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Abstract

1

A perfectly planar Al;5* cluster (CI) and a quasi-planar Al;3* cluster (CII) have been found for the first time. Both clusters have a
triangular core surrounded by a set of ten Al atoms in the form of a ring. These cationic clusters have substantial aromatic
character. The planar CI cluster has local antiaromatic patches within global aromatic sea. It is doubly aromatic having both o and
7t aromatic character. The quasi-planar CII cluster is also aromatic but it has more o-delocalization.

Keywords Planar/quasi-planar aluminium cluster - NICS study - ELF analysis - AIM and AANDP analysis - Aromaticity and

antiaromaticity

Introduction

Neutral, anionic, as well as cationic aluminium clusters have
drawn considerable attention of the scientific community in
recent times [1-5]. These clusters have various important ap-
plications, such as catalyst [6], solid propellant for rocket [7],
splitting of water [8], hydrogen storage [9], iodine absorption
[10], magnetism [11], etc. Aluminium forms various stable
clusters with sizes in the nanometer dimension having various
shapes and geometries [12]. It has generally been seen that
properties of clusters systematically vary with cluster size
[13, 14]. At certain nuclearity n (n is the number of
atoms in the cluster), clusters gain additional stability
compared to adjacent clusters (n-1) and (n+1). These
more stable clusters are called magic clusters. Computations
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and experiment have revealed that only small Al clus-
ters (n=1-5) have planar geometry [12], but large Al,
[n=6-65] clusters assume three-dimensional polyhedral
structure [13-15].

For the first time, we report here a perfectly planar Al;3*
cluster (CI) and a quasi-planar Al;s* cluster (CII), both having
a triangular core surrounded by a set of ten aluminum atoms in
the form of a ring (Fig. 1). Generally, as the number of atoms
in a cluster increases, it tends to assume a three-dimensional
geometry rather than a planar structure due to instability.
Many of the previous studies involving Al clusters were
aimed at determining the nuclearity [n] of the clusters at which
the shape changes from the planar to the three-dimensional
geometry [1-3]. These studies have revealed that for Al clus-
ters, the transition from planar to three-dimensional geometry
occurs when n changes from five to six. Thus, the planar (CI)
and quasi-planar (CII) Al;;* clusters are by itself interesting
findings and in the present paper we also report an in-depth
study of the electronic structure of these clusters through
quantum chemical computations. Unusual stability of many
of the chemical systems has been attributed to electron delo-
calization, which renders aromatic character to them [16—18].
NICS parameter is a reliable indicator of aromaticity for planar
systems and has been extensively used to establish the
aromatic nature of planar chemical systems [19-22].
NICS(0) and NICS(1) are widely used in literature to unravel
aromatic/antiaromatic character of planar chemical systems.
NICS(1) is considered to be a better indicator of aromaticity
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Fig. 1 Optimized geometry of a
planar Al;3* clusters (CI) and b
quasi-planar Al;;* clusters (CII).
Bond distances labeled on the
pictures are in A units
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as it is free from the contamination of the in-plane atoms,
which is generally associated with NICS(0). We have comput-
ed both NICS(0) and NICS(1) over planes parallel to the clus-
ter surface of planar CII in order to determine the spatial dis-
tribution of the NICS values. This study reveals a unique
aromatic character of the planar Al;;" cluster—it is a cluster
with three local antiaromatic deltas immersed within a global
aromatic sea. For the quasi-planar CII cluster, we have com-
puted NICS at the centers of the triangular subspaces within
the cluster. NICS studies have been supplemented with the
adaptive natural density partitioning (AdNDP) analysis
[23-25], which provides a closer view of the nature of chem-
ical bonding. AANDP analysis reveals that both o and 7t elec-
tron delocalization play an important role in the aromatic/
antiaromatic character of planar Al;;* cluster. Electron local-
ization function (ELF) [26] is also another tool for exploring
the localized and delocalized character of electrons in an
atomic cluster. Both ELF,, and ELF, show substantial
delocalization of the 7 and o electron cloud for the
planar Al;;* cluster. Bader’s atom in molecule (AIM)
theory provides a topological view of a molecular or
atomic cluster system [27]. In the topological analysis,
molecular space is partitioned and assigned to individual

@ Springer

atoms constituting the molecule. We have carried out
AIM analysis for both the Al;;* cluster and this pro-
vides important information regarding the critical points
and critical paths of both the clusters.

Computational methodology

DFT methodology has been employed to compute the geom-
etry of both the Al;3* clusters. Computations have been car-
ried out with the 6-311 + G(d) basis set [28] with B3LYP
hybrid density functional. Here, a diffuse function has been
introduced as the cluster under study is a cationic one.
Polarization function has been used to study the effect of
overlapping of orbitals. The harmonic frequency analysis of
the computed structures reveal that the planar Al;s* cluster
(CI) has three imaginary frequencies but the quasi-planar
Alyj5* cluster (CII) has zero imaginary frequency, indicating
that CII is a true minimum structure. All optimizations and
harmonic frequency analysis have been carried out with the
help of GAUSSIAN-03 package [29]. AANDP calculation has
been carried out with the natural bond orbitals (NBO) com-
puted at the B3LYP/6-311 + G(d) level by GAUSSIAN-03
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package and subsequent analysis of AANDP orbitals by
employing the Multiwfn-3.5 program suit [30]. ELF and
AIM analysis have also been carried out with the Multiwfn-
3.5 program suit. Graphics for canonical orbitals and electro
static potential (ESP) were generated using Molekel [31] and
Chemissian package [32].

