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CONSPECTUS: Boron is an interesting element with unusual
polymorphism. While three-dimensional (3D) structural
motifs are prevalent in bulk boron, atomic boron clusters are
found to have planar or quasi-planar structures, stabilized by
localized two-center−two-electron (2c−2e) σ bonds on the
periphery and delocalized multicenter−two-electron (nc−2e)
bonds in both σ and π frameworks. Electron delocalization is a
result of boron’s electron deficiency and leads to fluxional
behavior, which has been observed in B13

+ and B19
−. A unique

capability of the in-plane rotation of the inner atoms against
the periphery of the cluster in a chosen direction by employing
circularly polarized infrared radiation has been suggested. Such
fluxional behaviors in boron clusters are interesting and have been proposed as molecular Wankel motors. The concepts of
aromaticity and antiaromaticity have been extended beyond organic chemistry to planar boron clusters. The validity of these
concepts in understanding the electronic structures of boron clusters is evident in the striking similarities of the π-systems of
planar boron clusters to those of polycyclic aromatic hydrocarbons, such as benzene, naphthalene, coronene, anthracene, or
phenanthrene. Chemical bonding models developed for boron clusters not only allowed the rationalization of the stability of
boron clusters but also lead to the design of novel metal-centered boron wheels with a record-setting planar coordination number
of 10. The unprecedented highly coordinated borometallic molecular wheels provide insights into the interactions between
transition metals and boron and expand the frontier of boron chemistry. Another interesting feature discovered through cluster
studies is boron transmutation. Even though it is well-known that B−, formed by adding one electron to boron, is isoelectronic to
carbon, cluster studies have considerably expanded the possibilities of new structures and new materials using the B−/C analogy.
It is believed that the electronic transmutation concept will be effective and valuable in aiding the design of new boride materials
with predictable properties.
The study of boron clusters with intermediate properties between those of individual atoms and bulk solids has given rise to a
unique opportunity to broaden the frontier of boron chemistry. Understanding boron clusters has spurred experimentalists and
theoreticians to find new boron-based nanomaterials, such as boron fullerenes, nanotubes, two-dimensional boron, and new
compounds containing boron clusters as building blocks. Here, a brief and timely overview is presented addressing the recent
progress made on boron clusters and the approaches used in the authors’ laboratories to determine the structure, stability, and
chemical bonding of size-selected boron clusters by joint photoelectron spectroscopy and theoretical studies. Specifically, key
findings on all-boron hydrocarbon analogues, metal-centered boron wheels, and electronic transmutation in boron clusters are
summarized.

1. INTRODUCTION

Bulk boron and boron compounds have a vast range of
applications from superhard materials and semiconductors to
biological compounds with antiseptic, antiviral, antitumor, and
antifungal properties. Boron flourishes with a number of
polymorphs1 consisting of B12-icosahedral building blocks,
though only four pure elemental phases have been synthesized.2

Pure boron clusters exhibit planar or quasi-planar struc-
tures.3−28 Influenced by the well documented incidence of
carbon based nanostructures in the literature, theoreticians
began investigating similar concepts in boron chemistry as
evidenced by work on the proposed boron buckyball, volleyball,

and other fullerenes,29−34 two-dimensional sheets,35−43 nano-
tubes,44 nanoribbons,45 and core−shell stuffed boron full-
erenes.46−49 Although such structures await experimental
studies to confirm or deny their viability as true nano-objects,
recent discoveries have shown first steps toward the synthesis of
compounds with planar boron kernels acting as ligands. A B6

structural motif is found in the crystal structure of a solid-state
phase Ti7Rh4Ir2B8, where the B6 is sandwiched between two Ti
atoms in a bipyramidal fashion.50 A similar structural motif is
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found in the cluster [TaB6Ta]
−, which has been produced in a

molecular beam and characterized via photoelectron spectros-
copy (PES) corroborated by theoretical calculations.51 The
study showed an intrinsic connection between the gas phase
cluster and the geometric motif for solid materials. Thus, planar
boron-based fragments are viable ligands that will likely play an
important role in the future of condensed phase coordination
chemistry.
Despite significant efforts by computational chemists to

probe large boron nanoparticles and two-dimensional sheets,
the clusters of boron continue to be the only experimentally
assessable species. Clusters exhibit unique size-dependent
properties, distinct from molecules and bulk solids. Since little
can be determined about the structure and properties of the
clusters a priori, accurate characterization relies on synergetic
efforts between experimentalists and theoreticians.52,53 We have
demonstrated that joint photoelectron spectroscopic and ab
initio studies can facilitate determination of the most stable
structure of anionic boron clusters (Bn

