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Abstract

Small boron clusters as individual species in the gas phase are reviewed. While the family of known boron compounds is rich and diverse, a large
body of hitherto unknown chemistry of boron has been recently identified. Free boron clusters have been recently characterized using photoelectron
spectroscopy and ab initio calculations, which have established the planar or quasi-planar shapes of small boron clusters for the first time. This
has surprised the scientific community, as the chemistry of boron has been diversely featured by three-dimensional structures. The planarity of the
species has been further elucidated on the basis of multiple aromaticity, multiple antiaromaticity, and conflicting aromaticity.

Although mostly observed in the gas phase, pure boron clusters are promising molecules for coordination chemistry as potential new ligands and
for materials science as new building blocks. The use of pure boron species as novel ligands has commenced, suggesting many new chemistries

are ahead of us.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Boron clusters; Multiple aromaticity; Multiple antiaromaticity; Conflicting aromaticity; Photoelectron spectroscopy
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. Introduction

Boron compounds have been known to humankind since
ncient times, when it was used to prepare hard glasses and
lazes [1]. Nowadays the use of boron compounds ranges from
ard materials and semiconductors to antitumor medicines, and
ts importance cannot be overestimated. Neighboring carbon in
he periodic table, boron has one electron less than valence
rbitals, and that makes a huge difference in determining the
hemistry of boron. Although boron has a rich and diverse chem-
stry, it differs substantially from that of carbon [1,2].

.1. Boranes and carboranes

Boron compounds played essential roles in advancing chem-
cal bonding models. A few milestones in the history of contem-
orary boron chemistry should be pointed out. In 1912 Stock
eported his pioneering work on boranes [3], which led to the
dentification of the neutral boron hydrides with formulas B2H6,

4H10, B5H9, B5H11, and B6H10. These compounds were char-
cterized as toxic, air-, and water-sensitive gases, or volatile
iquids. A larger compound, B10H14, was isolated as a volatile
olid. Although the structures of the boranes were established
hen, the chemical bonding within them remained unclear, as
he stoichiometry of the species contradicted the postulates of
alence theory. Even the reason for the rapid dimerization of
H3 into B2H6 was a puzzle. The structure of B2H6 with bridg-

ng H-atoms was proposed in 1921 by Dilthey [4]. However,
t was not considered seriously until the 1940s, when infrared
pectroscopy data [5–7] supported the structure. Later, electron
iffraction [8] and low-temperature X-ray diffraction [9] also
onfirmed the bridged structure for the diborane. The chemical
onding in boranes was first considered by Pitzer, who proposed
he concept of a “protonated double bond” [10].

Further, Lipscomb and co-workers [11] put forward the con-
ept of three-center two-electron (3c-2e) bonding, which, in
he case of the B2H6 diborane, consisted of two 3c-2e B–H–B
onds involving the bridging hydrogen atoms. Lipscomb also
xplained the structure of all known boron hydrides, in which
he bridging B–H–B bond appeared to be the key structural unit
9]. In the 3c-2e bonding three atoms supply three orbitals, one
n each atom. These atomic orbitals interact to form one bond-
ng and two antibonding orbitals. The two available electrons

ay thus fill the bonding orbital to form a 3c-2e bond. In the
-atomic species, there are n atomic orbitals, and only n/3 bond-
ng molecular orbitals, which can be occupied by 2n/3 electrons.
hus, the reason for certain boranes to exhibit special stability
as elucidated. In principle, Lipscomb’s concept of the 3c-2e
ond, along with aromaticity, is one of the ways of describ-
ng electron deficient bonding, even though aromaticity is more
ommon in chemistry and, in a way, more clear. The work of
ipscomb on the chemical bonding of the boranes eventually

ed to his winning of the Nobel Prize and opened the gateway to

nderstanding the chemistry of boron.

Allard in 1932 [12], and Pauling and Weinbaum in 1934 [13]
howed the existence of regular octahedra of boron atoms in
everal metal hexaborides of the general formula MB6. These
mistry Reviews 250 (2006) 2811–2866 2813

early works represented the first experimental demonstration of
closed boron polyhedra in a chemical structure. A subsequent
related work by Longuet-Higgins and Roberts [14] used molec-
ular orbital theory to show that the [B6]2− unit has a closed-shell
electronic arrangement of high stability. Longuet-Higgins and
Roberts [15] also used a similar approach to study the B12 icosa-
hedron, a dominant structural unit of various allotropes of boron
[16]. Their work indicated that the B12 icosahedron has 13 skele-
tal bonding orbitals and 12 outward pointing external orbitals.
They concluded that a borane, B12H12, would be stable only
as a dianion, B12H12

2−, as well as a series of stable cage-like
borane dianions of the general formula, BnHn

2−. The conclusion
was supported by experimental data provided by Hawthorne and
Pitochelli, who synthesized salts of the borane anion, B12H12

2−
[17,18]. From X-ray diffraction experiments, the structure of
the B12H12

2− anion was indeed shown to be icosahedral [19]
and another B10H10

2− anion was shown to be a bicapped square
antiprism [20]. Further experiments [21–23] indicated the exis-
tence of other deltahedral boranes, B11H11

2−, B9H9
2−, B8H8

2−,
B7H7

2−, and B6H6
2−.

Different rules were developed for the number of atoms,
bonds, electrons, and orbitals in stable boranes [24–28]. Dixon
et al. made the first attempt to describe boranes in terms of
resonance of Kekule-type structures with alternating 2c-2e and
3c-2e bonds [29]. In 1971 Williams [30] recognized the closo-,
nido-, and arachno-structural motifs in the chemistry of delta-
hedral boranes. The most spherical deltahedra have a formula
BnHn+2 (or BnHn

2−). The loss of a vertex from this closo-form
results in the BnHn+4 (BnHn+2

2−) nido-structure. The arachno-
structure, BnHn+6 (BnHn+4

2−), can be formed by the removal
of yet another vertex from the deltahedron. Wade [31] recog-
nized that this structural relationship could be associated with
the number of skeletal electrons in a borane. Namely, he under-
stood that closo-, and the nido- and arachno-shapes, have the
same number of skeletal electrons: 2n + 2. These species have
the same number of molecular orbitals belonging to the boron
skeleton: closo-boranes have to have n + 1 MOs, nido-boranes
have to have n + 2 MOs, and arachno-boranes have to have n + 3
MOs. This set of rules is known as Wade’s rules for boranes
and carboranes. Gellespie et al. also proposed another scheme,
in which skeletal electron pairs (2n electrons) remained local-
ized on each vertex, whereas two electrons participated in the
delocalized bonding over the spherically symmetric polyhedron
[32]. Furthermore, the relative stabilities of deltahedral boranes
form a series [33]:

B12H12
2− > B10H10

2− > B11H11
2−

> B9H9
2− ∼ B8H8

2− ∼ B6H6
2− > B7H7

2−

In 1959 Lipscomb et al. [34] proposed the term “superaro-
maticity” to explain the 3D aromaticity of B12H12

2−. Chen and
King recently reviewed [35] the introduction of 3D aromaticity

in chemistry. Explicitly, the idea of aromaticity of deltahedral
boranes was put forward by Aihara [36], and by King and
Rouvray [37] in 1978. Carboranes of the formula C2Bn−2Hn

also exhibit deltahedral topology, and the chemical bonding
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ig. 1. (A–E) Lowest-energy isomers of the Li6B6H6 salt molecule at the B3LY
004 American Chemical Society.)

ithin them can be described in the same manner [38]. The
nly difference in the borane-carborane-electronic relationship
s that C2B3H5, being an electronic analog of B5H5

2−, is a
nown compound, while B5H5

2− itself has not been synthesized.
he three-dimensional aromaticity in boranes, BnHn

2−, closo-
onocarborane anions, CBn−1Hn

−, and closo-dicarboranes,
2Bn−2Hn was also computationally studied by Schleyer and
ajafian [39], who used the NICS index values as criteria of

romaticity. The authors showed the general trend in such sys-
ems: the stability increases with increasing verteces from 5 to
2. The comparison of the chemistry of boron and carbon on
he example of boron and carbon hydrides was also discussed
y Jemmis and Jayasree [40].

In 2003, Boldyrev and co-workers theoretically predicted the
ew family of planar aromatic highly charged boranes, such as
6H6

6− stabilized by six Li+ cations surrounding the species
structure A, Fig. 1) [41].
Importantly, the planar B6-fragment has been previously
nown to be the building block of the MgB2 solid, which is a
ecently discovered high-temperature superconductor [42]. An
xtended analysis of the chemical bonding in the lowest energy

b
n
t
c

ig. 2. Molecular structures of: (Cp*ReH)2B5Cl5 and (Cp*Re)2B6H4Cl2. (Reprinted
11++G** level of theory. (Reprinted with permission from Ref. [41]. Copyright

lanar and nonplanar isomers involving B6H6
6− has been per-

ormed [41b]. Salts like Li6B6H6 with the B6H6
6− benzene-like

nalog are still a theoretical prediction, but Fehlner and co-
orkers [43] recently reported synthesis and crystal structures of

emarkable triple-decker (Cp*ReH2)B5Cl5 and (Cp*)2B6H4Cl2
ompounds containing planar B5Cl5 and B6H4Cl2 structural
ragments, respectively (Fig. 2).

It is believed that the planar B5Cl5 and B6H4Cl2 structural
ragments in Felhner’s compounds acquire six electrons from
he Re atoms formally and thus become six �-electron aromatic
ompounds similar to the predicted B5H5

6− and B6H6
6− build-

ng blocks in the Li6B5H5 and Li6B6H6 salt molecules.
Beyond boranes and carboranes a very rich family of

etallocarboranes has been synthesized and characterized
1,2,38,43–47]. One of the exciting new applications of these
pecies was a demonstration of rotary motion of a carborane
age ligand (7,8-dicarbollide) around a nickel axle controlled

y electrical or light energy, thus moving us closer to inorganic
anomachines [45]. Boron atoms can also be incorporated into
ransition metal clusters [44–47] further extending the rich boron
hemistry.

with permission from Ref. [43a]. Copyright 2004 American Chemical Society.)
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.2. Bare boron clusters

Experimental studies of bare boron clusters have been sur-
risingly limited despite its proximity to carbon in the periodic
able and the extensive research effort on carbon clusters and the
ullerenes ([48–52] and references therein). Until very recently
he only experimental studies on boron clusters were carried
ut by Anderson and co-workers in the late 1980s [53–55].
hese authors produced boron cluster cations using laser vapor-

zation and studied their chemical reactivity and fragmentation
roperties [53–59]. Their observation of the prominent B13

+

eak in mass spectra stimulated further computational efforts
60–64]. In 1992, La Placa et al. reported a mass spectrum of
are boron clusters consisting of 2–52 atoms, generated by laser
aporization of a boron nitride target in an effort to produce
N clusters [65]. Little information regarding the structural and
lectronic properties of boron clusters can be drawn from the
ass-spectrometry-based studies. And there have been no spec-

roscopic studies until very recently.
Starting from 2001, we have conducted extensive photoelec-

ron spectroscopy (PES) studies on a series of boron cluster
nions, Bn

− (n = 3–20), which were combined with state-of-the-
rt computational studies to elucidate the structural and elec-
ronic properties and chemical bonding in the species [66–72].
hese works established for the first time experimentally pla-
arity or quasi-planarity in small boron clusters for as large
s 20 atoms. Among our findings are the observation and
haracterization of the hepta- and octa-coordinated pure boron
olecular wheels in B8 and B9 [70], the observation of an

nusually large HOMO–LUMO gap in B12 [71], and the dis-
overy that the planarity or quasi-planarity of boron clusters
an be explained on the basis of multiple �- and �-aromaticity,
ultiple �- and �-antiaromaticity, and conflicting aromaticity

simultaneous presence of �-aromaticity and �-antiaromaticity
r �-antiaromaticity and �-aromaticity) [66–72]. We also found
hat the �-aromaticity in small boron clusters up to n = 15 seems
o follow the Hückel’s rules, analogous to hydrocarbons [71].

e showed that the B20 neutral cluster appears to possess a
ing-like 3D ground state geometry although both planar and
D structures are nearly isoenergetic for the B20

− anion [72].
he B20 neutral therefore represents the planar-to-tubular tran-
ition in small boron clusters and may be viewed as the embryo
f the thinnest single-walled boron nanotubes with a diameter
s small as 5.2 Å [72]. Very recently, several other experimental
fforts have also appeared on boron clusters [73–77].

In spite of the enormous variety of boron chemical com-
ounds and their great influence on developing modern chem-
cal bonding theory, bare boron clusters as ligands in chemi-
al compounds are still absent. Given the fact that our recent
pectroscopic and theoretical studies have shown that isolated
oron clusters have planar geometries and exhibit aromatic and
ntiaromatic electronic properties analogous to hydrocarbons,
t is believed that bare boron clusters could potentially be new

igands or building blocks of new solids. It is worth mentioning
hat a planar aromatic cyclopentadien anion C5H5

− is one of the
ost common ligands in coordination chemistry. In this review
e summarize theoretical and spectroscopic studies of isolated

f
g
p
c
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ll-boron clusters with the hope that the latest experimental and
heoretical understanding may stimulate further investigations
eading to novel coordination compounds containing the planar
ll-boron clusters as ligands or new building blocks.