Results
Optimized structure of planar Al;;* cluster (Cl)

Optimized geometry of the planar Al; 5" cluster (CI) with atom
numbering scheme has been depicted in Fig. 1a. The cluster
has a planar geometry and a leaf-like shape. Its upper end is
broad, but the dimension gradually shrinks towards the lower
end. The cluster has a triangular core that is encircled by a set
of ten aluminium atoms forming a peripheral ring. The core is
an isosceles triangle formed by three aluminium atoms Al(1),
Al(2), and Al(3). Al(1)-Al(2) and Al(1)-Al(3) distances are
equal (2.736 A), whereas Al(2)-Al(3) distance is nearly
0.117 A smaller (2.619 A) (Table S1). On the other hand,
the inter atomic distances among the ten peripheral Al atoms
(Al(4) to Al(13)) fall within the range 2.411 A to 2.486 A. As
can be observed from the data in Table S1, AI-Al bond dis-
tances in the cluster distinctly fall into two categories (i) the
core, for which the intra core Al-Al bond distances are rela-
tively higher (2.619 A to 2.736 A) and (ii) the periphery, for
which intra periphery Al-Al bond distances are in a distinctly
lower range (2.410 A to 2.486 A). The peripheral ring Al
atoms are connected to the three core Al atoms in such a
way that each pair of Al atoms at the periphery form a triangle
with the one of the three core Al atoms. Whereas Al(2) and
Al(3) each form four core-periphery bonds, Al(1) form five
core periphery bonds. Thus, in total, Al(1) has seven bonds,
but Al(2) and Al(3) each has six bonds with their neighbors.
Bond distances of three central Al atoms with the peripheral
Al atoms fall in the range 2.611 A to 3.127 A. Al(1)-Al(6) and
Al(1)-Al(12) bond distances (3.127 A) are relatively higher
compared to other Al(1) bonds. There is also a system-
atic increase in the intra peripheral Al-Al distances. At
the lower end, it is shortest (2.410 A), which systemat-
ically increases to 2.486 A at the upper end of the
cluster. The cluster has a bilateral symmetry, the sym-
metry line passes through Al(4) at lower tip, Al(1) at
the core and Al(9) at the middle of the top edge. These
three atoms lie almost along a line.

Optimized structure of quasi-planar Al,;" cluster (Cll)
The energy of the optimized CII cluster is — 3151.694418

Hartree. For a comparison, the energy of the CI cluster at the
same level of theory is — 3151.682891 Hartree. Overall core-

periphery arrangement of CII cluster (Fig. 1b) is identical to
that of CI cluster—an isosceles triangular core is surrounded
by a set of ten peripheral Al atoms. This cluster also possesses
the same bilateral symmetry as that of CI. The symmetry line
passes through the same set of three atoms (Al(4), Al(1), and
Al(9)). The triangular core of CII cluster is more compact
compared to CI cluster. In the core, Al(1)-Al(2) and Al(1)-
Al(3) distances are equal (2.727 A), whereas Al(2)-Al(3) dis-
tance is shorter (2.619 A) (Table S1). Both the longer bonds as
well as the shorter bond of the isosceles triangular core of CII
cluster is small compared to that of the CI cluster. On the other
hand, the Al-Al distances on the periphery of the CII cluster is
larger compared to the corresponding Al-Al distances in the
CI cluster. Inter-atomic distances among the ten peripheral Al
atoms (Al(4) to AlI(13)) for CII cluster fall within the
range 2.489 A to 2.581 A. A systematic increase of
bond distances from the bottom to the top of the cluster
along the periphery is evident in the successive increase
of the bond lengths along the periphery (Al(4)-Al(5)=
2.489 A, Al(5)-Al(6)=2.529 A, Al(6)-Al(7)=2.531 A,
Al(7)-Al(8)=2.540 A and Al(8)-Al(9)=2.581 A). This
nature is identical to that found in CIL.

The main structural difference between CI and CII cluster
is the non-planarity of the later. Whereas all atoms in the CI
cluster lie in the same plane, for the CII cluster, atoms lying on
the periphery are situated above and below the mean plane
passing through the three central atoms (Al(1), Al(2), and
Al(3)) constituting the core of the cluster. Al(9) and Al(4)
atoms lying on the bilateral symmetry line are, respectively,
0.858 A and 0.239 A above this mean plane. Two symmetry-
related atoms Al(8) and Al(10) are 0.603 A above the mean
plane. Al(7) and Al(11) are most deviated from this mean
plane by an amount 1.032 A. Al(6) and Al(12) are slightly
down of this mean plane (0.162 A). Al(5) and Al(13) are
deviated maximally downward from the mean plane by an
amount 0.842 A. The planes of two symmetry-related rings
R4 and R4* that share a common edge with central isosceles
triangular ring R1, deviate downward by 3.21°. Ring RS at the
top of the cluster, which shares the shorter edge of R1, devi-
ated upward by 21.26°. The configuration of the cluster can be
compared with that of a flying bird with its wings up. The
head part of CII is constituted by five conjoined triangles
(R6,R7,R8, R9, and R10). The upward wings are constituted
by two conjoined triangles R2, R3 and R2*, R3*, where the
peripheral atoms Al(6) and Al(12) deviate maximally down-
wards. Al(4), which is above the mean plane, share common
edge of two adjacent triangles R2, R2* constituting the tail of
the cluster.