−, n = 3−24). Accurate
thermochemical data on boron clusters from 5 to 13 atoms
have been reported by Dixon and co-workers at the CCSD(T)
level of theory with large basis sets.10f,g The stability of the
planar and quasi-planar structures is rationalized via chemical
bonding analyses and through invoking concepts of aromaticity
and antiaromaticity.10−22 Our approach is summarized by four
steps: (1) Photoelectron Spectroscopy. PES is a powerful
technique to probe the electronic structure of molecules,
providing direct information about electronic states. The
experiment is carried out by generating the clusters using
laser vaporization and analyzing them in a time-of-flight mass
spectrometer. The cluster of interest is mass-selected and
photodetached by a laser beam. The photoelectrons are
analyzed in a magnetic-bottle photoelectron analyzer.54,55 (2)
Theoretical global minimum search. The potential energy surface
of the cluster is explored to locate the most viable chemical
structures and low-lying isomers. This task is performed using
various programs such as the gradient embedded genetic
algorithm (GEGA),56 coalescence kick (CK) method,13 basin
hopping method,14a,57 and recently developed Cartesian
walking (CW) method.16 (3) Comparison of the experimental
and theoretical vertical detachment energies (VDEs). Assignment
of the global minimum structure is based on comparison of the
measured VDEs from the photoelectron spectra with
theoretically calculated VDEs corresponding to the lowest
energy isomer(s). (4) Chemical bonding analysis. We rationalize
the structure of the global minimum through chemical bonding
analyses, including the use of the adaptive natural density
partitioning (AdNDP) algorithm.58 These analyses explain
what governs the geometric and electronic structure and
stability of the cluster at hand. Implementation of the described
four-step approach has been reviewed elsewhere53 on the
example of boron clusters up to 15 atoms. The current report
focuses on the determination of pure anionic clusters from B16

−

to B24
−.12−18

Structures of the major contributors to the photoelectron
spectra of all the anionic boron clusters studied to date are
given in Figure 1 along with their experimentally measured
adiabatic detachment energies (ADEs) presented in Figure 2.
As is evident, anionic boron clusters remain planar or quasi-
planar up to at least 24 atoms. The structures of the low-lying
isomers as well as their measured ADE values are reported in
the original papers of the Bn

− clusters (n = 3−24).10−22,53 The
following section of this work elucidates our approach to

determine the most viable cluster species in more detail, as
exemplified by our recent joint study of the B24

− cluster.18

2. DETERMINING STRUCTURES OF CLUSTERS:
EXPERIMENT AND THEORY

We utilized two independent searching methods to find the
global minimum structure of B24

−, namely, the CK and CW
methods mentioned above. The two searches provided us with
a set of low-lying isomers (Figure 3), which were optimized
using two density functional theory (DFT) methods: PBE0 and
TPSSh. Single-point coupled cluster calculations (ROCCSD
and ROCCSD(T)) were carried out subsequently to obtain
more accurate relative energies. A beautiful tubular double-ring
structure II was found to be the most stable by DFT. This
isomer was also suggested to be the most stable structure of
B24

− cluster by Nguyen and co-workers in their theoretical
work.59 However, ROCCSD and ROCCSD(T) calculations
revealed a quasi-planar structure as the global minimum, isomer
I (Figure 3). To unequivocally establish the global minimum
structure observed in the experimental cluster beam, we
calculate the VDEs of the theoretically predicted global
minimum and lowest energy isomers for comparison with the
experimental VDEs; these VDEs act as an electronic fingerprint
of the cluster structure. The photoelectron spectrum of B24

− is
displayed in Figure 4a at 193 nm. The maximum of each
photoelectron spectroscopic band corresponds to its exper-
imental VDE. In some cases, the experimental features are the
result of a combination of more than one detachment transition
(i.e., a summation of multiple VDEs). The PES bands are
labeled with X, A, B, C, etc. Band X accounts for the amount of
energy needed to detach an electron from the ground state of
the anionic cluster, usually resulting in the ground electronic

