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The nature of the bonding of a series of gas-phase all-metal clusters containing the Al4 unit attached to an
alkaline, alkaline earth, or transition metal is investigated at the DFT level using Mulliken, quantum theory
of atoms in molecules (QTAIM), and Hirshfeld iterative (Hirshfeld-I) atomic partitionings. The characterization
of ionic, covalent, and metallic bonds is done by means of charge polarization and multicenter electron
delocalization. This Article uses for the first time Hirshfeld-I multicenter indices as well as Hirshfeld-I based
atomic energy calculations. The QTAIM charges are in line with the electronegativity scale, whereas Hirshfeld-I
calculations display deviations for transition metal clusters. The Mulliken charges fail to represent the charge
polarization in alkaline metal clusters. The large ionic character of Li-Al and Na-Al bonds results in weak
covalent bonds. On the contrary, scarcely ionic bonds (Be-Al, Cu-Al and Zn-Al) display stronger covalent
bonds. These findings are in line with the topology of the electron density. The metallic character of these
clusters is reflected in large 3-, 4- and 5-center electron delocalization, which is found for all the molecular
fragments using the three atomic definitions. The previously reported magnetic inactivity (based on means of
magnetic ring currents) of theπ system in the Al42- cluster contrasts with its largeπ electron delocalization.
However, it is shown that the different results not necessary contradict each other.

1. Introduction

The discovery of aromatic/antiaromatic behavior of gas-phase
metal clusters has given rise to an ever growing number of
studies of their properties. Among the most important papers,
especially the ones by Kuznetsov et al.1,2 and the review by
Boldyrev and Wang3 have contributed to the interest in these
systems.

Kuznetsov et al. first made a series of bimetallic clusters,
Al4Li-, Al4Na- and Al4Cu-, in the gas phase and obtained their
photoelectron spectra.1 They also performed a theoretical study
pointing out that the most stable isomers of these bimetallic
clusters all contain a square-planar Al4

2- dianion, which was
shown to be simultaneouslyπ andσ aromatic. Consequently,
they extended the concept of aromaticity to all-metal clusters.
Since then, the aromaticity of the Al4

2- dianion has been studied
using different criteria; maps of ring currents,4-7 aromatic ring
current shieldings (ARCS),8,9 nuclear independent chemical
shifts (NICS),10 induced magnetic field analysis,11 valence bond
calculations (VB),12 bifurcation analysis of the electron localiza-
tion function (ELF),13 resonance energy estimations (RE)14,15

and conceptual DFT descriptors.16 Also, the aromaticity/
antiaromaticity of a large number of new gaseous all-metal or
metalloid clusters has been investigated: X4

2- (X ) B, Al, Ga,
In, Tl),8,9,14,15,17,18Si2X2 (X ) B, Al, Ga),8,9 XAl 3

- (X ) C, Si,
Ge, Sn, Pb),19 XGa3

- (X ) Si, Ge),20 NaGa4- and NaIn4-,18,21

X3
- and NaX3 (X ) Al, Ga),22 Au5Zn+,23-25 CunHn (n )

3-6),26 sandwich structures of [Al4TiAl 4]2- and Na[Al4TiAl 4]-,27

Al2(CO)2,28 X4
2- and NaX4

- (X ) N, P, As, Sb, Bi),29 X5
- (X

) N, P, As, Sb, Bi),28-33 and Al4Na4 and Al4Na3
-.34 In the

works by Tsipis35 and Nigam et al.,36 the aromaticity of a large
variety of charged and neutral tetramer cluster is investigated
and deserves mention. Obviously, the vague definition of
aromaticity has already given rise to sometimes conflicting
conclusions for all metal clusters. It is therefore important to
stress that in the following, aromaticity should be considered
the presence of a delocalized electronic system, except if
explicitly mentioned otherwise.

A previous study using electron localization function, ELF,
indicated the presence of multicenter bonding in the Al4X4 (X
) Be, Mg, B, Si) clusters.37 In the same work, Shetty et al.
detected large ionic character in small Sn-doped Li clusters.
Unfortunately, the ELF method does not provide quantitative
information about the extension of the multicenter bonding to
different molecular fragments. Here we employ a quantitative
tool, the multicenter delocalization indices, using different
atomic partitioning schemes, to study the bonding in several
all-metal clusters containing the Al4 fragment.