Like CI, in CII also Al-Al bond distances fall into (i) core
and (ii) periphery category. Core Al-Al bonds fall in a high
range (2.615 A to 2.727 A) than the peripheral Al-Al bonds
(2.489 A to 2.581 A). Similar core-periphery bonding pattern
is also present in this cluster.

@ Springer
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Electrostatic potential surface, Mulliken charge
distribution, and dipole moment

Electrostatic potential (ESP) surfaces and Mulliken charge
distributions for both the clusters have been pictorially
depicted in Fig. 2. Figure 2a, b depict the ESP surfaces of
planar and quasi-planar clusters CI and CII, respectively. For
both the clusters, the electrostatic potential surfaces clearly
show that core and periphery of the cluster is distinctly demar-
cated. The core has a high negative charge concentration. It is
surrounded by gradually increasing positive charge
concentrations.

It can be seen from Fig. 2a that the deep-red region corre-
sponding to the highest negative charge concentration is lo-
cated over two atoms Al(2) and Al(3) at the core of the cluster
(see also Fig. 1a). Al(1) also bears a negative charge. This is
indicated by yellow color ESP surface at the location of this
atom. That the positive charges are located around the periph-
ery of the cluster is evident in the presence of blue color ESP
surfaces there. The deepest blue spots are located over Al(5)
and symmetry related Al(13). Both the top left and top right
corners of the cluster are also having blue ESP iso-surfaces.
Al(7), Al(8), and symmetry related Al(10), Al(11) are located
at the top left corner and top right corner, respectively.

For the quasi-planar CII cluster, the deepest red spot corre-
sponding to the highest negative charge occurs on Al(1). It can

be noted that the negative charge concentration on Al(1) in CII
is higher than that of CI. Al(2) and Al(3) are also negative
charge centers but have lesser charge density compared to
Al(1). The deepest blue regions over the ESP surface corre-
sponding to positive charge concentrations for this cluster ap-
pear at the top left and top right corners of the cluster.

The distribution of Mulliken charges over the atoms of the
clusters CI and CII have been depicted in Fig. 2c, d, respec-
tively. The nature of Mulliken charge distribution nicely cor-
relates with the nature of the ESP surface. The charge distri-
bution has an inherent bilateral symmetry. The core of both the
clusters is the seat of negative charges and the peripheral ring
is the seat of positive charges. Mulliken charges for individual
atoms for both the clusters have been collected in Table S2.

In CI cluster Al(2) and Al(3) bear equal amount of highest
negative charge. The negative charge on Al(1) is nearly one-
third of that borne by Al(2) or Al(3) (Table S2). On the other
hand, the highest negative charge for CII occur on Al(1) in-
stead of Al(2) or Al(3). The magnitude of negative charge
concentration on Al(1) in CII is even higher than the highest
negative charge on Al(2) and Al(3) of CI. The amount of
negative charge on Al(2) and Al(3) of CII is little small com-
pared to that of CI. For CI, the highest positive charge is
concentrated around the lower end of the cluster on Al(5)
and Al(13). Al(9) at the middle of the top edge of the
cluster is nearly neutral bearing a very little negative charge.
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Fig. 2 Electrostatic potential map and Mulliken charge distribution of Al;3* clusters
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Concentration of positive charge on the left edge of the cluster
has a dip on Al(6). Positive charge concentration on Al(7) and
Al(8) is quite high. For CII, the highest positive charge of
nearly equal magnitude is located on Al(7), Al(8) and their
symmetry related Al(10), Al(11). The positive charge concen-
tration on Al(5) in this cluster is somewhat smaller than that of
Al(5) in CI. The positive charge density of Al(6) of CII is a
little higher than that of CI. Whereas in CI the charge density
on Al(9) has a small positive value, in CII it has become
slightly negative.

From the comparison of charge distribution of CI and CII,
it can be concluded that although the macro nature of the
charge distribution is the same in both the clusters, the micro
nature is quite different. In both the clusters, the core is the seat
of negative charge and the periphery is the seat of positive
charge, but there is more negative charge at the core of CII
than that of CI. This charge transfer makes the periphery of
CII overall more positive compared to that of CI.