. Methodology

.1. Theoretical methods

One of the major challenges in any cluster theoretical study
s to find reliably the global minimum structure. Different the-
retical studies sometimes predict different “global minimum”
tructures because of human bias. A number of methods have
een developed to search for global minimum structures, which
re designed to exclude human bias, such as the Car–Parrinello
ethod, molecular dynamics methods with density functional

heory for energy calculations, Monte Carlo annealing meth-
ds, and genetic algorithms for global minimum searches. We
ecently developed a new genetic algorithm method for the
earch for global minima, called ab initio gradient embedded
enetic algorithm (GEGA). The GEGA program was written
y Alexandrova and described in details in Refs. [78,79]. The
ybrid method, known as B3LYP [80–82], with relatively small
asis set, 3-21G, is usually employed throughout the execution
f the GEGA. For large clusters, we also use the semiempirical
M3 method.

Briefly, within the GEGA procedure, the initial geometries
f individuals (structures) in a population (set of structures) are
andomly generated and further optimized to the nearest local
inima on the potential energy surface, using the Gaussian 03

ackage [83]. If a saddle point is encountered the normal mode of
he first imaginary frequency is followed until a local minimum is
ound. The population, composed of the thus selected good indi-
iduals (structures with the lowest energies), undergoes breeding
nd mutations. During the “mating process” some of the geomet-
ic features of good individuals in the population (“parents”) are
ombined and passed to new individuals (“children”). Parents
re local minimum structures obtained either during the initial
r subsequent iterations. Children are new structures made out
f two parent structures. Probabilities to be bred (to produce
hild structures) are assigned to parents according to the best-
t criterion (i.e., the lowest energy). Based on the probabilities,
ouples of parents are randomly selected. The geometries of the
arents are cut by a random cutting plane (XY, XZ, or YZ), and
he thus obtained halves (“genes”) are then recombined either
n a simple or in a head-to-tail manner to form a “child” (a new
tructure). The number of atoms in the newly generated geome-
ry is checked, and the new structure is optimized to the nearest
ocal minimum.

Fig. 3A shows a typical breeding procedure using the B9
−

luster as an example. In this case, the YZ plane is chosen as the
utting plane and recombination of the halves occurs in a sim-
le manner, i.e., the part of geometry of parent structure 1 taken

rom the left of the cutting plane is recombined with the part of
eometry of parent structure 2 taken from the right of the cutting
lane. The number of atoms in the newly generated geometry is
hecked, and the child structure is optimized to the nearest local
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Fig. 3. Illustration of the GEGA procedure. (A) Breeding, when XY plane is
randomly chosen, geometries of two selected parents are cut by XY, and parts of
parents are recombined in a simple manner; the obtained child is then optimized
to the nearest minimum. (B) Mutations, when the random number of kicks is
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verted to kinetic energy (KE) spectra. The reported binding
energy (BE) spectra are obtained by subtracting the KE spec-
tra from the photon energy (hν) using Einstein’s photoelectric
equation: BE = hν − KE. High photon energy spectra are partic-
ntroduced to distort the structure strongly enough to cross the barrier on the
otential energy surface, and the obtained mutant is then optimized to the local
inimum.

inimum. If the number of atoms is incorrect, the cutting plane
s shifted so that the child structure has the correct number of
toms. After the number of individuals in the population is dou-
led within the breeding process, the best-fit group is selected
nd convergence of the algorithm is checked. The GEGA is con-
idered converged if the current lowest energy species (global
inimum or at least very stable local minimum) remains for 20

terations. If the convergence is not yet met, the highest energy
pecies in the population undergo mutations. The mutation rate is
et to 33.33%. Mutations are shifts of random atoms of a species
n random directions, with the purpose of changing the initial
eometry so as to push the structure out of the current local min-
mum to another well on the potential energy surface (Fig. 3B).

utants (structures obtained from mutations) are optimized to
he nearest local minima. After that the algorithm proceeds with
he new cycle of breeding. All low-lying isomers are detected
nd stored throughout the execution and they are reported to
he user at the end of the run. A few runs of GEGA are done
n the system in order to confirm the found global minimum
tructure.

The geometry and vibrational frequencies of the thus identi-
ed global minimum, as well as low-lying isomers, are further
efined at higher levels of theory. The B3LYP and the coupled-
luster CCSD(T) [84–86] methods with the polarized split-
alence basis sets (6-311+G*) [87–89] are usually used for this
urpose. Final relative energies for the few lowest structures are
alculated at the CCSD(T)/6-311+G(2df) level of theory using
he CCSD(T)/6-311+G* geometry. We also run calculations for
he global minimum structure at the CASSCF(X,Y)/6-311+G*

90,91] (X is a number of active electrons and Y is a number of
ctive orbitals) level of theory, in order to test the applicability of
heoretical methods such as MPn, CCSD(T), and others which

re based on the one-electron approximation.

The next step is to calculate the ab initio vertical detach-
ent energies (VDEs), which will facilitate comparison with

he experimental PES data. For small systems (three to nine
F
p

istry Reviews 250 (2006) 2811–2866

toms) we use three levels of theory for calculating the VDEs:
(R)CCSD(T)/6-311+G(2df), the outer valence Green Func-

ion method (OVGF/6-311+G(2df)) [92–95] at the CCSD(T)/6-
11+G* geometries, as well as the time-dependent DFT method
96,97] (TD-B3LYP/6-311+G(2df)) at the B3LYP/6-311+G*

eometries. Core electrons were frozen in treating the elec-
ron correlation at the CCSD(T) and OVGF levels of theory.
or the large boron clusters (>9 atoms), we used primarily the
D-B3LYP/6-311+G* level of theory to calculate the VDEs.

Natural Bond Order (NBO) analysis [98] was employed
o examine the detailed chemical bonding. Molecular orbitals
MOs) were calculated at the HF/6-311+G* level of theory.
3LYP, HF, and CCSD(T) calculations were performed using
aussian 2003 and NWChem [99] programs. Molecular orbitals
ictures were made using the MOLDEN 3.4 program [100].

.2. Photoelectron spectroscopy

The photoelectron spectroscopic studies were carried out
sing a magnetic-bottle time-of-flight PES apparatus equipped
ith a laser vaporization supersonic cluster source [101,102].
etails of this apparatus have been reported elsewhere, and Fig. 4

hows a schematic view of it.
The Bn

− cluster anions were produced by laser vaporization
f an isotopically enriched 10B disk target in the presence of a
elium carrier gas. The cluster anions were mass analyzed using
time-of-flight mass spectrometer and the cluster of interest was
ass selected and decelerated before being photodetached. A

ariety of detachment laser photon energies have been used in
he current experiments (532 nm, 355 nm, 266 nm, and 193 nm).
hotoemitted electrons are collected by the magnetic-bottle at
early 100% efficiency and analyzed in a 3.5 m long electron
ime-of-flight tube. The photoelectron time-of-flight spectra are
alibrated using the known spectra of Rh− or Au− and con-
ig. 4. Schematic view of the laser vaporization magnetic-bottled time-of-flight
hotoelectron spectroscopy apparatus.
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larly important because they reveal more electronic transitions,
hich are essential to facilitate comparisons with theoretical pre-
ictions. Low photon energies in general yield better-resolved
pectra for the ground state transitions, allowing more accurate
etermination of adiabatic detachment energies (ADEs) of the
eutral species and vibrational resolution in favorable cases. The
esolution of our apparatus is �KE/KE ∼ 2.5%, i.e., ∼25 meV
or 1 eV electrons.

It should be pointed out that although it was not difficult to
bserve mass spectra with a wide size range of Bn

− clusters by
aser vaporization, it turned out to be rather challenging to obtain
igh quality PES data, primarily due to the low photodetachment
ross-sections of these light clusters and the difficulty obtaining
old cluster anions. The key to the current progress was the use
f a large waiting-room nozzle, which could more efficiently
ool cluster anions [103–105]. The temperature effects were
urther controlled by tuning the firing timing of the vaporization
aser relative to the carrier gas and selecting clusters that have a
onger residence time in the nozzle for photodetachment. These
fforts have allowed us to obtain well-resolved PES data for Bn

−
lusters at different photodetachment energies.

As an example, Fig. 5 shows the dramatic temperature effects
bserved in the B20

− species at three different detachment pho-
on energies. Clearly, only the “cold” spectra (top panel) yielded
he rich and well-resolved PES features, which represent the
lectronic fingerprint of the underlying clusters. As many as nine
efinitive spectral features (X–H) were readily resolved in the
old spectrum of B20

− at 193 nm, which were otherwise smeared

ut in the “hot” spectra even under the same instrumental res-
lution. The well-defined and well-resolved PES spectra have
een used to compare with theoretical calculations, allowing
he structural and electronic properties, isomers, and chemical

�
o
d
r

ig. 5. Photoelectron spectra of B20
− at different source conditions to demonstrate th

lusters; bottom panel, hot clusters. Note that hot clusters result in broad spectra, sm
nd e) Cold and (b, d, and f) hot.
istry Reviews 250 (2006) 2811–2866 2817

onding of small boron clusters to be determined and understood
66–72].

. Pure-boron clusters

.1. The diatomic B2 molecule

The diatomic B2 molecule provides the first example of
nusual chemical bonding in boron species. It is known
106,107] that B2 has a 3�g

− ground electronic state with the
�2

g1�2
u1�2

u2�0
g electronic configuration. This electronic config-

ration contradicts the conventional chemical bonding picture,
ecause the 1�u bonding orbital is occupied before the 2�g
onding orbital is occupied. The first two �-MOs, 1�2

g and 1�2
u,

re pairs of bonding and antibonding orbitals formed primar-
ly by the 2s-AOs (with rather small s–p hybridization) and
o not contribute to bonding significantly. Thus, most of the
70 kcal/mol bonding energy in B2 comes primarily from chem-

cal bonding of the 1�2
u orbital. Earlier occupation of the 1�u-

O is inconsistent with the general conception of how chemical
onding should occur in molecules. According to the conven-
ional chemical bond model, a covalent bond is formed when a
ortion of an atomic orbital of one atom overlaps a portion of an
tomic orbital of another atom. In a �-bond, an orbital overlap
ccurs along the axis joining two nuclei. In a �-bond an orbital
verlap is formed by parallel p-orbitals. Because of the lesser
egree of the orbital overlaps forming �-bond, compared with
hose forming �-orbitals, �-bonds are generally weaker than

-bonds, and, therefore, �-orbitals should be occupied before �-
rbitals. The conventional chemical bonding model was initially
eveloped for organic molecules, where this prediction holds
ather well. However, for electropositive and electron deficient

e significant temperature effects on the photoelectron spectra. Top panel, cold
earing out the spectral features even under high instrumental resolution. (a, c,
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toms, such as B, it does not work well, not only for the diatomic
2 molecule, but also for larger clusters, as we will show

elow.

Low-lying excited states for B2, B2
+, B2

2+, and B2
− from

runa and Wright [108] are summarized in Fig. 6. B2
+ is shown

o have conventional bonding with the ground electronic state

a
t
o

Fig. 6. Low-lying states of: (a) B2, (b) B2
+, (c) B2

2+, and (d) B2
−. (Rep
istry Reviews 250 (2006) 2811–2866

�g
+ (1�2

g1�2
u2�1

g1�0
u). However, one can see that the 21�g

+

tate of B with the 1�21�22�21�0 electronic configuration is
2 g u g u

bout 1.46 eV higher than the 3�g
− ground state. We believe

hat the reason why B2 and other diatomic molecules composed
f electropositive atoms have unconventional ground electronic

rinted with permission from Ref. [108]. Copyright 1990 Elsevier.)
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Table 1
Molecular properties of the B3 (D3h, 2A′

1) cluster

B3LYP/6-311+G*a UCCSD(T)/6-311+G*a,b CASSCF/DZPc CASSCF-MRCISD/aug-cc-pvTZd Experiment

Etotal (a.u.) −74.298272 −74.065078 −73.906715 e

Re(B–B) (Å) 1.548 1.586 1.587 1.5706 1.60377(106)f

ω1(a′
1) (cm−1) 1223 1165 1214 e 1020(50)a

ω2(e′) (cm−1) 934 871 869 e

a Ref. [66].
b Etotal = −74.091367 au at RCCSD(T)/6-311+G(2df)//RCCSD(T)/6-311+G*.
c Ref. [110].
d Aug-cc-pvTZ basis set was augmented by two s and one p functions at the bond centers (Refs. [75,76]).
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A spectroscopic study of B3 has been performed by Maier
and co-workers [75,76]. They assigned two bands with origins
at 736 nm and 458 nm to the X2A′

1 → 12E′ and X2A′
1 → 22E′

transitions, respectively, on the basis of their ab initio calcula-
e Property was not calculated at this level of theory.
f R0(B–B), B = 1.19064(157) cm−1 and C = 0.59532(79) cm−1 (Ref. [76]).

tates with �-orbitals being occupied before �-orbitals is due
o the low valence atomic charges. B2 simply cannot favorably
upport six � valence electrons. As we will show below this
actor is crucial for understanding the unusual planar shape of
ll-boron clusters.