Electron delocalization indices,38 also referred to as covalent
bond orders,39,40are nowadays accepted as a good estimator of
the covalent character of traditional 2-center bonds. Also, when
its definition is extended to more than two atoms, they are called
multicenter delocalization indices or multicenter bond orders.
The multicenter delocalization indices were formerly shown to
be a powerful tool for characterizing three-center bonds41-45

and at a later stage proposed as a measure of the multicenterπ
electron delocalization in cyclic aromatic hydrocarbons.46-48

More recently, Bultinck et al.49-55 and Mandado et al.56-60 have
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extended the application of multicenter delocalization indices
into the study of local and total aromaticity of polycyclic
aromatic hydrocarbons,49-51,53,54,56,57,59aromaticity of hetero-
cycles,58 homoaromaticity,52,55 and concerted reaction mecha-
nisms.60

In this work the multicenter delocalization analysis is shown
to provide valuable quantitative information about the covalent
metal-metal bonding and the multicenter bonding in different
molecular fragments. This is the first time that multicenter
delocalization indices are computed using the Hirshfeld atomic
partitioning. Also, a brief discussion of theσ and π local
aromaticity of the Al4 unit in terms of multicenter electron
delocalization is included and compared to previously reported
results.

The atomic charge polarization, related to the ionic character
of the bond, is also investigated using the Mulliken,61 quantum
theory of atoms in molecules (QTAIM),62 and Hirshfeld63

iterative (Hirshfeld-I) atomic partitioning schemes. The ap-
plicability of different schemes to describe the charge distribu-
tion in these metal clusters is discussed. The partitioning of the
total molecular energy into molecular fragment energies is
performed using QTAIM and Hirshfeld-I. For the latter a
detailed study of intra-atomic and interatomic energy terms is
carried out, showing large differences between transition metals
and alkaline or alkaline earth metals. It must be remarked that
this is first time that Hirshfeld atomic energies are computed at
the DFT level of theory.

The paper is organized as follows: In the second section
multicenter indices are briefly reviewed. Also, the calculation
of DFT atomic energies using Hirshfeld atomic partitioning is
introduced. The computational details are presented in section
III. The “Results and Discussion” section (section IV) is split
into four different parts: the first is devoted to the study of the
electron charge polarization (the ionic character of the bonds),
the second deals with the analysis of the electron delocalization
(covalent and metallic character of the bonds), in the third the
local aromaticity of the Al4 units is studied in detail through
the analysis of the multicenter delocalization indices, and some
results obtained from the atomic energy decomposition are
discussed in the fourth. Finally, the conclusions are formulated.

II. Theoretical Background

Multicenter Delocalization Indices. Given an atomic par-
titioning of the molecular electron density, the multicenter
delocalization indices represent the extent to which the electrons
are delocalized among a set ofn atoms. Using the Mulliken
partitioning scheme,61 then-center delocalization index (n-DI)
adopts the expression given by64,65

in which PR andPâ are the so-calledR andâ density matrices
andS is the overlap matrix in terms of basis functions,i, j, ....
The first summation in (1) runs over all the nonequivalent
permutationsP of then atoms. The remaining summations run
over the basis functions centered on the atomsA, B, etc.

When the quantum theory of atoms in molecules (QTAIM)62

is employed, then-DI is readily written in terms of molecular
spin orbitals

where the overlap integrals between two molecular spin orbitals,
φi(rb) andφj(rb), are performed within the QTAIM atomic basins
of the atomsA, B, etc. nocc

R and nocc
â represent the number of

occupiedR and â spin orbitals, respectively. Expression 2 is
the extension of the delocalization indices idea of Bader38 for
the multicenter case.

On the other hand, when the Hirshfeld atomic partitioning
scheme60 is employed, eq 2 turns into

where now the integrals run over the whole space, and the
atomic domain of atomA is defined through the atomic weight
factor wA.

All the expressions above are based on monodeterminantal
wavefunctions. As such, they are restricted to Hartree-Fock
calculations and, in principle, also to Density Functional Theory
in the Kohn-Sham approach. In the latter case, however, the
wave function strictly refers to independent electrons and as
such application of the multicenter index expressions above is
not strictly justified. Nevertheless, DFT based delocalization
indices have been shown on numerous occasions to give
chemically significant results.66

Hirshfeld-DFT Atomic Energy Partitioning. The Hirshfeld
atomic energy is obtained by partitioning the different one- and
two-electron contributions to the total energy. For one-electron
contributions, such as the kinetic energy, this is accomplished
by introducing the atomic weight factorwA into the appropriate
integral. The contribution of atom A to the total kinetic energy
is thus given by

The partitioning of DFT-related one-electron integrals, describ-
ing exchange and correlation contributions to the total energy,
is performed in a similar fashion:

whereεxc represents the actual functional used.
The partitioning of two-electron contributions is slightly more

complicated, as they involve integration over the coordinates
of two electrons. In this case, a separate weight function must
be employed for each electron. For example, the contribution
of atoms A and B to the coulomb interaction energy is given
by

∆n ) 2n ∑
P

[∑
i∈A

∑
j∈B

∑
k∈C

... ∑
m∈M

(PRS)ij(P
RS)jk...(P

RS)mi +

∑
i∈A

∑
j∈B

∑
k∈C

... ∑
m∈M

(PâS)ij(P
âS)jk...(P

âS)mi] (1)

∆n ) 2n ∑
P

[∑
i

nocc
R

∑
j

nocc
R

∑
k

nocc
R

...∑
m

nocc
R

∫A
φi( rb) φj( rb) drb ∫B

φj( rb)

