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A novel way to analyze the boron clusters is proposed in which the
cluster is partitioned as inner and outer rings. Fragment molecular
orbital analysis, based on this fragmentation, reveals that the
delocalized valence electrons in B12 and B13

þ clusters can be
trifurcated as 6π-6σdelo-6σ3-ring, leading to triple aromaticity,
which is unique to these clusters.

Boron never ceases to surprise. From simple hydrides to
complex solid-state structures, boron offers a rich variety of
bonding features that defy conventional thinking. For ex-
ample, a polyhedral or three-dimensional structure, espe-
cially B12 icosahedra, is a recurring structural pattern inmost
of the boron compounds.1 In contrast, bare boron clusters
adopt planar, quasi-planar, or tubular structures depending
on the size of the cluster.2,3

Among the small B clusters, B12 and B13
þ are particularly

unique. In one of the earliest experimental studies, Anderson
and co-workers observed an unusually high intense peak for
B13

þ in the mass spectrum of cationic boron clusters.4 In
subsequent studies, the group further noticed an unusual
reactivity pattern for B13

þ, namely, a high threshold for
oxidation,5 and low reactivity6 with D2O compared to the
similarly sized clusters. In addition, dissociation of the B13

þ

cluster to B12 and Bþ is more facile compared to other Bn
þ

clusters, suggesting that B12 is very stable. This is consistent
with the earlier theoretical prediction7 that most stable

clusters, conventionally referred to as magic clusters, are
always the preferred byproducts in the dissociation of a
parent cluster. Anion photoelectron spectroscopic studies
corroborate this finding: B12

- exhibits the least intense peak
in the Bn

- mass spectra, and the neutral B12 has the largest
HOMO-LUMO (H-L) gap (∼2.0 eV).8 In comparison, the
H-L gap of C60 is ∼1.68 eV.9

In order to account for these observations, earlier theore-
tical studies3,8,10-12 have focused on π-electron delocaliza-
tion as an important component for the planarity and
stability of B12 and B13

þ, where 6π electrons occupy orbitals
akin to the benzene π levels. However, this cannot be the
complete story because B10 also has benzene-like 6π electrons
but its H-L gap (∼1.0 eV) is much smaller than that of B12.
In addition, B14 has 8π electrons8 but has a H-L gap similar
to that of B10. Thus, studies based on π electrons alone
cannot account for all of these observations.
In this Communication, we show that the extraordinary

kinetic stability of B12 and B13
þ is related to the triply

aromatic nature of these clusters. We further show that the
H-L gaps are, in fact, governed by the size and nature of the
interaction between the outer and inner rings of the planar
clusters. The computational details are given in the Support-
ing Information.
First, we focus on the nature of the bonding in B12. In

agreement with earlier studies,2a,8 we found that neutral B12

adopts a C3v ground-state geometry with an outer nine-
membered (B9) ring and an inner B3 ring [B9(B3)]
(Figure 1). The inner ring is slightly out of the plane, and
the planar D3h structure is only 0.12 eV higher in energy.
Inspection of the bond-length variations in B12 provides
preliminary hints about the nature of electron delocalization.
The B-B bond lengths in the B9 ring (1.55 and 1.61 Å) are
shorter than theB-Bdistance in theB3 ring (1.65 Å), which is
further shorter than the B-B distances (1.68 and 1.81 Å)
between the B9 and B3 rings. To put these distances into
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perspective, it should be noted that the B-B single bond
distance in B3H3 (D3h) is 1.73 Å and experimentally char-
acterized BdB double-bond lengths vary between 1.57 and
1.59 Å. The above distribution of bond lengths indicates that
there is strong delocalization of electrons between andwithin
the rings.
Note that B12 has 36 valence electrons (12 � 3), with each

boronatomcontributing three valence electrons. Themanner
in which these electrons are arranged can be rationalized as
follows. First, 18 electrons are localized along the nine B-B
single bonds of the outer B9 ring. The remaining 18 electrons
are divided into 6π electrons, which are delocalized over the
entire cluster, and 6σ electrons, which are taken up to make
the B3 ring. The remaining 6 electrons are delocalized
between the B9 and B3 rings. Thus, the 6π-6σdelo-6σ3-ring
trifurcation can be viewed as giving rise to the triple aroma-
ticity of the B12 cluster and is responsible for its unusual
stability.
To validate this simple picture, we performed fragment

molecular orbital (FMO) calculations.13 An idealized orbital
interaction diagram for the planar B12 is presented in
Figure 2. Important frontier orbitals of the B3 and B9 rings
are shown on both sides of the diagram. The B9 ring has
partially filled levels and is unstable on its own. Therefore,
interaction with B3 is necessary for its stabilization. Besides
the orbital interactions that constitute three B-B bonds in
the B3 ring (6σ3-ring), three radial p-orbital combinations of
the B9 ring (5e0 þ 3a1