.2. Triatomic clusters: B3, B3
+, and B3

−

.2.1. B3

The first ab initio study on B3 is dated 1981, when Whiteside
erformed unrestricted Hartree–Fock and UMP4 calculations on
lusters of beryllium and boron [109]. Since then, the triatomic
oron cluster has received a significant attention in the literature
53,54,60–62,66,75–77,109–130].

There is a consensus in the literature that the neutral B3 is
D3h

2A′
1 (1a′2

11e′41a′′2
22a′1

1) triangular radical species in its
round electronic state. Molecular properties of the global min-
mum B3 structure computed at various levels of theory and
xperimentally determined are given in Table 1 [66].

The B3 valence MOs are shown in Fig. 7.
The HOMO (2a′

1) of B3 is a �-MO, formed by the radial over-
ap of the 2p-atomic orbitals on boron atoms, as schematically
llustrated in Fig. 7. The HOMO is a completely delocalized
rbital with single occupation in neutral B3, giving rise to a
hree-center one-electron (3c-1e) bond. The HOMO-1 (1a′′

2) is
�-MO, formed by the out-of-plane overlap of 2pz-AOs from

he three B atoms. We localized the remaining set of valence
Os (1e′-HOMO-2 and 1a′

1-HOMO-3) into three 2-center 2-
lectron (2c-2e) B–B bonds with the occupation numbers (ON)
.89e using NBO analysis at the RHF/6-311+G* level of theory
n the putative B3

3+ cation (1a′2
11e′4 electronic configuration)

t the geometry of the neutral B3 cluster [130]. The strong
–p hybridization in the B3

3+ cation (occupation numbers are
s0.962p1.03) is responsible for bonding character of the lowest
hree valence MOs (correction to our statement in the Ref. [66]).
he two electrons in the fully delocalized � HOMO-1 make B3
-aromatic, obeying the 4n + 2 Hückel’s rule for n = 0. Although
ot technically obeying the 4n + 2 Hückel’s rule for aromaticity,

3 is also partially �-aromatic derived from the single occupa-

ion of the fully �-delocalized HOMO.
The second lowest-energy state D3h

2A′′
2 with the

a′2
11e′41a′′1

22a′2
1 electronic configuration arises from the one

F
o

lectron excitation from HOMO-1 to HOMO. The D3h
2A′′

2
pecies was theoretically predicted to be 0.66 eV higher in
nergy than the global minimum (CCSD(T)/6-311+G(2df) level
f theory) [66] and that number reasonably agrees with the exper-
mental value of 0.74 eV [66]. An extensive ab initio study of
lternative structures of B3 in different spectroscopic states has
een carried out by Hernandez and Simons [110]. The overview
f the theoretically identified spectroscopic states of the trian-
ular, distorted, and linear species is shown in Fig. 8.

No species with stable geometries were found to have sym-
etry lower than C2v. The ZPE-corrected barriers between the
inima were also calculated [110].
ig. 7. Molecular orbital picture of the B3 (D3h
2A′

1) cluster. The order of the
rbitals given in accordance with R(U)OVGF/6-311+G(2df) calculations.
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Fig. 8. Low-lying states in B3. Curves represent states that have been geomet-
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ically optimized. The horizontal lines represent states for which energies are
nown but whose geometries have not been optimized. (Reprinted with permis-
ion from Ref. [110]. Copyright 1991 American Institute of Physics.)

ions. The two low-lying 12E′ and 22E′ states were assigned
s originating from the ground electronic state through the
a′

1-HOMO → 2e′-LUMO and 1e′-HOMO-1 → 2a′
1-HOMO

xcitations, respectively, though with the substantial mixing
etween the two. The complex vibrational structure in the 12E′
tate was interpreted on the basis of the strong Jahn–Teller distor-
ion. The 22E′ state undergoes only a relatively weak Jahn–Teller
istortion and shows a short progression with an observed fre-
uency of 981(10) cm−1 which compares favorably with the
heoretical frequency of 973 cm−1. The calculated positions for
he 12E′ and 22E′ band origins at the CASSCF-MRCISD/aug-
c-pvTZ (augmented by 2s1p bond functions) level of theory
ere found to be T00 = 12,829 cm−1 and 22,272 cm−1 which

re in reasonable agreement with the experimentally observed
3,587 cm−1 and 21,828 cm−1, respectively [75,76].

The atomization energy for the B3 cluster in the ground state
as first calculated by Martin et al. [115] to be 193 kcal/mol and
89 kcal/mol at the G1 and modified G1 levels of theory, respec-
ively. Our value at the CCSD(T)/6-311+G(2df)/CCSD(T)/6-
11+G*+ZPE level of theory is 185 kcal/mol [131].

An experimental electron resonance spectrum of B3 was
ecorded by Weltner and co-workers [111] and a follow-up
heoretical study (MC-SCF) on the isotropic and anisotropic
omponents of the hyperfine coupling tensor of B3 was car-
ied out [117]. The authors of the theoretical work concluded
hat in noble gas matrices B3 rotates rapidly around its C3-axis,

nd the hyperfine coupling predicted theoretically is completely
veraged out by such free rotation. Reis et al. performed DFT
alculations on dipole polarizabilities and hyperpolarizabilities
f boron clusters [118].

fi
F

p

istry Reviews 250 (2006) 2811–2866

Linear B3 excited isomers were first identified by Pellegatti
t al. [119] in their CI-calculations and have been later further
tudied by Hernandes and Simons [113] and Cao et al. [120]. All
inear isomers are significantly higher in energy than the global

inimum structure.
The hydrogenation of B3 has been studied by Hernandez

nd Simons [113]. Two stable B3H, and three stable and one
etastable B3H2 species have been identified. The hydro-

en atom abstraction (B3 + H2 → B3H + H) was found to be
ndothermic and less favorable than the B3 + H2 → B3H2 reac-
ion. B3Hx (x = 0–3) have been observed by mass spectrometry
nd alternative structures and their stabilities have been studied
ia MO calculations [114].

.2.2. B3
+

The closed-shell cationic B3
+ cluster was predicted compu-

ationally to have a D3h symmetry with the 1A′
1 (1a′2

11e′41a′′2
2)

round electronic state. It originates from B3 by removing an
lectron from the singly occupied HOMO [116,120,122–128].
heoretical molecular parameters of the ground state of B3

+ are
resented in Table 2 [131].

Other spectroscopic states of the triangular structure and the
inear isomers of B3

+ were found to be higher in energy. The
tomization energy for B3

+ (B3
+(1A′

1) → 2B(2P) + B+(1S))
t the CCSD(T)/6-311+G(2df)//CCSD(T)/6-311+G*+ZPE level
s 151 kcal/mol [131]. Positively charged boron clusters Bn

+

n = 2–6) were studied by Garcia-Molina et al. [126]. The authors
nalyzed theoretically the effect of stopping power due to the
eometric structures of pure-boron cationic clusters incident on
n amorphous carbon target. The stopping power was found to
ncrease with increasing cluster size.

The molecular orbital picture of the global minimum of B3
+

s very similar to that of the neutral B3 cluster (Fig. 7). The
ompletely bonding fully delocalized �-MO (1a′′

2) is now the
OMO, which is doubly occupied. The cation thus remains �-

romatic according to the 4n + 2 Hückel’s rule, but it is not a
-aromatic species anymore. The cation still has three 2c-2e
–B bonds.

.2.3. B3
− and its photoelectron spectra

The anionic Bn
− clusters have received considerably less

ttention than the neutral and cationic species. However, anionic
lusters are especially important for the contemporary inorganic
hemistry, since potentially they can be used as new inorganic
igands, for example, by coordination to cationic metal atoms.
nly a limited number of experimental and theoretical studies
ave been done on the anionic B3

− cluster [66,75,120,130]. The
nionic B3

− species has D3h symmetry with 1a′2
11e′41a′′2

21a′2
1

losed-shell electronic configuration. Molecular properties of
he B3

− cluster are given in Table 2 [66].
Kuznetsov and Boldyrev [130] predicted the vertical one-

lectron detachment energies for B3
−. Zhai et al. obtained the
rst PES spectra of B3 at various photon energies, as shown in
ig. 9 [66].

All features (except peak B) of the spectra correspond to the
reviously predicted VDEs [130]. However, the peak B with
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Table 2
Molecular properties of B3

− (D3h, 1A′
1) and B3

+ (D3h, 1A′
1) [66,130,131]

B3LYP/6-311+G* MP2/6-311+G* RCCSD(T)/6-311+G* RCCSD(T)/6-311+G(2df)a CASMRCI/6-311+G(2df)b

B3
−
Etotal (a.u.) −74.397068 −74.13300 −74.164651 −74.196742 −74.166109
R(B–B) (Å) 1.542 1.568 1.576 c 1.552
ω1(a′

1) (cm−1) 1239 1284 1190 c c

ω2(e′) (cm−1) 959 936 897 c c

B3
+

Etotal (a.u.) −73.936143 −73.669332 −73.712635
R(B–B) (Å) 1.564 1.620 1.617 c

ω1(a′
1) (cm−1) 1188 1040 1077 c

ω2(e′) (cm−1) 990 897 900 c

a Energy calculated at the CCSD(T)/6-311+G* geometry.
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b The active space for the CAS-MRCI calculations was constructed the follo
losed,3,0,1,0;core,2,0,1,0;wf,16, 1,0.
c Properties were not calculated at this level of theory.

elatively weak intensity was not predicted before. This feature
as identified as a shake-up process, i.e., a two-electron transi-

ion on the basis of accurate ab initio calculations [66]. The full
ssignment of the spectral features on the basis of various levels
f theory is presented in Table 3.

Our assignment of the B peak in the B3
− photoelectron spec-

ra to the B3 final 12E′ (1a′2
11e′41a′′2

22a′0
12e′1) shake-up state

grees with the subsequent interpretation of the spectroscopic
pectra of B3 by Maier and co-workers [75,76].

Maier and co-workers [75,76] recently conducted near
nfrared studies of B3

− in a neon matrix. They observed a band
ith origin at 467 nm which they assigned to the X1A′

1 → 1E′
lectronic transition of the cyclic anion on the basis of their ab
nitio calculations.

The atomization energy for B3
− (B3

−(1A′
1) →

B(2P) + B−(3P)) at the CCSD(T)/6-311+G(2df)//CCSD(T)/6-
11+G*+ZPE level is 249 kcal/mol, clearly indicating an
nhanced stability compared to B3

+ and B3 [131].
The molecular orbital picture of the anionic B3

− species is
lmost identical to that of the neutral cluster (Fig. 7). The �-
adial HOMO (2a′

1) is now doubly occupied. Consequently, the

luster possesses two electrons in the �-radial MOs and could
e considered as �-aromatic. Thus, B3

− is doubly (�- and �-)
romatic, and that is consistent with its enhanced stability. The
ouble aromaticity in B3

− has also been confirmed by calcula-

a
ω

3
i

able 3
omparison of experimental and calculated VDEs (in eV) for B3

− [66]

xperimental spectrum Theoretical spectrum

and VDE Final state VDE

ROVGF/6-3

2.82 ± 0.02 2A′
1, 1a′2

11e′41a′′2
22a′1

12e′0 2.72 (0.87)
3.56 ± 0.03 2A′′

2, 1a′2
11e′41a′′1

22a′2
12e′0 3.57 (0.88)

4.55 ± 0.03 2E′, 1a′2
11e′41a′′2

22a′0
12e′1

4E′′, 1a′2
11e′41a′′1

22a′1
12e′1

5.58 ± 0.03 2E′, 1a′2
11e′31a′′2

22a′2
12e′0 5.31 (0.83)

a Data from Ref. [130].
way: rhf;occ,5,1,2,0;closed,5,1,2,0;core,2,0,1,0;wf,16,1,0;multi/ci;occ,8,1,4,0;

ions of nucleus-independent chemical shift (NICS), which was
ntroduced by Schleyer and co-workers as probe of aromaticity
132]. According to our calculations [133], the NICS value (at
3LYP/6-311+G*) is −73.6 ppm at the center and −22.6 ppm
.0 Å above the center of B3

−. The substantial reduction in the
ICS value from the center of cluster to 1.0 Å above the cen-

er is a clear indication of double aromaticity, because at the
enter both the �-aromatic HOMO and �-aromatic HOMO-1
ontribute to the NICS value, while 1.0 Å above the center of
he cluster, the contribution to NICS comes primarily from the �-
romatic HOMO-1. These numbers can be compared to NICS of
rototypical aromatic molecule of benzene NICS(0) = −8.9 ppm
nd NICS(1.0) = −10.2 ppm (both at B3LYP/6-311+G*) [132b].
he B3

− anion has also three 2c-2e B–B bonds, as in B3
+ and B3.