The nature of dipole moment of both the clusters is in
accordance with the charge distribution in respective clusters.
Dipole moments of both the clusters are directed along the
bilateral symmetry axis. The directions of the dipole moments
are opposite to each other—in CI it is directed from top to
bottom along the symmetry line, but in CII it is directed from
bottom to top. The magnitude of dipole moment in CII is more
(1.2198 Debye) compared to that of CI (0.9689 Debye)
(Table 1). This clearly indicates that there is more charge sep-
aration in CIL

Canonical molecular orbitals

HOMO, LUMO, and relevant delocalized orbitals of CI and
CII clusters have been shown in Fig. 3a, b, respectively.
Frontier orbitals HOMO and LUMO are directly related to
the reactivity of a cluster. The HOMO-LUMO gap for the
planar CI cluster is 1.557 eV and that of CII is 1.373 eV.
HOMO for CI is substantially delocalized and is having most-
ly mt-character. On the other hand, LUMO is less delocalized
and having mostly o-electron contribution. For the CII cluster,
HOMO is located over the periphery of the cluster. It has
mostly sigma character except at the top edge, where a mixed
7-0 character is visible. LUMO for CII is banded in nature
and is having 7t-character. HOMO-1 and HOMO-2, in the CI

Table 1 Dipole

moments of Al 5" Dipole moment  Al;;* Al5*

clusters (Debye) (€D (CIh
Hy —0.0002 0.0001
Uy 0.9689 — 1.1406
W, 0.0000 0.4325
m 09689 12198

cluster, have substantial delocalization along the periphery of
the cluster. They have mostly 7t-character. HOMO-6 is
completely delocalized over the whole surface of the cluster.
Other orbitals also have a varying amount of delocalization
(Fig. 3a).

For the CII cluster, HOMO-1 is also delocalized and hav-
ing mostly 7t-electron contribution. HOMO-6 has 7t-character.
It is delocalized over the upper-half of the cluster. Other or-
bitals also have a varying amount of delocalization (Fig. 3a).

NICS study

NICS(0) and NICS(1) surface plots characterizing the aromat-
ic nature of the planar CI cluster are depicted in Fig. 4. As can
be seen from these plots, bands of positive and negative NICS
regions appear one by one from the top towards the bottom of
the cluster. Whereas in the NICS(0) plot four bands in the
sequence of positive, negative, positive and negative
NICS(0) values appear, in the NICS(1) plot a Y-shaped central
band of negative NICS(1) values is intertwined with three
regions of positive NICS(1) values. Negative NICS values
indicate aromatic regions and the positive NICS values indi-
cate antiaromatic regions. Small absolute values of NICS
(0 ppm — 5 ppm) indicate non-aromatic regions. It can be seen
from Fig. 4 that in the NICS(0) plot the first band of aromatic
region lies along the bonds connecting Al(7), Al(2), Al(3), and
Al(11). The highest negative contour line passing over this
region has a value of - 10 ppm. This line also passes though
the central triangular core of the cluster consisting of Al(1),
Al(2), and Al(3). It can be noticed that two bonds Al(1)-Al(2)
and Al(1)-Al(3) are sandwiched between contour lines of
- 10 ppm, which means at the middle of these bonds the
NICS(0) values are still higher (~ — 15 ppm). The second
aromatic band lies at the lower end of the cluster spanned over
Al(4), Al(5), and Al(13) atoms. The - 15 ppm contour line
touches the center of the two bonds Al(4)-Al(5) and Al(4)-
Al(13). Among two antiaromatic bands in the NICS(0) plot,
one is located at the upper end of the cluster and the other one
is located just above three lower Al atoms Al(4), Al(5) and
Al(13). There are three antiaromatic hot-spots (light blue re-
gions in [Fig. 4a]) with NICS values +15 ppm.

In the NICS(1) surface plot, the regions of aromatic and
antiaromatic ones are clearly distinguishable. A single Y-
shaped aromatic band is located above the second row of Al
atoms [Al(7), Al(2), Al(3), and Al(11)] and Al(1) and Al(4).
The highest negative contour line (— 15 ppm) is located
around the bonds Al(7)-Al(8) and Al(10)-Al(11) (Fig. 4b).
Over most of the central triangular core, the NICS value is
between - 5 ppm and - 6 ppm. Two antiaromatic regions are
clearly located over the bonds Al(5)-Al(6) and Al(12)-Al(13).
The highest positive NICS(1) contour line in these regions has
a value of + 9 ppm. The region around Al(9) at the upper end
of the cluster is also overlain by a region of antiaromaticity.

@ Springer
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Fig. 3 Selected delocalized
orbitals of a planar CI and b (a)  Molecular orbitals
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The observed variation of both NICS(0) and NICS(1) nice-
ly correlates with the structural features of the cluster. It is
expected that the bond lengths around the antiaromatic re-
gions should be longer compared to that of the aromatic re-
gions. From Fig. la, one can see that larger bond lengths
(3.127 A) for Al(1)-Al(6), Al(1)-Al(12) and (2.857 A) for
Al(1)-Al(S), Al(1)-Al(13) can be assigned to their proximity
to antiaromatic regions shown in Fig. 4a. These bonds form
the triangular subspaces R3 and R3*, which exactly coincides
with the antiaromatic region on the NICS surface plot. Similar

@ Springer

is the case for the second highest bond lengths (2.746 A) in the
cluster, which occurs for Al(9)-Al(2) and Al(9)-Al(3) bonds.
The topmost antiaromatic hot-spot in the NICS(0) plot is
sandwiched between these two bonds (Fig. 4a). On the other
hand, the shortest bond lengths (2.410 A) for Al(4)-Al(5) and
Al(4)-Al(13) can be assigned to the superposition of the stron-
gest aromatic band over these bonds. Similar correlation of
shortening of bond length with the aromaticity can be ob-
served for bonds Al(7)-Al(8) and Al(10)-Al(11), which are
distinctly smaller (2.479 A) compared to two adjacent
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Fig.4 a NICS(0) and b NICS(1)
surface plot for the planar Al;;*
cluster (CI)