φk( rb) drb ...∫M
φm( rb) φi( rb) drb + ∑

i

nocc
â

∑
j

nocc
â

∑
k

nocc
â

...∑
m

nocc
â

∫A

φi( rb) φj( rb) drb ∫B
φj( rb) φk( rb) drb...∫M

φm( rb) φi( rb) drb] (2)

∆n ) 2n ∑
P

[∑
i

nocc
R

∑
j

nocc
R

∑
k

nocc
R

...∑
m

nocc
R

∫ wA( rb) φi( rb) φj( rb) drb ∫
wB( rb) φj( rb) φk( rb) drb ...∫ wM( rb) φm( rb) φi( rb) drb +

∑
i

nocc
â

∑
j

nocc
â

∑
k

nocc
â

...∑
m

nocc
â

∫ wA( rb) φi( rb) φj( rb) drb ∫ wB( rb) φj( rb)

φk( rb) drb ...∫ wM( rb) φm( rb) φi( rb) drb] (3)

Ekin
A ) ∫drb wA( rb) ∑

i
[-

1

2
(∇Bφi( rb))2] (4)

Exc
A ) ∫drb wA( rb) εxc(F( rb)) F( rb) (5)
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The exchange contributions are partitioned in a similar
manner. Further details of this partitioning scheme can be found
in ref 67. For hybrid DFT functionals such as B3LYP, the one-
electron terms are partitioned according to eq 5 and the Coulomb
and exchange terms are partitioned according to eq 6.

The partitioning of the HF and DFT molecular energy into
atomic contributions leads initially to a sum of one-center and
two-center energy terms,68-74 depending on whether one atom
or two atoms are involved in the calculation of the core-
attraction, Coulomb, exchange and nuclear repulsion terms.
Using symmetrized expressions for the core-attraction energy
between two different atoms,68 the initial partitioning of the total
energy into one-center and two-center terms can be expressed
by a sum of atomic terms.

III. Computational Details

The DFT level of calculation, with the B3LYP hybrid
functional and the 6-311+G(d) basis set, was employed for the
geometry optimizations and wave function calculations. The
geometries and frequencies obtained with this method were
shown to be in good agreement with those obtained with the
MP2, CASSCF, or CCSD(T) methods.1,14,21 Also, theoretical
vertical detachment energies obtained with the B3LYP/6-
311+G(d) method were shown to be in good agreement with
experimental data.1 All DFT calculations were performed using
the Gaussian 03 program.75 The calculations of the QTAIM
atomic charges and energies were performed using the AIMPAC
package of programs.76 The QTAIM atomic energies were
computed from the atomic kinetic energies using the molecular
virial ratio.62 The calculations of the Hirshfeld atomic charges
and energies were carried out with the BRABO package of
programs.77,78 The calculations of multicenter indices were
carried out using a self-written FORTRAN program. AIMPAC
and BRABO were employed to obtain the QTAIM and Hirshfeld
overlap integrals within the atomic domains, respectively. The
topological analysis of the electron density and characterization
of bond, ring and cage critical points (BCPs, RCPs, and CCPs,
respectively) were performed using the AIM2000 program.79

Recently, two of us introduced a new iterative Hirshfeld
atomic partitioning scheme,80 referred to as Hirshfeld-I, based
on the maximal conservation of the entropic information of the
isolated atoms in the atoms-in-molecules. This new procedure
avoids some problems concerning the promolecular density that
affect charged molecules [see refs 80 and 81 for details].
Because most of the metal clusters studied here are negatively
charged, this new procedure has been employed to calculate
the Hirshfeldn-DIs, charges, and atomic energies.

IV. Results and Discussion

Electron Charge Polarization. The optimized geometries
of the most stable conformers of the studied metal clusters are
shown in Figure 1. The molecular symmetry and spin multiplic-
ity (singlet for all molecules) are also included in the figure.
As one can see, the energy minima of Al4Li-, Al4Na-, Al4Mg,
and Al4Cu- correspond to theC4V symmetry group, displaying
four equivalent M-Al and Al-Al distances. These structures
were previously obtained using the same level as well as other
levels of theory (see ref 3 and references therein). On the

contrary, the energy minima of Al4Be and Al4Zn correspond to
the Cs symmetry group. These clusters display two equivalent
M-Al distances, the other two M-Al distances are one
significantly shorter and the other one longer than the rest. These
clusters also display pairs of equivalent Al-Al distances.