Kuznetsov and Boldyrev theoretically predicted [130] that
3
− could be a part of a gas-phase salt molecule Na+B3

−.
hey have shown that in the most stable C3v (1A1) struc-

ure of NaB3 the Na+ cation is coordinated to the B3
−

nion in a half-sandwich manner. The geometric parameters
nd harmonic frequencies of B3

− being a part of Na+B3
−

R(B–B) = 1.576 Å, ω1(a1) = 1186 cm−1, ω2(e) = 895 cm−1) are
− ˚
lmost identical to those of the isolated B3 (R(B–B) = 1.576 A,

1(a1) = 1190 cm−1, and ω2(e) = 897 cm−1, all at CCSD(T)/6-
11+G*). The bonding between Na and B3 was found to be quite
onic: Q(Na) = +0.88e and Q(B3

−) = −0.88e (NBO charges at

11+G(2df)a ADC(3)/6-311+G(2df) RCCSD(T)/6-311+G(2df)

2.68 (0.84) 2.88
3.57 (0.87) 3.54

4.70
4.82

5.43 (0.69)
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Fig. 9. Photoelectron spectra of B3
− at: (a) 355 nm (3.496 eV), (b) 266 nm
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4.661 eV), and (c) 193 nm (6.424 eV). HB stands for hot band transitions. The
ertical lines indicate resolved vibrational structures. (Reprinted with permission
rom Ref. [66]. Copyright 2003 American Chemical Society.)

P2/6-311+G*). This first example of a salt molecule shows that
3
− could be a new inorganic ligand in coordinational chem-

stry.

.3. Tetraatomic clusters: B4, B4
+, B4

−, B4
2−

.3.1. B4

The neutral B4 cluster was considered carefully by Martin
t al., who used several levels of theory (HF/6-31G*, MP2/6-
1G*, MP2/6-311G*, and QCISD(T)/6-311G*) for the geometry

ptimization [134]. They predicted the D2h

1Ag rhombus global
inimum structure. We recently performed the GEGA search

135] and confirmed this global minimum structure, which is
hown in Fig. 10 with other low-lying isomers.
emistry Reviews 250 (2006) 2811–2866

We ran the GEGA search for the global minimum structure
separately for the singlet and the triplet structures. Furthermore,
since the structures generated in GEGA are random, the sym-
metry of B4 is usually C1, or it can be Cs or D∞h for deliberately
generated planar and linear structures. Thus, although the most
stable species obtained is effectively D2h, in fact, it does not
possess any symmetry from the GEGA run. The symmetry
was identified and imposed manually during the calculations
at higher levels of theory so that the ground spectroscopic state
could be properly determined.

There was a report [139] indicating that the global minimum
of B4 has a C2h symmetry. Also, Kato and Tanaka pointed out
that at the HF level the triplet C2h (3Bu) is the lowest energy
structure, but at the MP4 level the rhombus D2h (1Ag) becomes
more stable [140]. However, today there is a consensus in the lit-
erature that the global minimum of B4 is the D2h (1Ag) rhombus
(Table 4) with the 1a2

g1b2
1u1b2

2u1b2
3g1b2

3u2a2
g electronic configu-

ration [60,62,66,116,118,122,124,125,134–138,140].
The geometric distortion toward rhombus structure is rather

modest. The barrier on the potential energy surface along the
coordinate of internal transformation D2h → D4h → D2h is quite
low (0.7 kcal/mol at CCSD(T)/aug-cc-pvQZ//CCSD(T)/aug-
cc-pvTZ, according to Maier and co-workers [141], and
0.8 kcal/mol at CCSD(T)/6-311+G* according to our study
[66]), leading to the splitting of vibrational transitions of B4.
These results agree with another computational study by Reis
and Papadopoulos [136], who, using many sophisticated meth-
ods (CCSD(T)/CASSCF, MPn, and BD(T)), calculated dipole
polarizability and second hyperpolarizability of the B4 rhombus
D2h (1Ag) structure.

Maier and co-workers calculated vertical and adiabatic exci-
tation energies and transition moments between the global min-
imum and the excited states using a variety of theoretical meth-
ods. The lowest energy excited state of B4 was found to be the
1B1g state, whose vertical excitation energy was found to be
∼3.0 eV and adiabatic excitation energy ∼2.1 eV) [141].

Fig. 11a displays the molecular orbital pictures of the D2h
(1Ag) B4 cluster.

The lowest four MOs (HOMO-2 to HOMO-5) can be local-
ized, as has been shown by NBO analysis, into four classical
2c-2e B–B bonds [66]. The strong s–p hybridization on both the
boron atoms: 2s0.952p1.14 and 2s1.042p0.83 (from HOMO-2 to
HOMO-5), is responsible for the formation of the four classical
bonds. The remaining two MOs are fully delocalized, and par-
ticipate in the global bonding in the cluster. The HOMO-1 (1b3u)
is a completely bonding �-molecular orbital formed by the out-
of-plane overlap of 2pz-AOs on the B atoms. The two electrons
populating this MO make the cluster �-aromatic according to the
4n + 2 Hückel’s rule. The HOMO is a �-radial molecular orbital,
just as the HOMO in B3 and B3

−, formed by the radial overlap
of 2p-AOs. The system thus can be characterized as �-aromatic
as well, i.e., B4 is also doubly aromatic.

There is nothing in the MO picture of B4 (Fig. 10) indicating
the distortion from the perfect square structure. The rhombus dis-

tortion comes from the second-order (or “pseudo”) Jahn–Teller
effect, as discussed by Martin et al. [134]. Because of this nature
of the distortion, the barrier for “squareness” is rather small, as
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ig. 10. Alternative structures of B4 identified by GEGA (B3LYP/3-21G level o
ith permission from Ref. [66]. Copyright 2003 American Chemical Society.)

iscussed above, and even at moderate temperature the B4 clus-
er has effectively a square structure.
The rhombus shape of the neutral B4 unit has been predicted
o be a part of the experimentally observed B4(CO)2 carbonyl
omplex [142]. The two CO-ligands are coordinated to B-atoms
f the rhombus opposing each other. The species was reported

s
(
s
l

able 4
olecular properties of B4

B3LYP/6-311+G*a MP2/6-311+G*b MP2/cc-pvTZc

total (a.u.) −99.15755 −98.79592 −98.8423
(B1–B2) (Å) 1.523 1.557 1.546
B2–B1–B3 (◦) 76.5 73.8 74.2

1(ag) (cm−1) 1183 1113 1123

2(ag) (cm−1) 332 426 400

3(b3g) (cm−1) 1268 1156 1177

4(b1u) (cm−1) 1267 1244 1257

5(b2u) (cm−1) 1059 968 990

6(b3u) (cm−1) 320 326 329

a Refs. [66,137].
b Ref. [137].
c Ref. [136].
d Ref. [66]. Etotal = −98.881103 a.u. at RCCSD(T)/6-311+G(2df)/CCSD(T)/6-311+
e Ref. [141].
f This property was not reported.
l computation), and refined at the B3LYP/6-311+G* level of theory. (Reprinted

o be a diradical, and the HOMO–LUMO gap in the closed-
hell D2h (1Ag) cluster was computationally shown to be very

mall. The energies of the open-shell singlet (1B2g) and triplet
3B2g) states were predicted to be very close, with the open-shell
inglet being lower by 1.1 kcal/mol at the (U)CCSD(T)/6-31G*

evel [142].

MP4/cc-pvTZc CCSD(T)/6-311+G*a,d CCSD(T)/aug-cc-pvQZe

−98.8898 −98.83944 −98.91001
1.557 1.558 1.539
72.9 75.4 75.8
f 1112 f

f 336 f

f 1173 f

f 1201 f

f 966 f

f 287 f

G*.
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ig. 11. Molecular orbital pictures of: (a) B4
0 (D2h, 1Ag); (b) B4

− (D2h, 2B1u);
11+G(2df) calculations. (Reprinted with permission from Ref. [66]. Copyrigh

The atomization energy for B4 at the CCSD(T)/6-
11+G(2df)//CCSD(T)/6-311+G*+ZPE level is 303 kcal/mol
131].

.3.2. B4
+

The cationic B4
+ cluster was also reported to have the D2h

2Ag

1a2
g1b2

1u1b2
2u1b2

3g1b2
3u2a1

g) rhombus global minimum structure
61,116,122,124,137,138,141]. Calculated molecular parame-
ers of the ground electronic state are summarized in Table 5.

The barrier for the intramolecular rearrangement of the rhom-
us B4

+ structure through a square D4h transition state is nearly

0 times smaller than that of the neutral B4 cluster [61,138],
nd thus the splitting of vibrational transitions should be even
maller. The lowest excited state, D2h

2B1g, is only 0.17 eV
igher in energy [138].

N

(
3

− (D2h, 2Ag). The order of the orbitals given in accordance with R(U)OVGF/6-
American Chemical Society.)

The chemical bonding pattern in the rhombus global mini-
um of B4

+ is very similar to that of the neutral B4 (D2h, 1Ag)
escribed above (see Fig. 11). The deep 1ag, 1b1u, 1b2u, and 1b3g
alence molecular orbitals can be localized onto four peripheral
lassical 2c-2e B–B bonds in the cluster. The remaining HOMO
2ag) and HOMO-1 (1b3u) are globally delocalized bonding
-radial and �-molecular orbitals. With two �-electrons, the
luster is still �-aromatic. In addition, it also can be called par-
ially �-aromatic due to the presence of one electron on the
onding �-HOMO [142]. The NICS calculations by Jin and
i [137] clearly support the description of chemical bonding:

ICS(0.0) = −33.4 ppm and NICS(1.0) = −6.6 ppm.
The atomization energy for B4

+ (B4
+ (2Ag) → 3B

2P) + B+ (1S)) at the CCSD(T)/6-311+G(2df)//CCSD(T)/6-
11+G*+ZPE level is 267 kcal/mol [131].
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Table 5
Molecular properties of B4

+

B3LYP/6-311+G*a MP2/6-311+G*a QCISD(T)6-311+G*b CCSD(T)/6-311+G*c

Etotal (a.u.) −98.81099 −98.43509 −98.45972 −98.483573
R(B1–B2) (Å) 1.546 1.564 1.569 1.576
∠B2–B1–B3 (◦) 82.5 82.2 80.9 80.5
ω1(ag) (cm−1) 1145 1174 d 1089
ω2(ag) (cm−1) 201 139 d 281
ω3(b3g) (cm−1) 1118 1103 d 1027
ω4(b1u) (cm−1) 1189 1394 d 1177
ω5(b2u) (cm−1) 1076 1056 d 1001
ω6(b3u) (cm−1) 270 281 d 281

a

)/6-31

3

o
p
i
i

a
s
t
[
F

f
D
[
h
b
T
C

F
w

Refs. [131,137].
b Ref. [137].
c Ref. [131]. Etotal = −98.5222237 a.u. at UCCSD(T)/6-311+G(2df)/CCSD(T
d This property was not reported.

.3.3. B4
− and its photoelectron spectra

The structure of the anionic B4
− cluster has been a subject

f controversy in the recent literature. Initially, Jin and Li [137]
redicted that the rhombus D2h (2Ag) structure is the global min-
mum of the B4

− cluster. However, we identified two compet-
ng electronic states: D2h, 2B1u (1a2

g1b2
1u1b2

2u1b2
3u2a2

g1b2
3g2b1

1u)

nd 2Ag (1a2
g1b2

1u1b2
2u1b2

3u2a2
g1b2

3g2b0
1u3a1

g) [66]. The GEGA

earch (B3LYP/3-21G) for the global minimum predicted
he rhombus D2h

2B1u structure to be the global minimum
135]. The identified lowest-energy structures are given in
ig. 12.

(
3
f

ig. 12. Alternative structures of B4
− identified by GEGA (B3LYP/3-21G level of initi

ith permission from Ref. [66]. Copyright 2003 American Chemical Society.)
1+G*.