NICS(0)

peripheral bonds on either side, 2.486 A [for Al(8)-Al(9) and
Al(10)-Al(11)] and 2.480 A [for Al(6)-Al(7) and Al(11)-
Al(12)]. Both NICS(0) and NICS(1) surface plots show the
presence of quite a strong aromatic band over these bonds
(= 10 ppm) in NICS(0) and - 15 ppm in NICS(1)). A compar-
ison of NICS(0) and NICS(1) surface plot shows that overall
the nature of distribution of aromatic and antiaromatic regions
with height remains more or less same. The main difference
between NICS(0) and NICS(1) surface plot is that whereas in
NICS(0) the region around the bond Al(1)-Al(4) is non-
aromatic (NICS(0) value is nearly 0 ppm)) at 1 A above, this
region shows negative NICS(1) values (— 3 ppm). This leads
to the joining of the two separate aromatic bands of the
NICS(0) plot into a single aromatic Y-shaped band. The rela-
tively shorter Al(1)-Al(4) bond length (2.714 A) can be
assigned to this aromatic band.

An elaborate study on the variation of NICS with height
(hereafter NICS(z)) has been performed for both CI and CIL
CII being non planar NICS surface study was not carried out
for this. NICS(z) have been calculated at the center of each of
14 triangular subspaces from -5 A to +5 A with respect to the
mean plane of each triangle (Fig. 5). For both CI and CII,
NICS(z) values remain negative for 12 of the 14 triangular
subspaces. Only for the rings R3 and R3* the NICS(z) values
are seen to be positive.

For the planar cluster CI, NICS(z) through the center of the
ring R1 show two minima at z = = 0.5 A having same value —
6.18 ppm (Fig. 5a). For CII, the NICS(z) has been shown in Fig.
5b. NICS(2) in this case is not symmetric about z= 0 plane as
the positive z space and negative z space are different due to
non-planarity of the cluster. Highest negative NICS(z) value
(— 5.05 ppm) occurs z=+0.5 A (Table 2). In the negative di-
rection, there is another deep (— 4.40 ppm) at z=— 1.0 A. The
negative value of NICS(z) gradually decreases with height and
tends to zero values for both CI and CII.

NICS(z) at the center of ring R2 (and symmetry related ring
R2%*) also shows two minima with value,

—r 20
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—-40
- —-50
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-120

e

N
NICS(1)

—1.93 ppm for CI at z== 0.5 A. For the CII cluster, the
highest negative NICS(z) value of — 5.49 ppm occurs at z=
— 1 A. The variation is asymmetric as expected. As one ad-
vances towards the positive z direction from z=— 1 A,
NICS(z) becomes zero at z=0 A then becomes slightly pos-
itive (2.33 ppm) at z=+ 0.5 A and then gradually decreases to
zero.

Variation of NICS with height at the center of rings
R3 and R3* for both CI and CII show positive NICS(z)
values indicating the antiaromatic nature of this triangu-
lar sub-region. The highest positive NICS value
(+ 10.54 ppm) occurs for CI at height z=0 A. For
CII cluster the highest positive NICS value (+ 7.68 ppm)
occurs at z=0 A.

Variation of NICS with height at the center of R4 (and R4*)
shows that the highest negative NICS value — 5.66 ppm for CI
occurs at z=0 A. For the corresponding rings of CII, the
highest negative NICS value is little higher (— 6.59 ppm),
which occur at z=1.0 A.

For rings R5 and R5*, the highest negative NICS values
(= 7.62 ppm for CI and — 13.59 ppm for CII) occur at heights
z=40.5 A for Cl and — 0.5 A for CIL For rings R6 and R6%,
highest negative NICS values (— 19.12 ppm for CI and —
18.03 ppm for CII) occur at z=0 A level. At the center of
R7 and R7*, maximum gain in aromaticity occurs for CII. For
these rings, the highest negative NICS value for CII
cluster is — 9.62 ppm at a height of 0.5 A, whereas
for CI cluster highest negative NICS values of — 1.88 ppm
occur at heights z=+ 1.0 A. At the center of ring RS, there is
also an increase of aromaticity for CII. The highest negative
NICS value (= 10.45 ppm) occurs at z=— 0.5 A for CII. For
CI, this value is — 7.89 ppm at z=0 A level. For most
of the rings, NICS(z) decreases to zero values beyond
approximately 2.5 A on either side of the ring planes.
In Table 2, we have summarized the highest NICS
values for the both the clusters at corresponding rings.
It can be noted that the CII cluster gains aromaticity for
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Fig. 5 Variation of NICS with
height from the mean plane of
triangular subspaces in CI and CII
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most of the triangular sub-spaces by adopting a quasi-
planar structure. At rings R1, R1* and R6, R6*, it
slightly loses aromaticity (1.13 ppm and 1.10 ppm, re-
spectively) but in all other rings it gains in aromaticity
appreciably (Fig. 6) with a net gain of aromaticity of
magnitude 41.37 ppm.