Table 1 collects the QTAIM, Hirshfeld-I, and Mulliken
charges of the Al4 and M fragments. The QTAIM charges are
more in line with the electronegativity criterion. Thus, the charge
is always polarized from the least to the most electronegative
atoms according to QTAIM. The Hirshfeld-I charges only
disagree with the QTAIM ones for the transition metal clusters,
especially for the Al4Cu-. According to Hirshfeld-I the negative
charge is located at the Al4 unit, whereas the Cu atom displays
a small positive charge, contradicting the electronegativity
criterion. On the contrary, Mulliken charges coincide with the
QTAIM ones for the transition metal clusters and Al4Be.
According to Mulliken the charge polarization is unnoticeable
in alkaline metal clusters, the total negative charge being shared
by all the atoms according to the Mulliken charges. This also
contradicts the results obtained for small LinSn clusters using
ELF.37 This shows that the Mulliken approach, in the present
case, fails. This may be due to the use of diffuse functions for
which it is known that the Mulliken approach does not perform
well.82 On the other hand, the polarity of the present molecules
may also cause problems with this scheme.83

According to the QTAIM and Hirshfeld-I charges the Al4Li-

and Al4Na- clusters and to a lesser extent the Al4Mg cluster
display a large charge polarization from the metal M to the Al4

fragment. This large charge polarization indicates an important
ionic character of the M-Al bonds.

As a common point of the three atomic partitionings, the most
electron deficient Al4 fragments correspond to theCs clusters,
Al4Be and Al4Zn. The QTAIM and Mulliken charges indicate
that the Al4 fragments are positively charged in these clusters,
whereas according to Hirshfeld-I they display small positive
and negative charges in Al4Be and Al4Zn, respectively. It must
be noticed that an electron transfer from Be to Al atoms was
previously proposed in the Al4Be4 system using ELF.37 How-

ECoulomb
AB ) ∑

i<j
∫drb1 wA( rb1) ∫drb2 wB( rb2)

φi
2( rb1)

1

| rb1 - rb2|
φj

2( rb2) (6)

Figure 1. Molecular geometry and symmetry of all-metal clusters
studied.

TABLE 1: Charges of the Al4 and M Fragments in
All-Metal Clusters Studied (Figure 1)a

Al4Li - Al4Na- Al4Cu- Al4Be Al4Mg Al4Zn

Q(Al4) -1.748 -1.512 -0.335 0.398 -0.700 0.158
-1.533 -1.498 -1.119 0.038 -0.523 -0.225
-0.729 -0.776 -0.552 0.333 0.125 0.226

Q(M) 0.748 0.512 -0.665 -0.398 0.700 -0.158
0.533 0.498 0.119 -0.038 0.523 0.225

-0.271 -0.224 -0.448 -0.333 -0.125 -0.226

a The first, second, and third numbers are respectively the QTAIM,
Hirshfeld-I, and Mulliken values.
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ever, that contradicts the atomic charges obtained with Mulliken,
QTAIM and Hirshfeld-I, which suggest the contrary.

Multicenter Bonding Analysis and Electron Density To-
pology. Tables 2 and 3 collect then-DIs (n ) 2-5) for all the
non-symmetrical molecular fragments contained in the metal
clusters. Table 2 collects the values for theC4V clusters, whereas
Table 3 collects the values for theCs clusters.

Let us discuss first the results obtained for the series ofC4V
clusters. The QTAIM and Hirshfeld-I 2-DIs show large differ-

ences with the Mulliken ones. The values for the Cu-Al bonds
are quite close to that of a single bond (0.6266 and 0.7789 using
QTAIM and Hirshfeld-I, respectively) and are also close to that
of the Al-Al bonds in the same cluster (0.7375 and 1.0255
using QTAIM and Hirshfeld-I, respectively). The values for Li-
Al and Na-Al bonds are significantly smaller, indicating a much
weaker covalent bond. Also, the Al-Al bonds in Al4Li- and
Al4Na- are stronger than the rest, approaching the values in
the Al42-. The values for Mg-Al are between those of Na-Al
and Cu-Al using QTAIM and Hirshfeld-I. It is noticeable that
no significant differences are found along the series using
Mulliken scheme, displaying values between 0.3600 and 0.4481
for Na-Al and Cu-Al, respectively. On the other hand, the
Mulliken Al-Al 2-DIs are smaller than the corresponding
QTAIM and Hirshfeld-I values. These differences found
between Mulliken and QTAIM/Hirshfeld-I 2-DIs are a conse-
quence of the small Mulliken electron charge polarization in
alkaline metal clusters.

The QTAIM, Hirshfeld-I, and Mulliken results reflect a
significant three-center bonding in the MAl2 fragments for all
clusters, being especially large in the Al4Cu-. Remarkably, the
QTAIM 3-DI of the CuAl2 fragments is even larger than those
of the Al3 fragments. Once again, the smallest values are
displayed by the LiAl2 and NaAl2 fragments according to
QTAIM and Hirshfeld-I. The QTAIM value for MgAl2 is
between that of CuAl2 and NaAl2, whereas the Hirshfeld-I value
for this fragment approaches to that of CuAl2. Mulliken values
display again deviations for the alkaline metal clusters; although
the larger 3-DI corresponds to the CuAl2, it is followed by that
of LiAl 2.