As one may see, seven different rhombus isomers were
ound within 40 kcal/mol above the global minimum. The

2h
2Ag isomer reported by Jin and Li as a global minimum

137] was found to be the second most stable isomer. At
igher levels of theory, the relative energies of the rhom-
us species D2h

2Ag and D2h
2B1u (Fig. 12) vary [66].

he 2B1u state was predicted to be the most stable at our
ASSCF(3,4)-MRCISD/6-311+G(2df)/RCCSD(T)/6-311+G*
by 3.0 kcal/mol) and CASSCF(3,5)-MRCISD/RCCSD(T)/6-
11+G* (by 5.8 kcal/mol) highest levels of theory. However, we
ound that the 2Ag state is slightly more stable at RCCSD(T)/6-

al computation), and refined at the B3LYP/6-311+G* level of theory. (Reprinted
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Table 6
Molecular properties of B4

−

B4
−, D2h (2B1u) B4

−, D2h (2Ag)

B3LYP/6-
311+G*a

CASSCF/
aug-cc-pvTZb

RCCSD(T)/
6-311+G*c

B3LYP/
6-311+G*a

CASSCF/
aug-cc-pvTZb

RCCSD(T)/
6-311+G*d

Etotal (a.u.) −99.226968 e −98.895463 −99.217253 e −98.898718
�E (kcal/mol) 0.0 e 2.04 6.1 e 0.0
R(B1–B2) (Å) 1.568 1.583 1.595 1.578 1.606 1.621
∠B1–B2–B3 (◦) 63.5 63.3 63.6 84.3 68.6 73.8
ω1(ag) (cm−1) 1138 e e 1053 e e

ω2(ag) (cm−1) 800 e e 136 e e

ω3(b3g) (cm−1) 1039 e e 1116 e e

ω4(b1u) (cm−1) 1008 e e 738 e e

ω5(b2u) (cm−1) 804 e e 844 e e

ω6(b3u) (cm−1) 284 e e 336 e e

a Ref. [66].
b Ref. [141].
c Ref. [66]. Etotal = −98.940051 a.u. at RCCSD(T)/6-311+G(2df)/CCSD(T)/6-311+G*. The 2Ag state is more stable at RCCSD(T)/6-311+G(2df)/CCSD(T)/6-

311+G* by 0.4 kcal/mol. The 2B1u state is more stable at CASSCF(3,4)-MRCISD/6-311+G(2df) by 3.0 kcal/mol and at CASSCF(3,4)-MRCISD/6-311+G(2df) by
5

-311+

3
0
t
l
r
t

r

T
C

E

B

2

2

A
(

A
(

.8 kcal/mol.
d Ref. [66]. Etotal = −98.940741 a.u. at RCCSD(T)/6-311+G(2df)/CCSD(T)/6
e This property was not reported.

11+G* (by 2.0 kcal/mol) and at RCCSD(T)/6-311+G(2df) (by
.4 kcal/mol). Maier and co-workers [141] recently reported that

he D2h

2B1u is the most stable at the RCCSD(T)/aug-cc-VQZ
evel of theory, in agreement with our MRCISD/6-311+G(2df)
esults. Molecular properties of the two most stable isomers of
he cluster are given in Table 6.

w
s
X

able 7
omparison of the experimental VDEs of B4

− with calculated VDEs for the 2B1u an

xperimental spectra Theoretical interpretation

and VDE (eV) Final state

B1u B4
−

X 1.99 ± 0.05 1Ag, 1a2
g1b2

1u1b2
2u1b2

3u2a2
g1b2

3g2b0
1u

A 3.08 ± 0.03 3B2u, 1a2
g1b2

1u1b2
2u1b2

3u2a2
g1b1

3g2b1
1u

B 3.41 ± 0.03 3B1u, 1a2
g1b2

1u1b2
2u1b2

3u2a1
g1b2

3g2b1
1u

C 4.39 ± 0.05 1B2u, 1a2
g1b2

1u1b2
2u1b2

3u2a2
g1b1

3g2b1
1u

3B2g, 1a2
g1b2

1u1b2
2u1b1

3u2a2
g1b2

3g2b1
1u

1B2g, 1a2
g1b2

1u1b2
2u1b1

3u2a2
g1b2

3g2b1
1u

1B1u, 1a2
g1b2

1u1b2
2u1b2

3u2a1
g1b2

3g2b1
1u

Ag B4
−

X 1.99 ± 0.05 1Ag, 1a2
g1b2

1u1b2
2u1b2

3u1b2
3g2a2

g3a0
g

A 3.08 ± 0.03

B 3.41 ± 0.03 3Ag, 1a2
g1b2

1u1b2
2u1b2

3u1b2
3g2a1

g3a1
g

3B3g, 1a2
g1b2

1u1b2
2u1b2

3u1b1
3g2a2

g3a1
g

C 4.39 ± 0.05 3B3u, 1a2
g1b2

1u1b2
2u1b1

3u1b2
3g2a2

g3a1
g

1B3g, 1a2
g1b2

1u1b2
2u1b2

3u1b1
3g2a2

g3a1
g

1B3u, 1a2
g1b2

1u1b2
2u1b1

3u1b2
3g2a2

g3a1
g

1Ag, 1a2
g1b2

1u1b2
2u1b2

3u1b2
3g2a1

g3a1
g

a VDE for this detachment process has been also calculated as an attachment to
DC(3)/6-311+G(2df) methods at the optimal RCCSD(T)/6-311+G* geometry of the

ADC(3)).
b VDE for this detachment process has been also calculated as an attachment to
DC(3)/6-311+G(2df) methods at the optimal RCCSD(T)/6-311+G* geometry of th

ADC(3)).
G*.

The PES spectra of B4
− at three photon energies have been

ecently recorded, and they are shown in Fig. 13 [66].

Four very broad bands were observed. The A and B bands

ere closely spaced and were overlapped. At 355 nm, vibrational
tructures were discernible for the A band (Fig. 13). The broad

band indicated a large geometry change between the ground

d 2Ag states of B4
− [66]

VDE (eV)

RCCSD(T)/6-311+G(2df) EOM-RCCSD(T)/6-311+G(2df)

1.85a

3.14
3.24

4.03
4.35

4.65
5.37

1.87b

3.47
3.61

4.05
4.34
4.57
4.61

the 2b1u-LUMO of the neutral B4 cluster using ROVGF/6-311+G(2df) and
2B1u isomer. Calculated VDE was found to be 1.74 eV (ROVGF) and 2.07 eV

the 3ag-LUMO of the neutral B4 cluster using ROVGF/6-311+G(2df) and
e 2Ag isomer. Calculated VDE was found to be 1.55 eV (ROVGF) and 1.73 eV
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Fig. 13. Photoelectron spectra of B4
− species at: (a) 355 nm, (b) 266 nm, and (c)
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ω2(b1g) = 375 cm−1, ω3(b2g) = 903 cm−1, ω4(b2u) = 286 cm−1,
93 nm. (Reprinted with permission from Ref. [66]. Copyright 2003 American
hemical Society.)

tates of the anion and neutral B4. We estimated the ADE or
he EA of B4 to be ∼1.6 eV. This makes the EA of B4 to be
he lowest among all the boron clusters from B3 to B25, partly
xplaining why the B4

− anion was relatively unstable and had
he weakest abundance from the cluster source.

We computed VDEs of both the D2h
2Ag and D2h

2B1u iso-
ers of B4

− using various methods. The experimental data and
he theoretical assignments of the features in the photoelectron
pectra are given in Table 7.

From the analysis of these results we concluded that the 2Ag
tate can be ruled out as a major contributor to the photoelectron

pectra of B4

−. The most convincing argument in the favor of the
bservation of the 2B1u state comes from the second peak A. In
he calculated spectrum of the 2Ag state, we did not find any one-

a
c
t

istry Reviews 250 (2006) 2811–2866 2827

lectron transition around 3.1 eV, while our calculations revealed
he second transition at 3.14 eV with the final state 3B2u for the
B1u initial state of B4

−, in excellent agreement with the exper-
mental VDE = 3.08 ± 0.03 eV (Table 7). The observed spectra
hould be primarily due to the 2B1u state, which was shown to
e the ground state at the highest levels of theory [66,138].

Molecular orbitals of both isomers D2h
2Ag and D2h

2B1u
re given in Fig. 11b and c, respectively. The D2h

2B1u iso-
er, in addition to the molecular orbitals described in Section

.3.1, has one more �-MO. The HOMO (2b1u) is a part of the
uasi-degenerate pair of MOs (the other part is the LUMO).
artial occupation of this quasi-degenerate MO imposes a first-
rder Jahn–Teller distortion. The rhombus distortion in B4

− is
ignificantly larger than that in the neutral species: the calcu-
ated bond angle ∠B–B–B is about 64◦ in 2B1u (B4

−) compared
o about 76◦ in B4 (see Tables 4 and 6). Thus, the first-order
ahn–Teller distortion is significantly stronger than the second-
rder Jahn–Teller distortion. The cluster now possesses three
-electrons (on HOMO and HOMO-2). Although not techni-
ally obeying the 4n rule for antiaromaticity, the cluster can be
alled partially �-antiaromatic, since even partial occupation of
he HOMO leads to destabilization and structural distortion of
he cluster. The HOMO-3 (1b3u) in the cluster is a �-MO, again
endering the cluster �-aromatic. The remaining valence MOs
an be again localized into four peripheral 2c-2e bonds. Thus,
he D2h

2B1u B4
− cluster is �-aromatic and �-antiaromatic [66].

he �-antiaromaticity of this state is responsible for substantial
hombus distortion from the square (Table 6).

In the second isomer, the 3ag HOMO (the last member of
he four MOs: HOMO-6 1ag, HOMO-5 1b1u, HOMO-4 1b2u,
nd HOMO 3ag formed primarily of 2s-AOs) is occupied by
ne electron. This completely antibonding MO does not change
uch the geometry of the species from that of the neutral

luster. The calculated ∠B–B–B angle is about 84◦ in 2Ag
B4

−) compared to about 76◦ in the neutral B4. The double
romaticity and the second-order Jahn–Teller effect still exists
n this state of B4

− [66].

.3.4. B4
2−

The anionic B4
− cluster is an open-shell species and in

rder to become a viable building block it should acquire one
ore electron and form a B4

2− dianion. Sundholm and co-
orkers [143] calculated a planar square structure D4h

1A1g

1a2
1g1e4

u1b2
1g1b2

2g2a2
1g1a2

2u) of B4
2− using an isoelectronic anal-

gy to Al42−, where an extensive search for the global minimum
tructure has been performed [133,144] and the D4h

1A1g pla-
ar square structure was found to be the most stable isomers.
he Al42− dianion has been studied extensively, and, using a
ariety of criteria, it was shown that it is a doubly (�- and �-)
romaticity system ([133,144] and references therein). Sund-
olm and co-workers [143] predicted the following molecular
arameters for B4

2−: R(B–B) = 1.668 A, ω1(a1g) = 881 cm−1,
nd ω5(eu) = 709 cm−1 (all at CCSD(T)/TZV2P). They also cal-
ulated the ring-current susceptibility of B4

2− which was found
o be 7.4 nA T−1. That is only 10% smaller than that for the
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Table 8
Calculated molecular properties of the B5 (C2v, 2B2) global minimum cluster
[67]

B3LYP/
6-311+G*

CASSCF(7,8)/
6-311+G*

RCCSD(T)/
6-311+G*

Etotal (a.u.) −124.003032 −123.218158 −123.596877
R(B1–B2,3) (Å) 1.835 1.868 1.870
R(B1–B4,5) (Å) 1.582 1.584 1.606
R(B2–B3) (Å) 1.553 1.552 1.584
R(B2–B4) (Å) 1.563 1.591 1.596
ω1(a1) (cm−1) 1332 1337 a

ω2(a1) (cm−1) 955 958 a

ω3(a1) (cm−1) 739 759 a

ω4(a1) (cm−1) 602b 596b a

ω5(a2) (cm−1) 346 368 a

ω6(b1) (cm−1) 266 306 a

ω7(b2) (cm−1) 1159 1170 a

ω8(b2) (cm−1) 1024 939 a

ω9(b2) (cm−1) 478 527 a
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ig. 14. Global minima and the first lowest-energy isomers of B5, B5
+, and B5

−.

rototypical aromatic molecule, benzene, thus confirming the
romatic nature of the dianion. The planar square B4

2− dianion
s a closed-shell system and could potentially be a new ligand
n chemistry.

.4. Pentaatomic clusters: B5, B5
+, B5

−

.4.1. B5

Kato and Tanaka reported that B5 has the C2v
2A2 most sta-

le structure at MP4/3-21G [140]. Ray et al. [116] and Niu et
l. [124] predicted a trigonal bipyramid D3h to be the most sta-
le structure (calculations at the UHF, MP2, and MP4 levels).
ur results do not agree with all these previous predictions.
ccording to our calculations [67] and a follow-up GEGA run

B3LYP/3-21G level) [135], the B5 global minimum has the
2v

2B2 (1a2
11b2

22a2
13a2

11b2
12b2

24a2
13b1

2) structure (Fig. 14 and
able 8).

Our GEGA calculations did not reveal any low-lying iso-
ers and the second lowest isomer, C2

4B, (Fig. 14) is about
0 kcal/mol higher. Many other research groups reported the
ame planar C2v (2B2) structure as the B5 global minimum
60,62,118,125,145].

The calculated atomization energy for B5 (C2v
2B2) is

07 kcal/mol at CCSD(T)/6-311+G(2df)+ZPE [131].
.4.2. B5
+

The cationic B5
+ was reported to be a particularly stable

ation (magic cluster) in collision-induced dissociation (CID)

a
w
b
a

a Frequencies have not been calculated at this level of theory.
b ω = 550 ± 40 cm−1 was estimated from the PES of B5

− [67].

tudies by Anderson and co-workers [55]. They also were first
o perform ab initio calculations of B5

+. Anderson and co-
orkers [55] performed geometry optimizations for the linear,

ymmetric pentagon, square pyramid, and trigonal bipyramid
t the SCF/6-31G* level of theory. They concluded that B5

+

as the trigonal bipyramid structure. Ray et al. [116] also con-
luded that the trigonal bipyramid is the most stable structure
or the singlet B5

+. Kato et al. [122] and Ricca and Bauschlicher
61] reported that in the global minimum structure, B5

+ adopts
planar pentagon slightly distorted toward the C2v symmetry.
icca and Bauschlicher stated that the D5h (1A′

1) planar pen-
agon has two imaginary frequencies at the B3LYP/cc-pvTZ
evel of theory, and, in the global minimum C2v (1A1) struc-
ure, three bond lengths in the slightly distorted pentagon differ
y only 0.001 Å and the average bond length is 1.56 Å. They
ointed out that the trigonal bipyramid is 2.15 eV above the
round state at B3LYP/cc-pvTZ and 2.23 eV at CCSD(T)/cc-
vTZ. Li and Jin [145] recently confirmed the claim that B5

+

s not a perfect pentagon, but rather a slightly distorted C2v
1A1) structure at B3LYP/6-311+G* and MP2/6-311+G* levels
f theory.

