods of calculation. The HF-based methods
yield dðC;HÞ values close to 1.0 for both molecules and
dðC;CÞ values close to 1.0 and 1.9 for ethane and ethene,
respectively. The delocalization indices between non-
bonded atoms are smaller than 0.1 and apparently with
little chemical significance. In all cases,the differences
between the HF, HF(CI), and HF(DFT) results are
minimal. In contrast, electron correlation effects at the
CI level are significant. For ethane, dðC;CÞ and dðC;HÞ
are 0.83 and 0.91, respectively, at the CI level. For
ethene, the CI values for dðC;CÞ and dðC;HÞ are 1.42
and 0.84.

CO2, SO2, and SO3 exhibit strong positive charges at
the central atoms. For instance, at the HF level, the
charges at the central atom are 2.76, 2.79 and 4.26, for
CO2, SO2, and SO3, respectively, whereas the charges at
the O atoms are )1.38, )1.39, and )1.41, respectively,
In spite of the large charge transfer, the delocalization
indices between bonded atoms are high: 1.06, 1.27,
and 0.96 for CO2, SO2, and SO3, respectively. In addi-
tion, the three molecules exhibit dðO;O0Þ values ranging
between 0.28 and 0.38. These results are quite difficult
to interpret in terms of the Lewis model. For instance,
for the CO2 molecule, the atomic charges are more in
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agreement with the ionic structure, O) )C2+ )O), than
with the canonical one, O ¼ C ¼ O; however, the value
of dðC;OÞ larger than 1 does not suit well to a single
bond between two highly charged atom. Similar prob-
lems arise for SO2 and SO3. In addition, delocalization
between terminal O atoms cannot be taken into account
with the Lewis model. As usual, the atomic charges
decrease in the direction HF > HF(CI) > CI > DFT
for CO2, SO2, and SO3, while all the delocalization in-
dices increase as HF < HF(CI) < HF(DFT). The
delocalization indices at the CI level are consistently
lower than those calculated with the HF(CI) approxi-
mation. In particular, the HF and CI dðX ;OÞ values
(X ¼ C,S) in the three molecules are very similar, and
the dðO;OÞ values are lower at the CI level compared to
HF.

At the HF level, the atomic populations and the
localization and delocalization indices for the B and
terminal H atoms in B2H6 are very close to those
obtained for BH3 (Table 3). dðB;HÞ is larger for the
terminal H atoms than for the bridge H atoms. Inter-
estingly, the electron delocalization between the two
bridge H atoms is significantly larger (0.24) than
between the two B atoms (0.05). Indeed, this fact has
been used to question the three-center, two-electron
B–H–B bonding model for this molecule [6]. As
expected, the degree of charge transfer between the
B and the terminal and bridge H atoms decreases as
HF > HF(CI) 
 CI > DFT. For the bonded atom
pairs, the delocalization index increases in the direction
HF < HF(CI) < HF(DFT). At the CI level, dðB1;H3Þ
is practically equivalent to the HF value, while dðB1;H5Þ
is very similar to the HF(CI) value. In general, inter-
atomic delocalization between H atoms decreases as
HF > HF(CI)>DFT, while the opposite trend is found
for the B–B delocalization. These trends can be related
to the decrease in charge transfer from B to H atoms at
post-HF or DFT levels of theory. For all the nonbonded
atom pairs, electron correlation at the CI level leads to a
significant decrease in the interatomic delocalization
with respect to the HF value.

4 Discussion

The results presented here allow some general conclu-
sions on the effects of Coulomb electron correlation on
first and second-order electron densities to be drawn
from the point of view of the AIM analysis. Compar-
ative studies between atomic populations and localiza-
tion and delocalization indices at the HF and CI levels
of theory have already been reported in the literature
[6]. Here, we focus on the HF(CI) and HF(DFT)
approximations in comparison to HF and CI. The
differences between HF, HF(CI), and CI can be used to
analyze the effects of electron correlation on the
localization and delocalization indices in terms of
one- and two-electron effects. In principle, Coulomb
correlation effects on qðrÞ are considered to some
degree in the HF(CI) and CI methods, while effects on
Cðr1; r2Þ are taken into account only with the CI
method. As for the HF(DFT) method, there is not a

corresponding DFT method with a correct two-electron
density for comparison; however, since HF(DFT)
calculations have often been reported in the literature
[23, 24, 25, 26, 27], it is of interest to compare the HF,
HF(DFT), and CI methods, in order to analyze which
kinds of electron correlation effects are actually taken
into account with the HF(DFT) method. This compar-
ison is carried out separately for each kind of
interatomic interaction.

