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Present theoretical investigation reveals that theuslt in neutral AlNa, and anion AINag™ clusters hasw
m electrons and has a rectangular structure with altermdtends. Hence, neutral Ma, and anion A[Nag™
clusters satisfy the criteria for antiaromaticity and are metallo-antiaromatic compounds.

I. Introduction

TABLE 1: Bond Length of the Optimized Ground State of

Al4sNa; and AlyNaz~ Clusters?t

It has been understood for many years that among the simple
monocyclic systems, compounds with oniyn@# 2) iz electrons

bond length (A)

(wheren is an integer), such as benzene, followdKel’s rule
and are aromati€. Conjugated ring systems havingn 4t
electrons do not obey Hiel’s rule for aromaticity and can be
divided into antiaromatic and nonaromatic compounds. The
definition of antiaromaticity is somewhat controversial, but the
concept has proven to be of great interest due to the unusual
behavior exhibited by the antiaromatic compounds such as
instability, magnetic properties, and high reactivityt we
restrict ourselves to the conventional definition of antiaroma-
ticity, then it is known that if the system is planar with &
electrons and is destabilized due to the electron delocalization,
it will be antiaromatic, e.g., cyclobutadief&On the other hand,
if the system with 4 = electrons buckle to become nonplanar,
it is known to lose the antiaromaticity and the system would be
nonaromatic, e.g., cyclooctatetraértdowever, the distinction
between antiaromaticity and nonaromaticity is not very clear.
The geometry of the system seems to be one criterion to
distinguish antiaromatic and nonaromatic compounds. Cyclob-
utadiene is a well-known example of antiaromatic compodrids.
Aromaticity and antiaromaticity have been historically im-
portant in organic chemistry. However, in recent years, studies
have been carried out to show that aromaticity also exists in
organometallic compounds and metal clusérén a combined
experimental and theoretical work, Li et al. have shown
aromaticity in all-metal atom clusters, e.g., MAland MAl,4
(M = Li, Na, and Cu) for the first tim&2On this basis, recently
it was shown that the At~ species in the ALi, cluster satisfies
the criteria of antiaromaticity and hence is an all-metal anti-
aromatic compound?!® Theoretical proposition of this was
presented by us in a recent symposiiklowever, Kuznetsov
et al. have experimentally synthesized the first antiaromatic
compound, viz., AlLiz~ and theoretically proved that it also
has similar characteristics of the 4Al4 cluster in a receent

Al (1)—Al(2) 2.852
(2.443)
Al(1)—Al(3) 2.680
(2.288)
Na(6)-Na(7) 3.695
(2.566)
Na(7)-Na(5) 3.695
(2.566)
Na(7)-Na(8) 4.695

2The bond lengths of the ANas~ cluster are given in parentheses.

Figure 1. Geometries of AlNa, and ALNas~ clusters (at the CCD/
6-31G(d,p) level). Spheres 1, 2, 3, and 4 indicate the Al atoms while

publication!® These studies open up a new area in the field of the rest of the spheres indicate the Na atoms. (a) Ground-state structure

aromaticity and antiaromaticty in metal compounds.

of the AlyNa, cluster with a rectangular planar Alinit. (b) Excited-

On this background, we propose a theoretical investigation state structure of the MMa, cluster with a distorted Alunit. (c) Ground-

in this paper to understand the structural and bonding properties
in neutral ALNa, and anion AlNag~ clusters. We show that
the Aly species in neutral ANa, and anion AlNas~ is similar

* Author to whom correspondence may be addressed. Fei-20-
5893044. E-mail: pal@ems.ncl.res.in.

T National Chemical Laboratory.

* University of Pune.

state structure of ANag~ cluster with a rectangular planar Alinit.

to the Al, species found in ALi4 and ALLi3™ clusters and are
antiaromatic.

Computational Details

We give a brief discussion on the structural property of the

Al4Na, cluster since it has been already studied using Born
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Figure 2. The last five HOMO pictures of the Mla, cluster are shown. HOMO shows a localized and altermatebital in the Al plane.
HOMO-1 is a trans-annular bonding between the two paire bbnds AFAIl and also the lone pair of electrons. HOMO-2 is a trans-annular
bonding between the pair of orbitals of A=Al HOMO-3 is a trans-annular bonding between the tworbitals of the A-AI bonds. HOMO-4
shows a lone pair of electrons on 4 Al atoms.

TABLE 2: Bond Angles and the Dihedral Angles of the TABLE 3: The Energies and the Difference between the
Optimized Ground State of Al;Na, and Al,Na;~ Clusters? HOMO and the LUMO for Ground and Excited States of
the Al4Na, Cluster and the Ground State of the AlNag™
Cluster Obtained through Coupled-Cluster Calculations

angles in degrees

bond dihedral total energies HOMO—LUMO  AEa
Al(1)—Al(2)-Al(4) 90.0 metal clusters (hartree) gap (eV) (kcal/mol)
(90.0) ALN —

_ . «Nay (ground state) —1615.2049 4.042 0.00
Al(1)=AI3)-Al(4) (g%%) AlNau (excited state) 4228 435
AI(2)—AIA)-AI3) 30.0 AlNa;~ (ground state) —1435.0128 1.240 0.00

(90.0) a AE refers to the difference between the ground state and the excited-
Al(1)—AI(3)-Al(4) —Al(2) (0.0) state energies.
0.0
Na(5)-Na(7)-Na(6) 154 . .
Na(8)-Al(1)—Al(2)—Al(4)b 6111 theory (MP2) with 6/31G(d,p) basis sets. Further, the clusters