Figure 1. The structures of the major contributors to the
photoelectron spectra of Bn

− (n = 3−24).
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state of the corresponding neutral species. In most cases, this
corresponds to an approximate picture of directly detaching the
HOMO electron of the anionic cluster. Bands A, B, C, etc.
represent transitions to excited electronic states of the neutral
cluster; from the one-electron detachment perspective, these
excited states are generated through removal of electrons from
the HOMO−1, HOMO−2, etc. molecular orbitals of the
anionic cluster. For qualitative comparison, the simulated
spectra of isomers I (Figure 4b) and II (Figure 4c) are
constructed by fitting the distribution of the VDEs at the PBE0
level of theory with unit-area Gaussian functions of a 0.05 eV
full width at half-maximum; excited states were calculated using
the TD-DFT approach. No physical principles are strictly used
to determine the height and widths in the Gaussian simulation
of the PES; agreement with the experimental data is ultimately

decided based on the quantitative values of the vertical
transitions as presented for B24

− in Table 1. Excellent overall
agreement between experiment and theory supports the
identification of isomer I as the global minimum for B24

−,
whereas the simulated spectrum for the isomer II, the double-
ring structure, shows total disagreement with the experimental
features. In most cases, such as the B24

− case we have presented
herein, the theoretical global minimum corresponds to the
observed spectrum, though ultimate determination is decided
based on the agreement of the experimental spectra with
calculated spectra of the lowest lying isomers. Next we must
investigate the question of what makes the global minimum
structure stable. Insights into the electronic structure of the
global minima of pure boron clusters reveal overall trends of
boron chemistry. The reasons for the particular stability of the

Figure 2. Experimentally measured adiabatic detachment energies (ADEs) of Bn
− (n = 3−24). Energy is given in electronvolts with the reported

uncertainty given in parentheses.

Figure 3. The global minimum and low-lying isomers of B24
−. Relative energies are shown from single-point calculations at ROCCSD/6-

311+G(d)//PBE0/6-311+G(d) and ROCCSD(T)/6-311+G(d)//PBE0/6-311+G(d) (in curly brackets), as well those from PBE0/6-
311+G(2df)//PBE0/6-311+G(d) (in parentheses) and TPSSh/6-311+G(2df)//TPSSh/6-311+G(d) (in square brackets). The relative energy of
isomer III at ROCCSD(T)/6-311+G(d)//PBE0/6-311+G(d) could not be obtained. All relative energies are in kcal/mol.
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global minimum structure I of B24
− are described in the original

paper.18 In this Account, we address this question in the
following section with discussion on the unique and peculiar
global minimum of B23

−, which we have proposed as an all-
boron analogue of phenanthrene.17

3. ALL-BORON HYDROCARBON ANALOGUES
As mentioned above, the planarity of boron clusters is due to
two-dimensional electron delocalization, which raises the
concepts of aromaticity, multiple aromaticity/antiaromaticity,
and analogies between boron clusters and hydrocarbons.
Comparison of the π canonical molecular orbitals (CMOs) of
B23

− and phenanthrene (Figure 5a) leads to the conclusion that

the B23
− cluster is an all-boron analogue of phenanthrene,17 a

prototypical aromatic hydrocarbon composed of three fused
benzene rings. Similarly, the comparison of π CMOs of boron
clusters with their hydrocarbon congeners has led to
identification of all-boron benzenes B8

2− and B9
−,10a B10,

B11
−, and B12,

11 and B13
+,9,23 which were reviewed elsewhere,53

and all-boron naphthalenes B16
2− (shown in Figure 6) and

B17
−.12,13 B19

− was shown to have a chemical bonding picture
similar to coronene and [10]annulene14 (Figure 7); meanwhile
bonding in the B22

− cluster is similar to that in anthracene17

(Figure 8). These bonding concepts provide an intuitive
rationale for the unusual stability of boron clusters as two-
dimensional structures as well as the stability of the
theoretically proposed one-atom thick all-boron two-dimen-
sional material known as the α-sheet,41 an analogous material to
graphene.60