We performed a GEGA/B3LYP/3-21G search for the global
inimum structure of the B5

+ cluster [135]. Since the struc-
ures generated in GEGA are random, the symmetry of B5

+

s usually C1, or it can be Cs or D∞h for deliberately gener-
ted planar and linear structures. Thus, the most stable species
ound by GEGA may not possess the right symmetry. The
ymmetry was identified and imposed manually during the
alculations at higher levels of theory. After such symmetry
mposed geometry and frequency calculations, we found that
he high symmetry D5h (1A′

1) structure is a second-order sad-
le point at B3LYP/3-21G and the global minimum structure
t this level of theory is only a slightly distorted pentagon

ith C2v (1A1) symmetry, similar to that previously reported
y Kato et al. [122], Ricca and Bauschlicher [61], and Li
nd Jin [145]. We performed an extensive study of the B5

+
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Table 9
Calculated molecular properties of B5

+ (D5h, 1A′
1) [131]

B3LYP/aug-cc-pvDZ B3LYP/6-311+G* B3LYP/aug-cc-pvTZ B3LYP/aug-cc-pvQZ

Etotal (a.u.) −123.67774 −123.69292 −123.70495 −123.71186
R(B–B) (Å) 1.562 1.551 1.548 1.547
ω1(a′

1) (cm−1) 971 974 975 975
ω2(e′

1) (cm−1) 1072 1073 1075 1076
ω3(e′

2) (cm−1) 1381 1389 1384 1385
ω4(e′

2) (cm−1) 35 i 64 85 84
ω5(e′′

2) (cm−1) 292 284 290 296

MP2/aug-cc-pvDZ MP2/6-311+G* MP2/aug-cc-pvTZ

Etotal (a.u.) −123.21709 −123.24170 −123.30320
R(B–B) (Å) 1.592 1.577 1.568
ω1(a′

1) (cm−1) 918 925 933
ω2(e′

1) (cm−1) 1046 1049 1060
ω3(e′

2) (cm−1) 1285 1294 1311
ω4(e′

2) (cm−1) 69 i 111 i 18 i
ω3(e′′

2) (cm−1) 268 262 268

CCSD(T)/aug-cc-pvDZ CCSD(T)/6-311+G*

Etotal (a.u.) −123.26661 −123.29043
R(B–B) (Å) 1.596 1.580
ω1(a′

1) (cm−1) 913 921
ω2(e′

1) (cm−1) 1015 1019
ω3(e′

2) (cm−1) 1297 1307
ω

ω
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2) (cm−1) 102 i
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2) (cm−1) 252

5h (1A′
1) structure using a variety of theoretical methods

Table 9).
One can see that the D5h (1A′

1) structure is a second-order
addle point at the B3LYP/aug-cc-pvDZ level of theory, but in all
ther B3LYP calculations with the 6-311+G* and large basis sets
t is a minimum. The D5h (1A′

1) structure is a second saddle point
n all our MP2 and CCSD(T) calculations. Thus, we concluded
hat from our best calculations the B5

+ global minimum structure
s not the perfect planar pentagon. However, the global minimum
tructure is only a slightly distorted pentagon (C2v, 1A1). The
nergy difference between the distorted pentagon and the perfect
entagon structures is very small at all levels of theory and, after
aking into account ZPE corrections, the vibrationally averaged

5
+ structure is in fact a perfect pentagon. Thus, for all practical

urposes we can assume that the D5h (1A′
1) structure is the B5

+

lobal minimum.
The beautiful planar pentagon structure of B5

+ can be under-
tood from its molecular orbital analysis (Fig. 15).

The NBO analysis showed that if we remove four electrons
rom the HOMO and HOMO-1, the remaining molecular orbitals
HOMO-2 to HOMO-4) in the putative B5

5+ cluster can be
ocalized onto five peripheral 2c-2e B–B bonds with strong s–p
ybridization on all boron atoms: 2s1.032p0.75 (from HOMO-2 to
OMO-4). The HOMO in B5

+ is a globally bonding �-MO, and
OMO-1 is a globally bonding �-MO, thus making this cation

oubly (�- and �-) aromatic. Double aromaticity in conjunction
ith the presence of five 2c-2e B–B peripheral bonds makes

he B5
+ cluster to be vibrationally averaged D5h structure and

akes it a magic cluster in CID experiments [55]. The distor-

r
w
o
t

138 i
234

ion of the D5h (1A′
1) structure found in our MP2 and CCSD(T)

alculations can be explained by the second-order Jahn–Teller
ffect, because there is nothing in occupied MOs (Fig. 15) of the
entagon structure indicating the deviation from high symme-
ry. That is similar to the rhombus distortion in the B4 cluster,
nd like in that case, the second-order distortion makes a very
hallow potential energy surface for B5

+.

.4.3. B5
− and its photoelectron spectra

The anionic B5
− cluster has been studied both experimen-

ally and theoretically [67,145,146]. There is an agreement
n the literature that the B5

− anion has a planar C2v
1A1

1a2
11b2

22a2
13a2

11b2
12b2

24a2
13b2

2) ground state structure shown in
ig. 14. The molecular properties of the C2v (1A1) structure are
ummarized in Table 10.

Our recent GEGA (B3LYP/3-21G run) search confirmed
he global minimum structure and showed that there are no
ther singlet isomers within 15 kcal/mol [135]. We found, how-
ver, the low-lying C2 (3B) triplet isomer (Fig. 14), which was
nly 5.3 kcal/mol less stable than the global minimum at the
3LYP/6-311+G* level of theory [67].

The PES spectra of B5
− were recorded at three detachment

hoton energies [67], as shown in Fig. 16.
The X and A bands were vibrationally resolved, as indicated

y the vertical lines. The 355 nm spectrum revealed a well-

esolved vibrational progression for the ground state transition
ith a 550 cm−1 spacing. The 0–0 transition defined an ADE
f 2.33 eV for B5

−, which also represents the adiabatic elec-
ron affinity (EA) of the neutral B5. The VDE was defined by
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Fig. 15. Molecular orbital pictures of the

he 0 → 1 transition at 2.40 eV. The weak feature at 2.24 eV,
abeled as HB in Fig. 16a, was assigned as a hot band transition,
ecause the spacing between this feature and the 2.33 eV peak
s much larger (680 cm−1). The latter represents the vibrational

requency of the anion, indicating that a bonding electron was
emoved in the transition from the ground state of the anion to
hat of the neutral. At 266 nm, a relatively sharp and intense

t
s
g

able 10
alculated molecular properties of B5

− (C2v, 1A1) [67]

B3LYP/6-311+G*

total (a.u.) −124.080875
(B1–B2,3) (Å) 1.738
(B1–B4) (Å) 1.614
(B2–B3) (Å) 1.577
(B3–B5) (Å) 1.579

1(a1) (cm−1) 1259

2(a1) (cm−1) 965

3(a1) (cm−1) 719a

4(a1) (cm−1) 638a

5(a2) (cm−1) 374

6(b1) (cm−1) 253

7(b2) (cm−1) 1067

8(b2) (cm−1) 998

9(b2) (cm−1) 582

a The anion ground state frequency was estimated to be 680 ± 60 cm−1 from the ob
(D5h, 1A′
1) and B5

− (C2v, 1A1) clusters.

and (A) was observed at 3.61 eV, as well as a weak feature (B)
t higher binding energies. The A band displayed a short vibra-
ional progression with an average spacing of 530 cm−1, similar
o that of the ground state band (X). The A band represents

he first excited state of B5. The short vibrational progression
uggests that there is little geometric change between the anion
round state and the first excited state of the neutral.

CASSCF(8,8)/6-311+G* RCCSD(T)/6-311+G*

−123.252276 −123.677914a

1.752 1.765
1.632 1.639
1.557 1.607
1.583 1.617
1320 1196
985 928
738a 710a

647a 593a

402 357
277 202
1121 1082
994 929
637 556

served hot band transition (Fig. 16).
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ig. 16. Photoelectron spectra of B5
− at: (a) 355 nm, (b) 266 nm (4.661 eV),

nd (c) 193 nm (6.424 eV). “HB” denotes a hot band transition. (Reprinted with
ermission from Ref. [67]. Copyright 2002 American Institute of Physics.)
In order to confirm the B5
− (C2v, 1A1) global minimum

tructure, we calculated its VDEs by using various ab ini-
io methods and compared them with the experimental results
Table 11).

o
C
t
d

able 11
alculated and observed photoelectron spectra of B5

− [67]

bserved
eature

ADE (eV)a VDE (eV)a Term value
(eV)

Molecula
orbital

2.33 (0.02)c 2.40 (0.02) 0 3b2

3.61 (0.02) 3.61 (0.02) 1.28 4a1

4.05 (0.05) 4.33 (0.05) 1.72 2b2

4.7–6.2 1b1

3a1

he anion ground state frequency was estimated to be 680 ± 60 cm−1 from the hot ba
a The numbers in the parentheses represent the experimental uncertainty.
b The numbers in the parentheses indicate the pole strength, which characterizes th
c The adiabatic electron affinity of B5.
istry Reviews 250 (2006) 2811–2866 2831

An excellent agreement between experimental and theoreti-
al VDEs lends considerable credence to the theoretically pre-
icted B5

− global minimum structure.
The calculated atomization energy (B5

− (C2v,
A1) → 4B (2P) + B− (3P)) is 457 kcal/mol at CCSD(T)/6-
11+G(2df)+ZPE [131].

Chemical bonding in B5
− (Fig. 15b) can be easily under-

tood if we start with the B5
+ D5h (1A′

1) structure (Fig. 15a).
he LUMO in B5

+ D5h (1A′
1) is a part of the doubly degen-

rate 1e′′
1-MO which is a partially bonding/antibonding orbital

elated to the 1a′′
2-HOMO-1. These three MOs are a part of the

et of five MOs formed by the 2pz-AOs of B and responsible for
lobal �-bonding. However, it is LUMO + 1 (3e′

1-MO), which is
artially occupied in the B5

− global minimum structure. When
nly one of the pairs of doubly degenerate LUMO + 1 is occu-
ied by either one electron, as it is in the neutral B5, or by a
air of electrons as, it is in the singlet B5

−, the Jahn–Teller dis-
ortion results in the C2v (2B2) or C2v (1A1) planar structures,
espectively. The LUMO + 1 in B5

+ belongs to a partially bond-
ng/antibonding orbital related to the 2a′

1-HOMO. These three
Os are a part of the set of five MOs formed by the 2p-radial
Os of B, and responsible for global �-bonding. Thus, B5

−
as four electrons on globally �-delocalized HOMO-1 (4a1)
nd HOMO (3b2), and two electrons on globally �-delocalized
OMO-3 (1b1), making it a system with conflicting aromatic-

ty (�-antiaromatic and �-aromatic). The remaining molecular
rbitals (HOMO-2, and HOMO-4 to HOMO-7) can be local-
zed onto five peripheral 2c-2e B–B bonds in the putative B5

5+

luster.
The neutral B5 cluster possesses the same set of molecu-

ar orbitals as B5
−, and the only difference is that the HOMO

s singly occupied. The cluster is �-aromatic for the rea-
on described above, and it can be described as partially �-
ntiaromatic due to the presence of three electrons in the �-radial
ubsystem.

In addition to the bare B5
− cluster, Li and Jin [146] also

eported a computational study on MB5 (M = Li, Na, K, Rb, and
s) and MB5

+ (M = Be, Mg, Ca, and Sr) clusters using B3LYP
nd MP2 methods with the 6-311+G* basis set. The structure

f the B5

− ligand in these systems retained its original planar
2v shape. The metal ions were found to coordinate to one of

he vertices of the cluster (the position of coordination varied
epending on the metal atom).

r VDE (theoretical)b

ROVGF/6-311+G(2df) (eV)
VDE (theoretical)
RCCSD(T)/6-311+G(2df) (eV)

2.36 (0.84) 2.45
4.00 (0.78) 3.75
4.51 (0.86)

5.25 (0.87) 5.22
5.78 (0.76)

nd transition (Fig. 16).

e validity of the one-electron detachment picture.
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.5. Hexaatomic clusters: B6, B6
+, B6

−, B6
2−

.5.1. B6
There was a controversy in the literature about the structure of

he global minimum of B6. Initially, Whiteside [109] proposed
he singlet pentagonal pyramid C5v as the lowest isomer for B6
Fig. 17).