0) interact with the corresponding B3

orbitals (2a0 þ 2e0) to form the σ-bonding combination of 5e0
and 4a1

0. This “6-electron” three-orbital interaction between
B9 and B3 rings is what constitutes a set of aromatic subunits
(6σdelo) of B12. There are three π orbitals (1e00 þ1a2

00), which
had also been identified earlier, that form another set of the
aromatic sextets. Note that the 1e00 interaction stabilizes theπ
orbitals below the HOMO level. The additional 6 electrons
arising from the three B-B bonds of the B3 ring complete the
triply aromatic nature of B12. It is interesting to note that the
LUMOof B12 (2e

00) is a π* orbital mostly localized on the B9

ring. The important result from the FMO analysis of B12 is
that, in addition to the π bonding, there are three molecular
orbitals between the B9 and B3 rings that contribute to the
stabilization of the cluster.
In order to provide further justification to the above

distribution of electrons, we performed topological analysis
of the electron density using the “Atoms in Molecules”
approach.14 A molecular graph of B12 depicting the bond
critical points (BCPs) and ring critical points (RCP) is shown
in Figure 3. There are a total of 15 BCPs, nine of which are in

the outer B9 ring and three of which are in the B3 ring. We
were able to locate three BCPs, connecting the boron atoms
of the inner B3 ring with the three B-BBCPs of the outer B9.
This corresponds to a conflict structure, in which the boron
atoms of the inner B3 ring are in a competition to link with
one of the boron atoms of the outer B9 ring. Note that, in
addition to the RCP located at the center of the B3 ring, we
were also able to find three RCPs between the B9 and B3

rings.
It is now easy to explain the stability of B13

þ. It has 38
valence electrons and forms a planar (C2v) structure, with 10
boron atoms forming the outer ring (B10) and 3 forming the
inner ring (B3). Partition of the electrons, as was done for B12,
can explain the triply aromatic nature of the cluster:Out of 38
valence electrons, 20 are taken up to form the 10 B-B bonds
of the B10 ring while the remaining 18 electrons are distrib-
uted in exactly the same way as that for B12, namely, as 6πþ
6σdelo þ 6σ3-ring electrons. Not surprisingly, the HOMO and
LUMO of B13

þ are the same as those of B12. In other words,
both B12 and B13

þ have very similar electronic structures
(triply aromatic), except that the larger B10 ring makes the
B13

þ cluster planar. Therefore, the stability of the B12 and
B13

þ clusters is not just related to the number of π electrons
alone but, in fact, to the presence of three distinct aromatic
sextets (4nþ 2), which are unique to these clusters. TheH-L
gaps in the planar boron clusters depend on the strength of
the interaction between the outer and inner rings (such as B9

andB3 forB12) andon the overall nature of theπdistribution.
What about B10 and B14, which have six and eight π

electrons, respectively, but have similar H-L gaps (∼1.0
eV)? The orbital pictures of HOMO and LUMO of B10, B12,
and B14 in Figure 4 provide the answer. As noted above,
the H-L gap in B12 corresponds to the gap between the σ
and π* levels. This is because the π electrons in B12 are
more stabilized. On the other hand, the H-L gap in B10

Figure 1. Geometries of B10, B12, and the two isomers (a and b) of B14

along with important bond lengths (Å).

Figure 2. Idealized orbital interaction diagram for B12 (D3h).

Figure 3. Molecular graph of B12. The red dots indicate (3, -1) BCPs,
and the yellow dots indicate (3, þ1) RCPs.
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corresponds to theπ andσ* levels.With 8π (4n) electrons, B14

offers a complementary picture. The π-π (H-L) gap in B14

is the energy difference of otherwise degenerate π orbitals (π
orbitals with the same nodes). Not surprisingly, the π-π*
energy difference is maximum in B12 (4.11 eV), followed by

B10 (3.79 eV) and B14 (2.11 eV). This is consistent with the
recent study by Aihara et al., who, using graph theoretical
methods, showed that in planar boron clusters the π deloca-
lization reaches a maximum at B12.

15

In conclusion, we have shown that the unusual but similar
electronic structures of B12 and B13

þ are due to the existence
of multiple 4nþ 2 sextets. The H-L gaps in these planar and
quasi-planar boron clusters depend on the nature of the
interacting units and not just the π-electron count alone.
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Figure 4. Orbital pictures for B10, B12, and B14 (a and b). Gaps of
various energy levels are given in electronvolts; values in the bond
correspond to π-π*.
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