1. Covalent nonpolar open-shell interactions. In this
case, there is practically no transfer of charge between
the two atoms and the effect of electron correlation
on the atomic populations is null or negligible at any
level of theory. Furthermore, all the HF-based
methods give practically the same values for the
localization and delocalization indices. However, at
the CI level of theory, electrons are more localized in
each atomic basin, and the electron delocalization
indices decrease significantly. This is a genuine two-
electron effect, since neither HF(CI) nor HF(DFT)
are able to reproduce this trend.

2. Covalent polar open-shell interactions. Polar interac-
tions imply some degree of charge transfer between
the two atoms. Consideration of electron correlation
at the HF(CI), CI, or DFT levels generally leads to a
decrease in the charge transfer with respect to the HF
method. This decrease in charge transfer also leads to
a slight increase in the interatomic delocalization for
the HF(CI) and HF(DFT) methods; however, at the
CI level this effect is opposed by the increase in the
electron–electron repulsion. For pairs of atoms with
moderately polar bonds, the CI delocalization indices
are generally lower than the HF ones. For strongly
polar interactions, the two effects may be of the same
magnitude, and then the HF and CI delocalization
indices are quite close. Depending on the polarity of
the bond, the interatomic delocalization can be larger
at the HF or CI levels of theory.

3. Closed-shell interactions. For LiF, the differences
between the results obtained with the four methods
are small. In particular, the HF(CI) and CI results are
very similar for LiF, He2 and Ar2, revealing that
interatomic a – b electron correlation is not impor-
tant for these kinds of interactions.

4. Nonbonded interactions. Again, all the methods of
calculation yield similar results for these kinds of
interactions; however, the dðA;BÞ values between
distant atoms may increase slightly at the CI level.

5 Conclusions

In general, the results presented here confirm that a
proper account of electron correlation is important for
the correct description of atomic interactions from the
point of view of electron localization and delocalization
indices. The HF method consistently overestimates
strongly the interatomic delocalization between bonded
atoms with open-shell interactions compared to the
CI method. In contrast, qualitatively good results are
obtained at the HF level for closed-shell or nonbonded
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interactions, for which the interatomic correlation is
small.

Some of the differences between the HF and CI
results can be attributed to the effects of Coulomb
electron correlation in the one-electron density. It is well
known that HF generally exaggerates the transfer of
charge between bonded atoms. The HF(CI) and
HF(DFT) methods produce lower transfers of charge,
but do not take into account instantaneous Coulomb
correlation, leading to larger interatomic delocalization
between covalently bonded atoms with respect to HF.
Finally, CI also takes into account properly correlation
effects between electrons of different spin, leading to a
significant decrease in the interatomic delocalization
with respect to HF.

In general, the HF(DFT) and HF(CI) results are
very similar, with the only difference being that at the
DFT level the transfer of charge is generally smaller
and the interatomic distances are also larger. Indeed,
neither of the two methods accounts explicitly for the
Coulomb electron–electron correlation, at least with
reference to the calculation of localization and delo-
calization indices. In fact, although Coulomb correla-
tion effects are included to some extent on the one-
electron density [31], they are not directly taken into
account in the two-electron density calculated using the
HF formalism.

At present, there is not a practical method for the
rigorous calculation of localization and delocalization
indices at the DFT level of theory; therefore, the use of
the HF formalism with the KS orbitals is the only
practical way to obtain localization and delocalization
indices at this level of theory. Actually, several studies
have been published reporting calculations of approx-
imate DFT localization and delocalization indices [23,
24, 25, 26, 27]. These results show that the approxi-
mate indices provide useful chemical insight, and that
they can be applied routinely to the analysis of rela-
tively large molecules; however, it is important to be
aware that Coulomb electron correlation is not fully
considered in these kinds of calculations. From a
practical point of view, it has to be taken into account
that HF(DFT) indices consistently overestimate the
electron delocalization between covalently bonded
atoms. Taking these limitations into account,
HF(DFT) indices can be considered as a convenient
tool for the analysis of molecular electron-pair struc-
ture at the DFT level.

In principle, the calculation of kðAÞ and dðA;BÞ in-
dices can be performed exactly at correlated levels of
theory, such as CI, Møller–Pleset perturbation theory,
coupled-cluster, etc. However, correlated two-electron
densities are difficult to obtain from the available soft-
ware packages for ab initio calculations; thus, the cal-
culation of approximate localization and delocalization
indices could be considered as a good alternative in these
cases. However, there are other definitions of electron-
sharing indices or bond-order indices that are closely
related to the delocalization index [32, 33, 34]. These
expressions take into account the occupations of the
NOs at post-HF levels of theory and could be valuable
for the calculation of approximate localization and

delocalization indices at post-HF levels of theory. Fur-
ther work on this subject is being carried out in our
laboratory.

Acknowledgements. Financial help was provided by the spanish
DGES project no. PB98-0457-C02-01. J.P. thanks the Department
d’Universitats, Recerca i Societat de la Informació (DURSI),
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