@ Springer

Electron localization function (ELF) analysis

Becke and Edgecombe first introduced electron localization
function (ELF) [33], which was an extension of the work
reported by Bader et al. [34]. For an electron at a point 1,
ELF is an inverse measure of the probability of a second
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Table2 Comparison of highest NICS(z) values at triangular sub-spaces of CI and CII cluster
Cluster ClI cl Gain/Loss of aromaticity
of CII (ppm)
Highest NICS(z) Height where maximum Highest NICS(z) Height where maximum
(ppm) occur (A) (ppm) occur (A)
R1 - 6.18 +0.5 —-5.05 +0.5 -1.13
R2 and R2* - 193 +0.5 - 549 - 1.0 +3.56
R3 and R3* + 10.54 0.0 + 7.68 0.0 + 2.86
R4 and R4* - 5.66 0.0 - 6.59 1.0 +0.93
R5 and R5* - 7.62 +0.5 - 13.59 -05 +597
R6 and R6* - 19.12 0.0 —18.03 0.0 - 1.09
R7 and R7* —1.88 +1.0 -9.62 0.5 + 7.74
R8 - 7.89 0.0 —10.45 -05 +2.56

Overall gain of aromaticity of CII cluster = (2*(3.56 + 2.86 + 0.93 + 5.97-1.09 + 7.74) + (2.56-1.13))ppm = 41.37 ppm

electron having the same spin being in the immediate vicinity
of the first electron. ELF is a dimensionless quantity and its
value varies between zero and one. The closer the value of
ELF is to one, the lower is the probability of the same-spin
electron being near the electron at some position r and the
higher is the level of localization of the electron at that point.
Values of ELF close to one have been found to characterize
localized pairs of opposite spin electrons, e.g., lone pairs and
covalent bonds [35]. ELF recovers the Lewis picture of mo-
lecular bonding and provides graphical representations of mo-
lecular systems. ELF can be separately calculated for both 7t-
electrons (called ELF ) and for o-electrons (called ELF ;). As
this decomposition can easily be done only for perfectly pla-
nar systems, we use here total ELF for comparing the aromatic
nature of CI and CII clusters. The results of total ELF analysis
have been depicted in Fig. 7.

Total electron localization function of the CI cluster
(Fig. 7a) reveals that at an iso-value of 0.70, the ELF
surface consists of five distinct islands spread over the

Lo e
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Ring No. =>>
[ Highest NICS(z) value of planar Ali3™ cluster (CI)
B Highest NICS(z) value of quasi-planar Alis* cluster(CII)

\.
Fig. 6 Highest NICS(z) values at different ring centers of the CI and CII

periphery of the cluster. The smallest of these islands is
localized in between Al(5), Al(6), and their symmetry-
related counterparts Al(12), Al(13). An ELF iso-surface
having a ‘V’ shape is delocalized at the lower tip of the
cluster around Al(4). Tips of this iso-surface are located
at the middle of the bonds Al(4)-Al(13) and Al(4)-
Al(5). Two symmetry-related ELF zones having a ‘¢’
shape and highest spatial extension are located at the
upper left and the upper right corner of the cluster
around Al(7), AIL(8) and Al(10), Al(11). Three tips of
the left ‘e’-shaped iso-surface are located over the tri-
angles R5, R6, and R7. An anchor-shaped ELF island is
also present at the triangular core of the cluster.

These results are quite consistent with the results from the
NICS analysis. In the NICS analysis, it has been seen that the
antiaromatic region is localized over triangle R3 consisting of
Al(1), Al(5), and Al(6). This region is also devoid of any ELF
iso-surface. NICS analysis also revealed that the highest aro-
matic region of the cluster is at the top left corner and at the top
right corner. The ‘¢’-shaped ELF iso-surface is most promi-
nent and continuous over these regions. The lower tip region
of the cluster is also moderately aromatic. Here also ELF
reveals a “V’-shaped continuous iso-surface. At a higher iso-
value of 0.72, this “V’-shaped iso-surface first bifurcates. The
‘e’-shaped ELF iso-surface bifurcates into two fragments at an
iso-value of 0.81. Completer bifurcation of these occurs at an
iso-value of 0.87.

Total electron localization function for the quasi-planar CII
cluster has been depicted in (Fig. 7b). The iso-surface plot at
0.70 shows only two distinct islands over the periphery of the
cluster in comparison to five islands of CI. Except at the lo-
cations of Al(6) and Al(12), these two ELF islands completely
fill the peripheral Al atoms. At the triangular core, there is also
a continuous ELF iso-surface having better spatial coverage
than that of CI. Thus, it can be concluded that in CII, electrons
are more delocalized over the periphery as well as the core of
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Fig. 7 Total ELF analysis of CI and CII cluster

the cluster. This correlates well with the NICS results, which
show higher average global aromatic nature for CII compared
to CL

At an iso-value of 0.74, the upper ELF iso-surface over the
periphery first bifurcates at the location of Al(9). The lower
ELF iso-surface over the periphery bifurcates at an iso-value
of 0.84 at the location of atoms Al(5) and Al(13). Complete
bifurcation of ELF iso-surfaces occurs at an iso-value of 0.89.