4. EXPLAINING CHEMICAL BONDING IN BORON
CLUSTERS

To discuss structure from the chemical perspective, one must
assess why atoms assume a particular configuration in terms of
the bonding. We perform bonding analysis based on CMOs
and localized orbitals resulting from the AdNDP algorithm.58

CMOs are eigenvectors of the model Hamiltonian and are
completely delocalized over the cluster. It is possible to discern
a localized bonding picture of a molecule through CMO
analysis only in the case of very small systems. The CMOs of
larger molecules can be useful if one wants to establish an
analogy between different species based on the similarity of
their CMOs. However, it is not sufficient to understand the
bonding in boron clusters, which possess both localized and
delocalized bonding. Lipscomb’s concept of the three-center−
two-electron (3c−2e) bond,61 along with aromaticity, captures
the idea of electron deficiency dictating aspects of boron’s
bonding. Lipscomb’s work on the chemical bonding of the
boranes62 opened the gateway to understanding the chemistry
of boron. The AdNDP method is an ideal tool for deciphering
the nature of bond localization and delocalization in such
clusters; in short it takes advantage of the electron pair as the
unit of chemical bonding by partitioning the electron density
matrix into nc−2e (n ranges from 1 to the maximum number of

Figure 4. Comparison of the experimental PES spectrum (a) with the
simulated PES spectra for the global minimum isomer I (b) and
double-ring structure II (c) of B24

− at the PBE0 level of theory.

Table 1. Comparison of the Experimental VDEs and Spectral Features with the Calculated Values for Isomer I (C1,
2A) of B24

−a

VDE (theory)

feature VDE (expt) final state and electronic configuration TD-TPSSh TD-PBE0

X 3.75(7) 1A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)2(36a)2(37a)0 3.70 3.79

A 4.61(8) 3A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)2(36a)1(37a)1 4.29 4.46

B 4.79(8) 1A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)2(36a)1(37a)1 4.48 4.65
3A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)1(36a)2(37a)1 4.51 4.65
3A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)1(35a)2(36a)2(37a)1 4.64 4.75

C 5.12(8) 1A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)1(36a)2(37a)1 4.73 4.93
1A...(29a)2(30a)2(31a)2(32a)2(33a)2(34a)1(35a)2(36a)2(37a)1 4.89 5.05

D 5.62(6) 3A...(29a)2(30a)2(31a)2(32a)2(33a)1(34a)2(35a)2(36a)2(37a)1 5.19 5.40
3A...(29a)2(30a)2(31a)2(32a)1(33a)2(34a)2(35a)2(36a)2(37a)1 5.34 5.59
1A...(29a)2(30a)2(31a)2(32a)1(33a)2(34a)2(35a)2(36a)2(37a)1 5.44 5.72
1A...(29a)2(30a)2(31a)2(32a)2(33a)1(34a)2(35a)2(36a)2(37a)1 5.36 5.65
3A...(29a)2(30a)2(31a)1(32a)2(33a)2(34a)2(35a)2(36a)2(37a)1 5.42 5.67

E 5.96(5) 1A...(29a)2(30a)2(31a)1(32a)2(33a)2(34a)2(35a)2(36a)2(37a)1 5.85 6.07
3A...(29a)2(30a)1(31a)2(32a)2(33a)2(34a)2(35a)2(36a)2(37a)1 6.02 6.24

aAll energies are in eV.
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atomic centers). We have shown that 2c−2e σ bonds occur at
the periphery of all studied planar and quasi-planar boron
clusters. For instance, there are 15 2c−2e peripheral B−B σ
bonds in B23

− (Figure 9a). The inner atoms are connected to
each other and to the peripheral atoms by delocalized bonds
(Figure 9b). We have encountered only one exception to the
delocalized internal bonding phenomenon: the B21

− cluster was
shown to have one inner 2c−2e B−B σ bond.16 Referring back
to the AdNDP analysis of B23

− and its analogy to phenanthrene
we note there are (3 × 23 + 1) = 70 valence electrons forming

35 bonds. AdNDP revealed 15 localized B−B σ bonds at the
periphery (Figure 9a), 13 delocalized σ bonds inside the cluster
(Figure 9b), and 7 delocalized π bonds. Partitioning of the
delocalized π electron density in B23