The 4-DIs and 5-DIs for MAl3 and MAl4 fragments,
respectively, have the same order of magnitude. To estimate
the relative weight of the electron delocalization for multiple
centers in metal clusters, one can compare for instance the
QTAIM 4-DI and 5-DI values from Tables 2 and 3 with those
of highly delocalizedπ systems like C4H4

2+ and C5H5
-, which

are 0.180 and 0.042, respectively. The 4-DIs of the MAl3

fragments display values that are smaller than that of the C4H4
2+

yet considerably large. On the other hand, the values of 5-DIs
for the MAl4 fragments are larger than that of the C5H5

-, which
denotes the large extension of the electron delocalization in these
metallic compounds. On the other hand, although the 4-DI of
the Al4 fragment is always larger than those of the MAl3

fragments, its difference drastically reduces in Al4Cu-. This is

TABLE 2: Multicenter Bond Indices for Different Molecular Fragments of the C4W All-Metal Clusters and the Al4
2- Clustera

a The first, second, and third numbers are respectively the QTAIM, Hirshfeld-I, and Mulliken values. The numbers in Parentheses correspond to
molecular fragments that define a vertical symmetry plane.

TABLE 3: Multicenter Bond Indices, ∆n, for Different
Molecular Fragments in Al4Be and Al4Zna

a The first, second, and third numbers are respectively the QTAIM,
Hirshfeld-I, and Mulliken values.
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due to the decrease in the electron delocalization of pure
aluminum fragments when the electron delocalization of M
containing fragments increases. This fact was first noticed in
polycyclic aromatic hydrocarbons,56,57 where the extension of
the π electron delocalization to neighboring rings results in a
decrease of the local ringπ electron delocalization.

The n-DIs for Al4Be and Al4Zn are collected in Table 3.
These compounds display a large geometry distortion, which
can be understood in terms of electron delocalization. The Be
and Zn atoms approach one of the Al atoms, to which they are
strongly covalently bonded. As result, the corresponding 2-DI
for that bond is the largest one according to the three atomic
partitionings, even larger than those for Al-Al bonds, which
explains the proximity of these metals to one of the Al atoms.
Also, the 3-DIs and 4-DIs of fragments containing these two
atoms (numbered as atoms 2 and 3 in the table) are the largest
ones, reflecting also the large metallic character of these clusters.
All of this is in line with a preference for the M-Al bonding
instead of the Al-Al when M ) Be and Zn.

The large multicenter electron delocalization, which is present
in all molecular fragments containing three, four, and five
centers, agrees with the large electron sharing associated to the
metallic bonding. This is another proof of the ability of
multicenter delocalization analysis to detect multicenter bonding,
even in the particular case of metals.

To get an image of the bonding we have determined the
topology of the electron density and plotted the BCPs, RCPs,
and CCPs. Figure 2 clearly shows the atypical topology
displayed by these metal clusters. It must be noticed that no
CCPs have been found in these systems, and that the Poincare´-
Hof relation is satisfied so that the set of critical points found
is complete. The information obtained from Figure 2 agrees with
the conclusions derived from the atomic charge and multicenter

electron delocalization analysis. Thus, the topological features
of C4V clusters are very different between clusters with large
ionic M-Al bonds (M ) Li, Na) and large covalent M-Al
bonds (M) Cu). The former do not display BCPs linked the
aluminum atoms and the metal, but they show a BCP placed
on the symmetry axis connecting the metal and one of the Al
atoms and passing through the RCP of the Al4 ring. On the
contrary, the Al4Cu- cluster shows four BCPs connecting the
metal with all the aluminum atoms and the corresponding RCPs
of the Al2M rings. Moreover, in this cluster the RCP corre-
sponding to the Al4 ring disappears. An intermediate behavior
is displayed by the Al4Mg cluster. In this cluster the BCPs
connecting the metal with the aluminum atoms and the
corresponding RCPs still remain, although they are close to
collapsing. For this cluster, the RCP corresponding to the Al4

ring also disappears.
Much more atypical is the topology of theCs clusters. The

Al4Be shows BCPs connecting the metal and all the aluminum
atoms, whereas the Al4Zn only displays the BCP corresponding
to the bond between the metal and the nearest aluminum. This
is explained by the smaller 2-DIs displayed in the Al4Zn cluster
with respect to the same atom pairs in Al4Be. On the other hand,
all the BCPs connecting two aluminum atoms remain in the
Al4Zn cluster, whereas two of them (those with smallest 2-DIs)
disappear in the Al4Be. Once more, this difference can be
explained by the values of 2-DIs, where the smallest values of
the Al-Al pairs correspond to the Al4Be cluster.