Niu et al. [124], Boustani [62], Li et al. [148] and Kato et
l. [122] supported this finding using DFT/[10s5p1d/3s2p1d],
CF/3-21G and HF/6-311G*, B3LYP/6-311+G*, B3PW91/6-
11+G*, and MP2/6-311+G* levels of theory, respectively. Ray

t al. [116] reported the square bipyramid structure to be the
ost stable at the MP4/3-21G*//SCF/3-21G* level of theory.
a et al. [149] found that the global minimum structure of B6

s a triplet C2h
3Au isomer (Fig. 17) at B3LYP/6-311+G(3df),

c
t
C
1

ig. 17. Lowest-energy structures of: (a) B6, (b) B6
+, (c) B6

−, and (d) B6
2−. Struct

ermission from Ref. [68]. Copyright 2003 American Chemical Society.) Structures
re not shown. All species are minima on the potential energy surface.
istry Reviews 250 (2006) 2811–2866

ith the singlet pentagonal pyramid C5v
1A1 being the lowest

somer with the relative energy of just 1.8 kcal/mol. Guerini and
iquini [147,150] stated that the Ci

3Au structure is the global
inimum structure.
In 2003 [68], we showed that the B6 cluster has two nearly

egenerate isomers (Fig. 17 and Table 12).
At the B3LYP/6-311+G* level of theory the planar triplet

2h
3Au (1a2

g1b2
u2a2

g2b2
u3a2

g1a2
u3b2

u4a2
g4b1

u1b1
g) isomer was

ound to be the most stable. The pentagonal pyramid C5v
A1 was found to be only 1.2 kcal/mol higher at the same
evel of theory. Our recent GEGA (B3LYP/3-21G) search

onfirmed that these two isomers are the lowest in energy with
he C2h

3Au being the most stable. However, at our highest
CSD(T)/6-311+G(2df)//B3LYP/6-311+G* level, the C5v
A1 structure is the most stable, with the C2h

3Au structure

ures (a), (c), and (d) are given at the B3LYP/6-311+G* level. (Reprinted with
(b) are obtained at different levels by different groups, so the relative energies
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Table 12
Calculated molecular properties of the alternative structures of B6 (B3LYP/6-311+G* level of theory) [68]

Cluster B6, C2h, 3Au B6, C5v, 1A1 B6, C2, 1A

Etotal (a.u.) −148.82943 −148.82749 −148.81492

Geometry R(B1–B2) = 1.516 Å R(B1–B2) = 1.659 Å R(B1–B3) = 1.571 Å
R(B2–B3) = 1.845 Å R(B2–B3) = 1.610 Å R(B1–B4) = 1.548 Å
R(B3–B4) = 2.012 Å R(B2–B4) = 2.604 Å R(B3–B4) = 1.826 Å
R(B2–B4) = 1.583 Å ∠B2–B1–B4 = 103.4◦ R(B3–B6) = 1.580 Å
R(B1–B3) = 1.579 Å ∠B2–B1–B3 = 58.0◦ ∠B1–B4–B5–B2 = 35.9◦

Frequencies (cm−1) ω1(ag) = 1390 ω1(a1) = 1047 ω1(a) = 1292
ω2(ag) = 1081 ω2(a1) = 649 ω2(a) = 1072
ω3(ag) = 807 ω3(e1) = 1079 ω3(a) = 838
ω4(ag) = 517a ω4(e1) = 814 ω4(a) = 556a

ω5(ag) = 264 ω5(e2) = 1112 ω5(a) = 316
ω6(bg) = 321 ω6(e2) = 591 ω6(a) = 203
ω7(bu) = 1329 ω7(e2) = 336 ω7(a) = 171
ω8(bu) = 1081 ω8(b) = 1349
ω9(bu) = 661 ω9(b) = 1098
ω10(bu) = 516 ω10(b) = 708
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observed. The ground state transition (X) contained a short
vibrational progression with a vibrational spacing of 510 cm−1.
Higher vibrational transitions of the X band were apparently
overlapped with band A.

Table 13
Calculated molecular properties of the D2h (2B2g) structure of B6

− [68]

B3LYP/6-311+G* CASSCF(9,8)/6-311+G*

Etotal (a.u.) −148.926468 −147.92236
R(B1–B3,4) (Å) 1.539 1.557
R(B3–B4) (Å) 1.807 1.805
R(B3–B6) (Å) 1.615 1.611
ω1(ag) (cm−1) 1343 1346
ω2(ag) (cm−1) 816 843
ω3(ag) (cm−1) 626 691
ω4(au) (cm−1) 298 341
ω5(b2g) (cm−1) 396 455
ω6(b3g) (cm−1) 1074 1007
ω7(b3g) (cm−1) 229 191
ω8(b1u) (cm−1) 1165 1174
ω11(au) = 332
ω12(au) = 238

a ω = 510 ± 40 cm−1 was determined from the PES of B6
− [68].

eing 7.2 kcal/mol higher in energy. Thus, we believe that we
stablished with certainty that the C5v

1A1 structure is the
lobal minimum structure of B6.

.5.2. B6
+

There is also a controversy in the literature about the struc-
ure of the global minimum of B6

+. The highest level of theory
mployed by Li et al. [148] for finding the lowest energy struc-
ure of B6

+ was MP2/6-311G*. They claimed that B6
+ has the

2h
2Bg global minimum structure (Fig. 17) with the lowest

xcited local minimum a square bipyramid structure D4h. Ma
t al. [149] reported the D2h

2B1u structure to be the lowest
n their B3LYP/6-31+G* calculations. According to Niu et al.
124] the B6

+ cluster has a perfect hexagonal shape. Kato et al.
122] reported the B6

+ cluster has a C2 (2B) symmetry. Ray et
l. [116] reported the square pyramid to be the most stable. Cer-
ainly more accurate calculations are needed to determine the
lobal minimum structure with certainty.

.5.3. B6
− and its photoelectron spectra

We predicted [68] the most stable structure of B6
− to be the

lanar D2h, 2B2g (1a2
g1b2

1u1b2
2u2a2

g1b2
3g1b2

3u3a2
g2b2

1u2b2
2u1b1

2g)
tructure (Fig. 17 and Table 13).

Our follow-up GEGA (B3LYP/3-21G) search confirmed that
his structure is the most stable one [135]. The lowest iso-

er, C2h, 2Bu (1a2
g1b2

u2a2
g2b2

u3a2
g1a2

u3b2
u4a2

g1b2
g4b1

u) was found

o be 6.2 kcal/mol higher in energy (B3LYP/6-311+G*). Other
tructures were found to be more than 10 kcal/mol higher.
he applicability of the one-electron approximation was tested
sing CASSCF(9,8)/6-311+G* calculations. For the most stable
tructure we found that even though the Hartree–Fock config-

ration is still dominant (CHF = 0.885), the second configura-
ion (1a2

g1b2
1u1b2

2u2a2
g1b2

3g1b2
3u3a2

g2b0
1u2b2

2u1b1
2g4a2

g) contributes
ubstantially to the CASSCF wave function (C14 = 0.360, where
he coefficient Ci represents the contribution of the ith excited

ω

ω

ω

ω

ω11(b) = 567
ω12(b) = 411

onfiguration). Ma et al. [149] confirmed the D2h, 2B2g global
inimum structure, but Li et al. [148] apparently missed the

lobal minimum structure.
The PES spectra of B6

− were first obtained by Zhai and co-
orkers, as shown in Fig. 18 at three different photon energies

68].
Vibrational structures were partially resolved in the bands X

nd A at 355 nm (Fig. 18a), and band D at 193 nm (Fig. 18c).
oth bands B and C were broad and might have contained
nresolved electronic transitions. Higher binding energy tran-
itions may exist beyond 5.4 eV, but this part of the spectrum
t 193 nm had poor signal-to-noise ratio and was not well
esolved. At 355 nm (Fig. 18a), only bands X and A were
9(b1u) (cm−1) 676 720

10(b2u) (cm−1) 1333 1414

11(b2u) (cm−1) 659 707

9(b3u) (cm−1) 206 250
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Fig. 18. Photoelectron spectra of B6
− at: (a) 355 nm (3.496 eV), (b) 266 nm

(4.661 eV), and (c) 193 nm (6.424 eV). (Reprinted with permission from
Ref [68]. Copyright 2003 American Chemical Society.)

Table 14
Observed and calculated photoelectron spectra of B6

− [68]

Experiment Theory

Feature ADE (eV)a VDE (eV)a Vibrational frequency
(cm−1)

Final state

X 3.01 (0.04) 3.01 (0.04) 510 (40) 3B3u (1b2
3u3a

A 3.17 (0.04) 3.17 (0.04) 530 (40) 1Ag (1b2
3u3a2

g

B 3.55 (0.05) 1B3u (1b2
3u3a

3Au (1b2
3u3a2

g

C 4.13 (0.06) 4.35 (0.05) 1Au (1b2
3u3a2

g
3B2g (1b2

3u3a

D 4.95 (0.03) 5.04 (0.03) 720 (30) 1B2g (1b2
3u3a

3B1u (1b1
3u3a

1B1u (1b1
3u3a

a The numbers in the parentheses represent the experimental uncertainty.
b The numbers in the parentheses indicate the pole strength, which characterizes th
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Since B6
− is an open-shell system, transitions from the dou-

let state of the anion both to the singlet and to the triplet states
ere possible [68]. The comparison of experimental and the-
retical (obtained at three different levels of theory) spectra is
iven in Table 14 [68].

The theoretical VDEs from the D2h global minimum of B6
−

re in excellent agreement with the experimental data, lending
redence for this structure as the global minimum.

.5.4. B6
2−

Fowler and co-workers [151] were first to predict the D2h
Ag (1a2

g1b2
1u1b2

2u2a2
g1b2

3g1b2
3u3a2

g2b2
1u2b2

2u1b2
2g) structure for

he B6
2− dianion. This structure was confirmed by Ma et al.

149] and Alexandrova et al. [68].
The chemical bonding in the B6

2− cluster is intriguing. The
olecular orbital pictures of the D2h global minimum are given

n Fig. 19, which also includes the valence MOs of the B3
−

luster. The MO pictures of the B6
− anion are identical to those

f the B6
2−, except that it is an open shell system with one

lectron occupying the 1b2g HOMO. The elongated shape of the
2h B6

2− (and B6
−) ground state (Fig. 17) can be understood in

erms of the fusion of two doubly aromatic B3
− fragments [68].

n addition to the MOs described in Section 3.2.3, the LUMO in
3
− is a degenerate pair of �*-MOs (2e′, Fig. 19). The MOs of

6
− and B6

2− can be interpreted as combinations of the MOs
f two B3

− fragments, as shown in Table 15.
The NBO analysis performed on a B6

6+ cluster, with only
he HOMO-1 and HOMO-5 to HOMO-9 occupied, reveals the
xistence of the six classical 2c-2e B–B bonds on the periphery
f the distorted hexagon. These MOs cannot be responsible for
ts distorted shape.

The remaining four MOs (HOMO, HOMO-2 to HOMO-4)
articipate in global bonding in the B6

− and B6
2− clusters.

he HOMO-2 (2b1u) and HOMO-3 (3ag) are �-radial molec-
UOVGF/
6-311+G(2df)

RCCSD(T)/
6-311+G(2df)

EOM-RCCSD(T)/
6-311+G(2df)

2
g2b2

1u2b1
2u1b1

2g) 3.19 (0.86)b 2.86
2b2

1u2b2
2u1b0

2g) 3.05 (0.89) 2.90

2
g2b2

1u2b1
2u1b1

2g) 3.30
2b1

1u2b2
2u1b1

2g) 4.90 (0.81) 4.06

2b1
1u2b2

2u1b1
2g) 4.58

1
g2b2

1u2b2
2u1b1

2g) 4.45 (0.89) 4.26

1
g2b2

1u2b2
2u1b1

2g) 4.75
2
g2b2

1u2b2
2u1b1

2g) 4.68 (0.90) 4.75
2
g2b2

1u2b2
2u1b1

2g) 5.82

e validity of the one-electron detachment picture in UOVGF.

lar orbitals, with the HOMO-3 being completely bonding, and
he HOMO-2 having one nodal plane. The species clearly con-
ains four �-electrons, leading to antiaromaticity, and making

6
− and B6

2− �-antiaromatic.
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ig. 19. Molecular orbital pictures of B3
− (D3h, 1A′

1) and B6
− (D2h, 2B2g) clu

alculations. (Reprinted with permission from Ref [68]. Copyright 2003 Ameri

In addition, the delocalized HOMO-4 (1b3u) and HOMO
1b2g) are �-MOs. The HOMO-4 is completely bonding, and
he HOMO is a partially bonding orbital. Thus, we can assign
he B6

2− as a doubly (�- and �-) antiaromatic system. The global
inimum of B6

− is partially �-antiaromatic system because it
as three �-electrons, but it, overall, can be also assigned as a
oubly (�- and �-) antiaromatic system.