− can be done in two ways:
according to Kekule ́ (Figure 5b) or Clar (Figure 5c)
representations of chemical bonding of phenathrene.17 In
Kekule ́ structure, 2c−2e π-bonds have appreciably lower
occupation numbers (ONs), while the Clar representation
with delocalized bonds provides a more accurate bonding
representation. The analogy between the Kekule ́ and Clar π
bonds of phenanthrene and B23

− shows that the heart-shaped
structure is an analogue of the aromatic hydrocarbon.
Aromaticity in chemistry manifests itself as an enhanced

stability, high symmetry, and high electron detachment energies
in photoelectron spectra; all are attributes of the B23

− cluster.
Aromaticity follows the 4n + 2 Hückel’s electron rule. Twenty-
six delocalized σ electrons of B23

− satisfy the 4n + 2 rule for σ
aromaticity (n = 6), while 14 delocalized π electrons of B23

−

satisfy the 4n + 2 rule for π aromaticity (n = 3). Therefore, B23
−

is doubly aromatic (σ and π), which explains its stability. B23
− is

an example of the significant role of electron delocalization in
the formation of planar species that is quite typical in both
inorganic and organic chemistry. Such analogies between boron
chemistry and hydrocarbons suggest that these two fields of
chemistry might mimic each other in unexpected ways.

Figure 5. Elucidation of the analogy between phenanthrene and B23
− by comparison of the π electron density: (a) comparison of π canonical

molecular orbitals; (b) comparison of the Kekule ́ π-bonds obtained by the AdNDP method; (c) comparison of the Clar π-bonds obtained by the
AdNDP method.

Figure 6. Comparison of the structures and π bonding of B16
2− (D2h,

1Ag) and naphthalene.
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5. METAL-CENTERED MONOCYCLIC BORON RINGS

Highly symmetric doubly aromatic boron wheels, B8
2− and

B9
−,10a,23 have inspired the discovery of a series of metal-

centered monocyclic boron rings: M©Bn
−.63 We have

developed an electronic design principle capable of predicting
which metals can replace the central boron atom in either B8

2−

or B9
− to render a similar doubly aromatic M©Bn

− species (n =
7, 8). Based on the design principle, general geometric and
electronic factors in the rational design of the novel
borometallic molecular wheels were investigated.63 We
observed and characterized the following octa- and nona-
coordinated clusters: Co©B8

− and Ru©B9
−,63a Ru©B9

− and

Ir©B9
−,63b and Fe©B8

− and Fe©B9
−.63d Tantalum and niobium

were shown to possess a record-breaking coordination number

in the planar metal-centered deca-coordinated Ta©B10
− and

Nb©B10
− anions.63c According to the RCCSD(T) results

obtained for these clusters, the wheel-type structures (Figure

10) are the global minima for both anions. These

unprecedented results have proven that boron clusters are

promising molecules for coordination chemistry as potential

new ligands, as well as for material science as new building

blocks.

Figure 7. Comparison of the structures and canonical molecular orbitals between [10]annulene (C10H10) and the global minimum of B19
−.

Figure 8. Comparison of the π molecular orbitals in the flattened B22
2− cluster with those in anthracene.

Figure 9. Chemical bonding analysis of the σ electron density of B23
− by the AdNDP method: (a) localized σ bonding is represented by 15 2c−2e

peripheral B−B σ bonds; (b) delocalized σ bonding is represented by 13 delocalized σ bonds satisfying the 4n + 2 rule (n = 6) for σ aromaticity. ON
stands for occupation number and is equal to 2.00 |e| in the ideal case.
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6. FLUXIONALITY OF BORON CLUSTERS
Some boron clusters were shown to undergo unprecedented
internal rotation, the phenomenon that led to the boron
clusters’ gaining the name of molecular Wankel motors,64−66

starting with the discovery of the doubly concentric spider-web-
like structure of B19

−.14a The stability of B19
− was attributed to

doubly concentric π aromaticity in two concentric π systems,
analogous to coronene.14 Merino, Heine, and co-workers were
the first to demonstrate that B19

− can undergo in-plane internal
rotation of the inner centered pentagonal unit with respect to
the peripheral boron ring.64 B13