Local Aromaticity of the Al 4 Unit. The Al4 molecular
fragment merits special attention because itsσ andπ aromatic
character has been already studied in the literature (see introduc-
tion). In this subsection we try to give extra information about
theσ andπ local aromaticity of the Al4 unit in metal complexes
using multicenter electron delocalization indices. Havenith et

Figure 2. Plot of critical points found in the all-metal clusters studied: (a) Al42-; (b) Al4Li-; (c) Al4Na-; (d) Al4Be; (e) Al4Mg; (f) Al4Cu-; (g)
Al4Zn. Small black dots represent bond critical points, BCPs, and small white dots represent ring critical points, RCPs. No cage critical points,
CCPs, were found.
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al.6 found that theπ system of the Al42- molecule, formed by
two electrons in agreement with the Hu¨ckel’s rule, is magneti-
cally inactive. They also found a large magnetic activity of the
σ system, attributing the major part of the aromaticity to theσ
molecular orbitals. Magnetic ring current determinations pointed
out that the C4H4

2+ system, also containing twoπ electrons,
displays larger activity than theπ system of Al42-. On the
contrary, the 4-DIs show that theπ electron delocalization
among the four Al atoms in Al4

2- (0.1804 and 0.1875 for
QTAIM and Hirshfeld-I, respectively) is quite similar to that
of the four C atoms in C4H4

2+ (0.1804 and 0.1620 for QTAIM
and Hirshfeld-I respectively). On the other hand, theσ electron
delocalization is slightly smaller than theπ one for Al42- (0.1613
and 0.1850 for QTAIM and Hirshfeld-I, respectively). These
results are in line with theπ and σ components of the NICS
index (-17.8 and-11.1) computed at the same level,11 and
also with the ELFπ and ELFσ bifurcation values calculated by
Santos et al. (0.99 and 0.88, respectively), which reflect small
larger contribution of theπ electrons to the total aromaticity. It
might thus appear that ring current maps and multicenter indices
contradict each other. This is, however, not necessarily the case.
First, Havenith et al.7 have shown that the NICS data should
be treated with care as the induced current from theπ system
is not a ring current and thus better not considered as indicating
aromaticity. The magnetic properties can in fact all be related
to theσ system. As the ring current is a response to an external
perturbation, it also involves the virtual orbitals of appropriate
symmetry. In this sense, a delocalized system is a necessary
condition to have a ring current but not a sufficient one.84 If
there is no virtual orbital of correct symmetry within some
energetically acceptable range from an occupied orbital in the
unperturbed situation, no ring current will be found. So the fact
that multicenter indices reveal both aσ andπ delocalized system
does not necessarily contradict ring current findings. In this

context, it should again be stressed that confronting conclusions
from different studies of aromaticity should be done carefully,
making sure that the concept of aromaticity reflects the same
quantity. Multicenter indices reflect the delocalization aspect
of a molecule whereas ring currents reflect a response property.
In some molecules these are related, as for example in benzenoid
rings,54 but this is not generally true.

Looking at the local aromaticity of the Al4 unit in the metal
clusters in terms of 4-DIs, one finds that theσ and π local
aromaticity is directly related to theσ andπ electron popula-
tions. The splitting of the 4-DI for Al4 into σ andπ contributions
can be done, in a good approximation, for systems where the
Al4 unit displays a planar geometry. Those systems are theC4V
clusters, which display one molecular orbital that shows
approximateπ symmetry with respect to the plane defined by
the aluminum atoms (see Figure 3), and that can be identified
as theπ molecular orbital responsible for theπ aromaticity in
Al4

2-. The calculation of the n-DIs for theC4V clusters as
summation of approximated s and p contributions leads to errors
on the total 4-DIs lower than 2.6% using Hirshfeld-I partitioning,
whereas they are lower than 5% using QTAIM partitioning. The
only exception is the Al4Cu cluster where the error is 18.3%
for QTAIM, although it is only 1.5% for Hirshfeld-I.

In Figure 4 the values ofσ andπ 4-DIs for the Al4 fragments
are depicted versus theσ andπ electron populations, calculated
using the QTAIM and Hirshfeld-I partitionings. As one can see,
the local aromaticity increases monotonously with the electron
population. It is interesting to note that theσ aromaticity is
linearly correlated with the number ofσ electrons, whereas the
π aromaticity shows an exponential decay. Theσ aromaticity
of the Al42- is preserved in the alkaline metal clusters, whereas
it decreases significantly in Al4Cu- and Al4Mg. On the other
hand, theπ aromaticity of the Al4 unit experiences a higher
decrease than that ofσ in all the clusters, as is expected from

Figure 3. Plots of the Kohn-Shamπ molecular orbitals corresponding to the valence shell of the all-metal clusters studied. The nodal plane of
the π system corresponds to the Al4 plane.

Figure 4. QTAIM (a) and Hirshfeld-I (b)σ andπ 4-DIs vs the number ofσ andπ valence electrons of the Al4 fragment inC4V clusters.
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the large overlapping between theπ MO and the metal M (see
Figure 3). The largestπ aromaticity is shown again by the
alkaline metal clusters.