For gaining further insight into the contribution of 7t and o
electrons to the electron delocalization and aromatic character
of the planar CI cluster, we have carried out both ELF,; (Fig.
S1) and EIF; (Fig. S2) analysis. For ELF,, the iso-surface plot
at 0.70 iso-value shows two distinct islands over the cluster.
The lower island encloses four atoms Al(1), Al(4), Al(5), and
Al(13) and the rest of the atoms are enclosed by the upper
island. At an iso-value of 0.88, the upper island first bifurcates
at the locations of Al(5) and Al(6). Then the lower ELF iso-
surface bifurcates at an iso-value 0.93 at the location of Al(1).
The next bifurcation occurs for the upper ELF iso-surface at
an iso-value of 0.95 over position of the topmost atom Al(9).
At this iso-level, there are three triangular delocalized regions
coinciding with rings R6, R6* and on Al(4), Al(5), and Al(13)
at the lower tip of CI. It is to be noted that these are the regions
of highest aromaticity for the CI cluster. So the aromaticity of
CI has a substantial 7t-electron contribution. Even at an iso-
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value of 0.99, electrons are delocalized over the bonds
connecting Al(7)-Al(2) and Al(3)-Al(11).

The ELF, at different iso-values have been depicted in Fig.
S2. At the 0.70 level, there are three o-delocalized bands. The
central band is located at the center of the triangular
core and two other bands are located respectively over
three lower Al atoms of the cluster and three upper Al
atoms of the cluster. The o-delocalization is quite strong
over the three top Al atoms, as it remains contiguous
even at an isovalue of 0.93.

It can be concluded that for the CI cluster, both o and 7
aromaticity play an important role. Whereas the central core
region is o-aromatic only, the periphery, top, and bottom of
the cluster are both ¢ and 7t aromatic.

AIM critical points analysis

According to atoms in molecule (AIM) theory, the nature of
covalent bonds can be revealed through topological analysis
of the electron density [36]. Bond critical points (BCP) and
bond paths for both the Al;;* clusters are depicted in Fig. 8.
Bond paths are the line of maximum electron density. Nuclear
critical points (NCPs) have been represented as violet spheres,
bond critical points (BCPs) as orange spheres, and ring critical
points (RCPs) as yellow spheres.
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Fig. 8 Critical points of CI and
CII cluster through AIM analysis

CP of planar(A)llf cluster (CI)
a

CP of quasi-planar Als* cluster (CII)
(b)

o Nuclear Critical Point

For the planar CI cluster (Fig. 8a), there are a total of 49
critical points, which satisfies the Poincaré—Hopf relationship.
Among these, 17 are NCPs, 24 are BCPs, and 8 are RCPs. It is
interesting to note that although the geometrical configuration
of the cluster contains 14 rings and 24 inter-aluminium bonds
(Fig. 1a), the AIM analysis shows only eight rings formed by
the bond paths. Each ring has a single ring critical point at the
center. The number of NCP for the present cluster exceeds the
number of nucleus present in the cluster. Bond critical points
are arranged in five parallel sets. The topmost row consists of
two BCPs, the second row consists of eight BCPs, the third
row consists of six BCPs, the fourth row consists of three
BCPs, and the lowermost fifth row consists of four BCPs.
There is also a BCP in between the NCPs corresponding to
Al(2) and AI(3).

For the quasi-planar Al;5* cluster, there are a total of 41 crit-
ical points satisfying the Poincaré—Hopf relationship (Fig. 8b).
Among these, 13 are NCPs, 20 are BCPs, and 8 are RCPs. For
this cluster, the RCPs are also located at the center of eight rings
formed by the bond paths. The number of NCPs in this cluster is
equal to the number of nucleus present in the cluster. Here, bond
critical points are arranged in six parallel sets. The topmost row
consists of two BCPs, the second row consists of four BCPs, the
third row consists of three BCPs, the fourth row consists of six
BCPs, the fifth row has three BCPs, and the sixth row has two
critical points. The distribution of the critical points also main-
tains the bilateral symmetry of the cluster.

In terms of this topological analysis, it can be concluded
that although the lower half of both CI and CII are identical in
a topological sense, the upper portion of CI has a unique
topological difference with that of CIL.

AdNDP analysis
Adaptive natural density partitioning (AdNDP) is a tool for

gaining insight into the nature of electron distribution and
sharing among the individual atoms forming the cluster. It is

o Bond Critical Point © Ring Critical Point

a multicenter bonding analysis tool that reveals how electron
pairs are distributed over multiple atom centers. The result of
AdNDP analysis for the planar Al;3* cluster (CI) is depicted in
Fig. 9a, which reveals that besides 2c-2e bonds, the cluster
possess 3c-2e, 4c-2e, and Sc-2¢ bonds. Ten 2¢c-2e bonds exist
among the ten peripheral Al atoms. The electron occupancies
of these bonds range from 1.8892 to 1.9456. The contiguous
nature of these bonds indicates a o-bonded framework for the
ten peripheral Al atoms of the cluster. There are six 3c-2e o-
bonds. Among these, the one with the highest occupancy
(ON =1.9179) is delocalized over the three central Al atoms
forming the core of the cluster. Five other 3c-2e o-bonds act as
bridges between the peripheral ring and the central core with
occupancies ranging 1.7734 to 1.8042. The 4c-2e 7t-bond with
occupancy 1.6498 is spread over four Al atoms [Al(1), Al(4),
AIl(5), Al(13)] forming the lower tip of the cluster. There are
two 5c-2e 7-bonds (ON =1.7320) substantially spread over
the left half and right half of the cluster. Thus, the present
Al;5* cluster has a double aromatic character; it is both 7
and o aromatic.