+ was suggested to be highly
fluxional in 19988 though the possibility of the internal rotation
in this doubly concentric pure boron cluster was demonstrated
and explained using chemical bonding analysis only recently.65

The in-plane rotation was shown to be attainable even at room
temperature due to the following factors: similarity of chemical
bonds between equilibrium and transition states of the
molecular motors and prevalence of delocalized bonding inside
of boron clusters.65 Molecular Wankel motors rotate in both
directions and only the application of the circularly polarized
infrared laser was shown to achieve a desirable unidirectional
rotation rendering a photodriven molecular Wankel motor
running on the electronic ground state potential energy surface
with a rotational period of a few picoseconds.66

7. ELECTRONIC TRANSMUTATION OF BORON INTO
CARBON

Addition of an extra electron to boron makes it valence
isoelectronic to carbon. B− behaves as carbon in BH4

−,
assuming a tetrahedral structure similar to that of methane.
Such electronic transmutation of boron can be traced in a
number of hydrogenated boron clusters.67−70 Here we discuss
this phenomenon as observed in the B20 double ring.15 The
bonding in B20 has already been discussed in the literature
though not from a perspective of electronic transmutation.28,71

The similarity of chemical bondings of B20 and C10 are
presented in Figure 11. The C10 cluster has a ring structure with
10 σ and 10 π delocalized electrons making it doubly (σ and π)
aromatic72 (Figure 11a,b). Each B−B unit in B20 contributes
four electrons to the localized 2c−2e σ bonds in each chain and
leaves two electrons for the delocalized bondings, reminiscent
of the C atom in the C10 cluster. The analogy between the
localized X−X bonds (X = B, C; Figure 11c), delocalized σ
(Figure 11d), and delocalized π (Figure 11e) of C10 and B20 is
striking. The only difference is that both boron rings of B20
participate in mutual delocalized bonding represented by the
overlap of σ and π bonds reminiscent of those in C10.

Therefore, the chemical bonding of B20 reveals the tendency of
a B−B unit to share a pair of electrons in order to be
transmuted to “carbon”.

8. CONCLUSIONS AND PERSPECTIVES
In this Account, we have demonstrated the structures of anionic
boron clusters can be established through joint photoelectron
spectroscopy and ab initio studies and discussed some of the
exciting insights we have gained about their structures and
stability via chemical bonding analyses. We have shown that the
anionic pure boron clusters continue to be planar or quasi-
planar up to 24 atoms and that this trend is attributed to two-
dimensional delocalization rendering aromaticity and multiple
aromaticity/antiaromaticity. A number of boron clusters have
been shown to be analogous to aromatic hydrocarbons such as
benzene, naphthalene, anthracene, phenanthrene, and coro-
nene. Based on the adduced data of wheel-type pure boron
clusters, geometric and electronic design principles capable of
predicting structures of metal-doped clusters were proposed.
Furthermore, unprecedented internal rotation was observed in
several boron clusters, a phenomenon that led to the boron
clusters’ gaining the name of molecular Wankel motors. It has
been further shown that this rotation can be achieved in a
chosen direction by employing circularly polarized infrared
radiation. We are inclined to believe that the peculiar electronic
transmutation concept is very effective and helpful in designing
new materials with predictable properties.
Though the isolated clusters themselves are exotic species,

their chemical bonding, structure, stability, and reactivity could
help one rationalize the corresponding properties of novel
materials, catalysts, and nanoparticles. We have demonstrated
that we can quite reliably explain and even predict the structure
of small pure and doped boron clusters. The chemical bonding

Figure 10. Structures of the two global minimum structures of (a)
TaB10

− and (b) NbB10
−, their point group symmetries, and their

spectroscopic states.

Figure 11. Elucidation of the analogy between the C10 ring and the B20
double ring. Comparison of (a) structures, (b) schematic representa-
tions of bonding, (c) localized Lewis bonds at the periphery, (d)
delocalized σ bonds, and (e) delocalized π bonds. The top (bottom)
rows correspond to C10 (B20).
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models developed for boron clusters using ideas of Lewis
localization and aromatic delocalization have helped us explain
the structure of tentative boron based materials ranging from
molecular wheels to two-dimensional boron sheets.
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