It must be noted that the Al4 fragments in the Al4Be and Al4-
Zn clusters display the smallest 4-DIs according to the three
atomic partitionings, indicating that they are the least aromatic
Al4 units. The strong covalent bonds shown by the Be and Zn
atoms with one of the Al atoms breaks down the aromaticity of
the Al4 unit and give rise to a large geometry distortion of the
cluster.

Energy Decomposition.Table 4 collects the QTAIM and
Hirshfeld-I energies of the Al4 fragment and the metal M. The
energies are shown with regard to those of the isolated
fragments. The isolated fragments are created by isolating the
coordinates of the Al4 fragments in the clusters and setting their
charge and multiplicity to the ground state of the1Al4

2- dianion.
The energies of those isolated fragments were calculated using
the same basis set as in the clusters (Boys and Bernardi
method).85 In that way, the values of Table 4 represent the
partitioning into molecular fragments of the total interaction
energy (also included in the Table) between the1Al4

2- unit and
the ground state of the metal M in its cationic form, M+ or
M2+, depending on the total charge of the cluster. Thus, the
results of Table 4 give information about the stability/instability
of the Al4 unit due to the new bonding situation. In addition,
they provide a classification based on the energy of the different
Al4 fragments along the series. It must be noticed that we have
also calculated the same relative energies using the3Al4

0 as
reference. Nevertheless, the energy difference between3Al4

0 and
1Al4

2- at the level of theory here employed is only 5.6 kcal
mol-1, so that the relative energies of the Al4 fragments do not
change significantly compared to the values shown in Table 4.

According to both QTAIM and Hirshfeld-I energies, the Al4

fragment is stabilized by alkaline and alkaline earth metals,
whereas it is clearly destabilized by transition metals. The
destabilization of the Al4 fragment in the transition metal clusters
is compensated by the large stabilization of M, resulting in a
total stabilization of the cluster (see Table 4). According to the
QTAIM energies, the Al4 unit can be classified into three
groups: alkaline metal clusters and Al4Mg, transition metal
clusters, and the specific case of Al4Be, which shows a small
stabilization with regard to the reference. On the other hand,
according to the Hirshfeld-I energies, the Al4 unit can be
classified approximately into two groups: alkaline metal and
alkaline earth metal clusters, and transition metal clusters. The
destabilization of the Al4 fragment in the transition metal clusters
cannot be attributed to the electron transfer because it is quite
different in the Al4Cu- and Al4Zn. It must be noticed that the
Al4 displays very different energy in Al4Be and Al4Zn, even
though these clusters display similar structure and charge
polarization.

Although the total stability of the clusters also depends on
the intra-atomic energy terms or one-center terms, one can
intuitively state that the interatomic terms or two-center terms,
resulting from the atomic energy partitioning, provide valuable
information about the bond strength. Thus, information about
the Hirshfeld-I interatomic and intra-atomic energies in the
studied metal clusters is collected in Table 5. The strongest
M-Al bonds are found in theCs clusters and correspond to the
shortest M-Al bond distances and largest 2-DIs, withEAB(M-
Al) values of-96.6 and-93.3 kcal mol-1 for Al4Be and Al4-
Zn clusters, respectively. However, it is one of theC4V clusters,
Al4Cu-, which displays the largest total stability of the M-Al
bonds, represented in Table 5 by the summation of all theEAB-
(M-Al) values. Looking at the summation of theEAB(Al-Al)
values, which are shown with respect to those of Al4

2-, one
can remark that the most destabilized Al-Al bonds are found
in the Cs clusters, whereas the alkaline metal clusters display
Al-Al interatomic energies close to those of Al4

2-.
One can also extract some valuable information from the one-

center terms. Thus, the “own energy” of the Al4 fragments is
represented by the summation of the intra-atomic and inter-
atomic energy terms involving only Al atoms. These values are
shown with regard to the energy of the Al4

2- in Table 5. One
can see that all the relative values are positive, which indicates
a destabilization of the “own energy” of the Al4 unit. This is
not a surprising result, because these values reflect the desta-
bilization of the Al4 unit due to the geometry distortion and
electron charge donation, but these values do not reflect any
stabilization due to the formation of new M-Al bonds. On the
contrary, surprising results are found when adding the 2-center
M-Al energy terms to the “own energy” of the Al4. The
resulting values are also included in Table 5 and shown with
regard to the energy of the Al4

2-. The stabilization given by
the M-Al interatomic interactions is not enough to get a stable
cluster when M is a transition metal (see the positive values
for Al4Cu and Al4Zn); the opposite is found when M is an
alkaline or alkaline earth metal. This implies that the intra-atomic
energy of the metal,EA(M) (not shown in Table 5), and its
stabilization play a key role in the total stability of the cluster
when the metal is a transition metal. The values from the last
row in Table 5 reflect a clear relation between the relative
destabilization of the Al4

2- and the size of the cation, being a
bit larger for monocations. Mang et al.86 investigated the relative
stability of the square pyramidal conformations with regard to
the planar ones for several Al4M- all metal clusters. They found
that the stability decreases with the size of the cation M+,
reversing the stability order for Au+.