The result of AANDP analysis for the quasi-planar Al;;"
cluster (CII) is depicted in Fig. 9b, which reveals that this
cluster contains ten 2c-2e bonds, six 3¢c-2e bonds, one 4c¢-2e
bond, and two 5c-2e bonds. Even though the present cluster is
not perfectly planar, the ten 2c-2e bonds still exist among ten
peripheral Al atoms. The electron occupancies of these bonds
range from 1.8828 to 1.9330. The contiguous nature of these
bonds indicates a o-bonded framework. It is to be noted that
the occupancy number of each of the peripheral 2¢c-2e o-
bonds for CII is lower than the corresponding bonds of CI.
This nicely correlates with the enhanced peripheral bond
lengths of the quasi-planar CII cluster compared to the planar
CI cluster. Like CI, in CII there also exist six 3¢c-2e o-bonds.
Among these, the bond with highest occupancy (ON =
1.9245) is delocalized over the three central Al atoms. Five
other 3c-2e o-bonds act as bridges between peripheral ring
and the central core with occupancy ranging from 1.7776 to
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Fig. 9 Adaptive natural density partitioning (AdNDP) analysis of planar and quasi-planar Al5" cluster

1.8619. The occupancy number of each of the six 3¢c-2¢ of CII
is higher than that of CI. This indicates that more electrons
reside in and around the core in the CII cluster com-
pared to CI. In sharp contrast to CI, the 4c-2e bond in
CII is a o-bond instead of a 7t-bond. The occupancy of
this 4c-2e o-bond is 1.8662, which is substantially
higher than that of 4c-2e m-bond of CI (ON = 1.6498).
This bond is spread over four Al atoms [Al(1), Al(4),
Al(5), Al(13)], forming the lower tip of the cluster.
There are also two 5c-2e m-bonds in CII with occupan-
cy 1.8669, but these bonds have a mixed 7-0 character.
Unlike the CI cluster, these bonds are now more local-
ized over the upper left corner and upper right corner of
the cluster. Thus, the quasi-planarity of the present
Al3* cluster can be assigned to the non-existence of
m-delocalization. By comparing the AANDP analysis of
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both the clusters, it can be concluded that the quasi-
planar CII cluster has achieved more stability due to
transformation of m-electrons into o-electrons. Thus,
the aromatic nature of the quasi-planar CII cluster is
more of o-character, but that of the planar CI cluster
is a combination of both 7t and o character.

Recently, two interesting boron clusters, B3 and
By , have been reported, which possess planar geome-
try, and their planarity has been assigned to the aromat-
ic character of the respective clusters [37]. With alumin-
ium being located in the same group as boron, it is
worth comparing the nature of bonding of the Al;;*
clusters with that of the B;3* cluster. Whereas B;;" is
globally aromatic, the Al;3* clusters reported here are
quite different in nature—they have antiaromatic do-
mains within a global aromatic sea.
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Conclusions

In summary, for the first time, we have found two closely
related Al;;* clusters—one perfectly planar and the other qua-
si-planar. The quasi-planar structure is a lower-energy struc-
ture than the planar structure. These clusters have a bilateral
symmetry. Both the clusters have an isosceles triangular core
that is encircled by a ring of ten Al atoms. The transition from
planarity to quasi-planarity results from the substantial charge
transfer from the periphery to the core of the cluster and sub-
sequent redistribution over different atoms leading to en-
hancement and reversal of dipole moment direction. NICS
study reveals that both the clusters are globally aromatic with
localized antiaromatic regions embedded within an aromatic
sea. Antiaromatic regions are characterized by enhanced bond
lengths among the atoms located in these regions. The en-
hanced stability of the quasi-planar structure correlates well
with the improved global aromatic character of it compared to
the planar structure. AANDP analysis reveals that the planar
cluster is both ¢ and 7t-aromatic but the quasi-planar structure
is mostly o-aromatic. The enhanced aromatic character of the
quasi-planar structure can be correlated with the transfer of 7t-
delocalized electrons into the o-delocalized framework of this
cluster. This conclusion is again corroborated by the
ELF study, which reveals that for the quasi-planar struc-
ture, the total ELF iso-surface is more delocalized over
the periphery than that of the planar cluster. In the con-
version of the planar structure to the quasi-planar struc-
ture, the peripheral rings are drastically affected by go-
ing out of plane with respect to the core of the cluster.
In this rearrangement, the 7t-electrons of the peripheral
ring transform to o-delocalized electrons. Thus, the
electronic structural analysis of two closely related
Al3* clusters have provided deeper insight into the na-
ture of the charges redistribution, consequent structural
rearrangement and the effect of this on aromaticity of
the clusters. The present Al;;* clusters are not only rare
examples of systems having coexistence of aromatic and
antiaromatic regions side by side but also the study of
these systems reveals that even a non-planar structure
can sometimes have greater aromaticity compared to its planar
counterpart.
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