(58.28) were refined using the coupled-cluster method with double

) ~ excitations only (CCD)/6-31G(d,p%;13
aBond angles and the dihedral angles of theN&k~ cluster are

gAil\:egleilr;garentheseg.Shows the angle between the Na atom and the Results and Discussion
Before we discuss the results on bonding, we present the
Oppenhiemer molecular dynamics (BOMD) simulatiéh$he ground-state geometry of the Ala, and ALNas~ clusters.
BOMD technique is based on the KohBham formulation of Tables 1 and 2 present the geometry ofMds and AlNag™
density functional using damped equations of motion to calculate clusters in the ground state. Table 3 presents the total energies
the AluNa, cluster. Simulated annealing technique is used to and the gap between the highest-occupied molecular orbital
obtain the equilibrium geometriés.The structures were con- (HOMO) and the lowest-unoccupied molecular orbital (LUMO)
sidered to be converged when the forces on all the atoms wereof the ground state and excited state of thgN&, cluster. The
less than 10° eV/A. The AlNas~ structure was obtained by  total energy of the ground state of the;Nbs™ cluster is also
removing one Na atom and adding one negative charge. Thesgresented in the Table 3. We found that the ground-state
structures were reoptimized using MohePlesset perturbation  geometry obtained from the ab initio calculations, viz., MP2/
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HOMO-3
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Figure 3. The last five HOMO pictures of ANa;~ cluster are shown. HOMO shows localized and altermapebitals in the A} plane. HOMO-1
is a trans-annular bonding between the two pairs bénds of AF-Al. HOMO-2 is a trans-annular bonding between the twe-Al bonds and also
a lone pair of electrons. HOMO-3 is a trans-annular bonding eharacter. HOMO-4 shows localizedbonds on At-Al and a delocalizedr

electron density.

CCD for AlyNas (Figure la) is a capped octahedro@y,(
symmetry). The four Al atoms form a rectangular planar
structure D2, symmetry) with two of its bond lengths being
2.680 A and the other two being 2.852 A (Table 1). The
rectangular planar Alstructure found in the ANa, cluster is
similar to the Al structure found in the ALi, cluster studied
earlier?19The excited-state geometry of Ala, (Figure 1b) is
seen to form a quinted roof with a buckled,Ainit and is 4-5
kcal/mol (Table 3) higher in energy than the ground state.
However, the ground-state Ma, structure obtained through
BOMD calculations reported earliérshowed that the Al

or superatom!!*In the present study, the Abpecies in the
Al4Nas and ALNag™ clusters behaves as a superatom and hence
the electron affinity of the Al species increases compared to
the alkali atoms. This arrangement of the Apecies in A|Nay

and ALNag™ clusters allows the Na atoms to donate one electron
to the unoccupiedorbital of the four Al atoms, thus providing
the required 4z electrons for antiaromaticity. The HOMO
picture (Figure 2) clearly shows two localizedbonds along
the two Al atoms having shorter bond lengths (2.68 A) of the
Al4 unit in the ALNa, cluster. HOMO-1 (Figure 2) is mainly a
trans-annular bonding between the paircobonds of AFAI

species is buckled (Figure 1b), which is in contrast to the ab atoms and lone pair of electrons sfcharacter is seen. This
initio calculations studied in the present work. The ground-state kind of trans-annular bonding was also seen in theHz&

geometry of the ANag™ cluster (Figure 1c) is also a capped
octahedron €, symmetry). The AINa~ system, having
rectangular planar Alstructure D2n symmetry), is similar to
the Als structure found in the ANa, cluster, with the only
difference being that the shorter-AAl bond is 2.288 A and
the longer AFAI bond is 2.443 A (Table 1), unlike the slightly
distorted rectangular Alstructure in AjLi3~ clusterl® This is

compound-®> HOMO-2 (Figure 2) also shows a similar kind of
trans-annular bonding between the pair of-All bonds having
higher bond lengths. HOMO-3 (Figure 2) also shows a trans-
annular bonding, but it is seen between therbitals of the
pair of Al—=Al bonds. HOMO-4 (Figure 2) shows a lone pair
of electrons on the four Al atoms. The two localizedonds

in the HOMO of the AlNa, cluster (Figure 2) arise due to the

due to the symmetric capping of the three Na atoms. It is also 4 it electrons donated by the four Na atoms to thg 9decies,

seen from Table 1 that the Alinit gets more contracted in the

which is consistent with the charge transfer from the Na atoms

anion than in the neutral species. We have also carried out spin-to the Al atoms. We also see from Table 3 that the difference

polarized calculations for the Mla, and ALNag~ systems, and

in the energy of the HOMO and the LUMO of the /Nas

it was found that the singlet state is more stable than the triplet ground state and the excited state is almost the same.

state.

The hybridization of the four Al atoms in the MNa; and
Al4Nag~ clusters may be considered ag,dpaving one empty
unhybridized p orbital on each Al atom in the ;/A$pecies.
Although the difference in the ionization potential of Al and

Interestingly, the bonding nature in the N~ cluster is
similar to that in the AlNa, cluster. The HOMO (Figure 3) of
AlyNag™ is the same as the HOMO (Figure 2) of the,Méy
cluster with alternater bonds along the shorter AlAI (2.288
A) bonds. HOMO-1 (Figure 3) has a trans-annular bonding of

the Na atoms is very small, earlier studies have shown that in o bond character with lone pair of electrons similar to HOMO-1
these classes of heteroclusters, the more electronegative atorof Al,Na, system. HOMO-2 (Figure 3) of ANas~ has a trans-
occupies the interstitial position and behaves as a single entityannular bonding between the two -AAl bonds and also a
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