Finally, it would be desirable to find a good relation between
the 2-DIs and the two-center energy terms, because both have

TABLE 4: Relative Hirshfeld-I and QTAIM Energies of the
Al4 and M Fragments in kcal mol-1 (Details in Text)a

E(Al 4) E(M)

QTAIM Hirshfeld-I QTAIM Hirshfeld-I Eint

Al 4Li - -139.8 -36.7 -68.5 -170.5 -211.1
Al4Na- -150.2 -4.7 -44.4 -189.1 -198.2
Al4Cu- 481.7 209.7 -765.6 -494.2 -284.9
Al4Be -1.1 -29.1 -676.8 -649.0 -676.4
Al4Mg -138.6 -21.4 -410.8 -527.9 -550.2
Al4Zn 492.1 106.5 -1141.7 -757.6 -649.6

a The total interaction energies,Eint, between the Al4
2- and the cation

M+ or M2+ are listed in the last column. Figure 5. Hirshfeld-I 2-DIs, ∆2(A,B), in au vs the 2-center energy
terms,EAB, in kcal mol-1. The Al-Al and M-Al atomic pairs are
represented respectively by boldface squares and boldface circles,
whereas the Li-Al and Na-Al atomic pairs are represented by boldface
triangles.
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been used here to measure the bond strength between pairs of
atoms. In Figure 5 the 2-DIs are depicted versus the two-center
energy terms for all the bonds in all the clusters. The correlations
obtained by separating the Al-Al bonds from the M-Al bonds
are very good. Only the Li-Al and Na-Al bonds display
deviations with regard to the rest of M-Al pairs. They show a
larger stabilization than that predicted by the values of the 2-DIs.
This is mainly due to the large ionic character of these bonds,
which has been discussed at the beginning of this section.
Because the 2-DI only provides a measure of the covalent
character, they are expected to fail for highly ionic bonds. On
the other hand, the slope of the representation for Al-Al bonds
is smaller than that of M-Al bonds, meaning that the
interatomic energies within the Al4 fragments are less sensitive
to changes in the 2-DIs, than the interatomic energies of
fragments containing the metal M.

IV. Concluding Remarks

According to the calculated atomic charges and using an
electronegativity scale, the QTAIM scheme provides a good
description of the electron charge polarization in the all-metal
clusters. According to the QTAIM results, alkaline metal clusters
and to a lesser extent the Al4Mg cluster exhibit large electron
charge polarization from the metal, M, to the Al4 unit and weak
covalent M-Al bonds. On the contrary, the M-Al bonds exhibit
strong covalent character in the less polarized clusters, Al4Be
Al4Cu- and Al4Zn. The Hirshfeld-I results agree with the
QTAIM ones, only some discrepancies are found for the atomic
charges of transition metal clusters, especially for Al4Cu-. The
Mulliken scheme does not provide a correct picture of the M-Al
bonding in the alkaline metal clusters and Al4Mg. However, it
coincides with the QTAIM results for the transition metal
clusters and Al4Be. The three atomic partitioning schemes point
out that the electron charge moves from the Al4 unit to Be in
Al4Be, which disagrees with previously reported results obtained
for the Al4Be4 system using ELF.

The QTAIM, Hirshfeld-I and Mullikenn-DIs of molecular
fragments containing three, four, and five atoms are similar or
even larger than those computed forπ aromatic systems. This
is a consequence of the electron sharing associated to the
metallic character of these clusters. The multicenter delocal-
ization indices prove to be a quantitative tool for characterizing
the metallic bonding along the different molecular fragments.
The Hirshfeld multicenter electron delocalization indices are
successfully calculated for the first time.

The previously reported magnetic inactivity of theπ system
in the Al42- cluster, based on means of magnetic ring currents,
contrasts with its largeπ electron delocalization, which is the
same as that of the C4H4

2+ molecule and slightly larger than
that of theσ system. However, these results do not contradict
each other, because a large electron delocalization is a necessary
condition for the existence of ring currents but not a sufficient
one. The magnitude of theπ and σ aromaticity derived from
the multicenter indices agrees with the previously reported ELFπ

and ELFσ bifurcation values. Theσ andπ electron delocalization
within the Al4 unit in the series of metal clusters studied is
shown to depend on theσ andπ atomic electron populations
and to decrease as the electron delocalization increases in
fragments containing the metal M.

According to the QTAIM and Hirshfeld-I fragment energy,
the Al42- system is stabilized by the cations M+/M2+ when M
is a light alkaline or alkaline earth metal. On the contrary, it is
destabilized by the transition metal cations. The stabilization
of the complex is giving by the intra-atomic stabilization of
the transition metal cation. A comparison of the interatomic
energy terms with the 2-DIs reflects a linear correlation between
both magnitudes for the M-Al and Al-Al bonds separately.
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