Current density maps could provide us an important clue
o the chemical bonding in clusters and such maps have been
ecently reported for B6 and B6

2− species [68]. The electronic
onfigurations of the neutral, monoanion, and dianion of B6 dif-
er only in the occupation of the �-orbital of b2g symmetry,

hich is the HOMO of both B6

− and B6
2− at this geometry.

Computed current density maps for the two closed-shell
pecies (B6 and B6

2−) are shown in Fig. 20. In each case, the total

able 15
olecular orbitals of B6

− (D2h, 2B2g) expressed in terms of molecular orbitals
f B3

− (D3h, 1A′
1)

Os of B6
− MOs of B3

−

OMO (1b2g) HOMO-1 (1a′′
2) − HOMO-1 (1a′′

2)
OMO-1 (2b2u) LUMO (2e′) + LUMO (2e′)
OMO-2 (2b1u) HOMO-2′ (1e′) − HOMO-2′ (1e′)
OMO-3 (3ag) HOMO (2a′

1) + HOMO (2a′
1)

OMO-4 (1b3u) HOMO-1 (1a′′
2) + HOMO-1 (1a′′

2)
OMO-5 (1b3g) HOMO-2 (1e′) − HOMO-2 (1e′)
OMO-6 (1b2u) HOMO-2 (1e′) + HOMO-2 (1e′)
OMO-7 (2ag) HOMO-2′ (1e′) + HOMO-2′ (1e′)
OMO-8 (1b1u) HOMO-3 (1a′

1) − HOMO-3 (1a′
1)

OMO-9 (1ag) HOMO-3 (1a′
1) + HOMO-3 (1a′

1)

efer to Fig. 19 for the orbitals.

s
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c
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The order of the orbitals given in accordance with R(U)OVGF/6-311+G(2df)
hemical Society.)

� + �), �-, and �-only contributions are plotted at the height of
bohr (0.529 Å) above the molecular plane. In the dianion, the

otal current is a superposition of a paramagnetic � ring current
onfined to the inner square of B atoms, and a set of � paramag-
etic vortices localized on the B centers. In the neutral species,
he 1b2g orbital is empty, and the HOMO � current is absent.
he total map for B6 is now essentially identical with its �-only
ap, and is little changed from the �-only map for the dianion. A

mall diamagnetic � current is also contributed in B6 by the two
emaining �-electrons, which occupy the low-lying 1b3u orbital.

These observations have a ready interpretation in the ipsocen-
ric model, in terms of the orbital contributions. For a planar
ystem subjected to a perpendicular magnetic field the induced
urrent density can be partitioned rigorously into a sum over
rbital excitations [152], each of which corresponds either to
n in-plane translational transition (producing a diamagnetic
urrent) or to an in-plane rotational transition (producing a
aramagnetic current). Both types of transition preserve �–�
eparation.

The large � current in the dianion arises from the rotation-
lly allowed (and therefore paratropic) transitions between the
ccupied 1b2g HOMO and the empty 1b1g orbital that would
orm the other half of a Λ = 1 pair in the ideal six-membered
ing [153]. The � currents result from a combination of contri-
utions from HOMO-1 and lower-lying orbitals, and originate
rom transitions to virtual orbitals that are related by local rota-
ions [151–153]. Likewise, in neutral B6, the loss of the HOMO
pair removes the main contribution to the � current, leaving
he � current essentially undisturbed, but opening up the new
ranslationally allowed � → �* channel from which the weak
iamagnetic current arises.
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Fig. 20. Computed current density maps at 1a0 above the molecular plane for dianionic (left) and neutral (right) D2h hexa-boron rings at the geometry of the
monoanion. Diamagnetic circulation is shown anticlockwise, paramagnetic circulation clockwise. Arrows indicate the projection of the current density vector in
t densit
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he plotting plane. (a) All-electron (� + �) current density, (b) total � current
opyright 2003 American Chemical Society.)

In open-shell systems, the allowed translational and rotational
ransitions describing the first-order response of the orbital cur-
ent density to the external field are between spin-orbitals with
he same component of spin. The ipsocentric model for the

onoanion therefore predicts that this species will have essen-
ially the same � current as in B6 and B6

2−, plus a significant
OMO � current of the same kind as in B6

2−, but with reduc-
ion in intensity as only one �-electron is now participating,
lus a small diamagnetic b3u � current as in B6, again reduced

s only one ‘hole’ is available in the b2g SOMO. Hence, B6

− is
redicted to have a paramagnetic ring current dominated by its
east-bound �-electron, and therefore to be antiaromatic by the

agnetic criterion. Thus, this joint MO and ring-current anal-

e
(
r
a

y, and (c) total � current density. (Reprinted with permission from Ref. [68].

sis left no doubt that the B6
− and B6

2− clusters are doubly
ntiaromatic.

Ma et al. [149] probed aromaticity in B6, B6
+, B6

−, and B6
2−

y calculating the NICS indices. They stated that, according to
he NICS index, the neutral B6 and anionic B6

− clusters are
onaromatic, the B6

+ cation is aromatic, and the B6
2− dianion

s antiaromatic, which disagrees with our assignment of antiaro-
aticity to B6

−.
From the MO analysis of B6

2−, one can predict that if four

lectrons will be deleted, two from the �-antibonding HOMO
1b2g) and two from the �-antibonding HOMO-2 (2b1u), the
esulting B6

2+ dication may acquire double aromatic character
nd the high symmetry D6h (1A1g) structure. Indeed ab initio
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ig. 21. Low-lying isomers of the LiB6
− and Li2B6 species along with their re

rom Ref. [154]. Copyright 2005 American Institute of Physics.)

alculations at different levels of theory confirmed that the D6h
1A1g) structure is a true minimum.

.5.5. LiB6
−, Li2B6, and MB6 (M = Be, Mg, Ca, and Sr)

We recently reported a joint ab initio and experimental study
n the LiB6

− cluster, which is the first example of a salt-like
i+B6

2− anion [154]. We performed the GEGA (B3LYP/3-21G)
earch for the global minimum structure and then refined low-

ying structures at higher levels of theory. The lowest energy
tructures of this species are given in Fig. 21.

The D2h (1Ag) structure of B6
2− is clearly preserved in the

2v (1A1) global minimum structure of LiB6
− complex with

able 16
alculated and experimental VDEs for LiB6

− [154]

eature VDE (eV)a MO TD-B3LYP/6-311+G(2

2.60 (0.03) 3b2 2.36
2.97 (0.03) 2b2 3.06
3.76 (0.05) 2b1 3.92
4.00 (0.05) 4a1 4.04
4.56 (0.02) 1a2 5.21
4.79 (0.03)

The numbers in the parentheses represent the experimental uncertainty.
The numbers in the parentheses indicate the pole strength, which characterizes the v

e
h
w

energies at the B3LYP/6-311+G* level of theory. (Reprinted with permission

nly minor distortions. The lowest LiB6
− excited isomer was

ound to have the triplet C2
3B structure (Fig. 21) which is

.4 kcal/mol (B3LYP/6-311+G*) higher in energy. From among
ther found local minima we would like to mention a highly sym-
etric C6v

1A1 isomer, which, however, is 45.1 kcal/mol higher
n energy than the global minimum. We recorded the photo-
lectron spectrum of the LiB6

− anion at three photon energies
Fig. 22 and Table 16).
df) ROVGF/6-311+G(2df)b RCCSD(T)/6-311+G(2df)

2.57 (0.86) 2.71
3.12 (0.87)
3.78 (0.86) 3.68
4.18 (0.82) 4.08
5.41 (0.85) 5.22

alidity of the one-electron detachment picture in UOVGF.

A good agreement between the theoretically predicted and
xperimental VDEs up to 4.2 eV was observed. However, the
igher binding energy features D and E did not seem to agree
ell with calculated detachment channels. This was most likely
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Fig. 22. Photoelectron spectra of LiB6
− at: (a) 355 nm (3.496 eV), (b) 266 nm

(4.661 eV), and (c) 193 nm (6.424 eV). (Reprinted with permission from
Ref. [154]. Copyright 2005 American Institute of Physics.)

Fig. 23. Structures of B6
8−, B6

6−, and B6
4−. (Reprinted with permissio
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ue to the fact that the methods based on the one-electron approx-
mation used in this work deteriorate at high binding energy.
hus, on the basis of good agreement for four lowest VDEs we
oncluded that overall agreement between theory and exper-
ment is satisfying, lending credence to the C2v

1A1 global
inimum structure of LiB6

−. The chemical bonding pattern of
he global minimum species remains almost identical to that of
he bare B6

2− cluster. The doubly antiaromatic character of the
pecies is preserved [154].

However, although the B6
2− cluster is globally doubly

ntiaromatic, one can see from the MOs (Fig. 19 and Table 15)
hat it can be viewed as composed of two aromatic B3

− clusters.
ndeed, 1b2g-HOMO and 1b3u-HOMO-4 are a �-bonding and
-antibonding pair of the �-MO in B3

−. Thus, �-MOs do not
ontribute to chemical bonding between two B3

− groups. That
llows us to speculate that �-MOs in B6

2− can be considered
s localized over two triangular areas in B6

2−, i.e., we have an
sland aromaticity in B6

2−. In order to test that, we optimized the
eometry for the neutral Li2B6 cluster. The D2h (1Ag) structure
Fig. 21), containing one Li+ cation above and another Li+ below
he plane of B6

2− dianion, was found to be a saddle point on the
otential energy surface. Geometry optimization, following the
ormal mode of the imaginary frequency, led to the C2h (1Ag)
tructure with two Li+ ions located above and below the B3

−
riangular areas in B6

2−. These results confirmed the presence
f the �-island aromaticity in the overall doubly antiaromatic
ystem.

Li and Jin recently reported a theoretical study of a series of
B6 (M = Be, Mg, Ca, and Sr) clusters [155]. They concluded

hat BeB6 and MgB6 clusters have half-sandwich C6v
1A1 pyra-

idal structures with the M2+ cation interacting with the planar
exagonal B6

2− dianion, whereas the two other CaB6 (C1, 1A)
nd SrB6 (Cs, 1A′) clusters possess quasi-pyramidal structure
ith the M2+ cation interacting with a chair-like B6

2− dian-
on. Our calculations at the B3LYP/6-311+G* level of theory
howed, however, that these structures are not the most stable
tructures for the corresponding clusters. The structure with the

2+ cation coordinated to the D2h
1Ag type structure of B6

2−
s significantly more stable, which is consistent with our results
or LiB6

−.
The B6

z− systems (z = 4, 6, 8) with assumed six-vertex delta-
edron structure were studied computationally by King et al.
156]. B6

8− was reported to have an octahedral structure, B6
6−
n from Ref. [156]. Copyright 2001 American Chemical Society.)

ad a D4h bipyramidal structure, and B6
4− was a C2v bicapped

etrahedron (Fig. 23).
The B6

8− octahedral species possesses 14 skeletal electrons
orresponding to 2n + 2 skeletal electrons required for the octa-
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edron (n = 6) to be stable. In addition, there are six globally
inding MOs. Upon two-electron oxidation of B6

8−, the triply
egenerate HOMO becomes partially populated, leading to a
ahn–Teller distortion toward D4h symmetry. Further oxidation
to B6

4−) reduces the symmetry even more, as the HOMO of
6

4− is the only orbital from the initially triply degenerate set
emaining occupied [156].

.6. Heptaatomic clusters: B7, B7
+, B7

−

.6.1. B7
+

The global minimum structure of the cationic B7
+ cluster

as reported to be a C6v
1A1 (1a2

11e4
11e4

22a2
11b2

13a2
12e4

1) pyramid
ith rather small deviation from planarity (Fig. 24 and Table 17)

122,125,127–129,135,157].
Ray et al. [116] reported that the pentagonal bipyramid struc-

ure is the most stable on the potential energy surface of B7
+,

ut this claim is apparently wrong. Few other local minimum
somers were identified by Li et al. [157].

Molecular orbital analysis helps to understand why B7
+ has

he C6v
1A1 structure. To make the interpretation simpler, let

s consider MOs in the D6h
1A1g structure (Fig. 25), where

eparation of MOs into �- and �- can be easily made.
The set of six MOs (HOMO-2, HOMO-4, HOMO-4′,

OMO-5, HOMO-5′, and HOMO-6) is responsible for the
eripheral bonding and can be localized into six 2c-2e B–B
onds. The HOMO-3 is formed by 2pz-AOs, and it is responsible
or the global �-bonding. The HOMO, HOMO′, and HOMO-
are composed of 2p-radial AOs, and they are responsible for

lobal �-bonding in the B7
+ cluster. Thus, B7

+ in the D6h
1A1g

onfiguration is a doubly (�- and �-) aromatic system with 2�-
nd 6�-electrons. However, the central cavity in the B6 hexagon
s too small to favorably accommodate a central boron atom,
nd, therefore, a C6v

1A1 pyramidal structure corresponds to
he global minimum. While in the pyramidal structure �- and

-MOs are now mixed, we believe that the bonding picture we
eveloped for the D6h

1A1g structure is still qualitatively valid,
ecause the deviation from planarity is not that big (the central
oron atom is about 0.72 Å above the plane).

i
i
e
s

able 17
olecular properties of B7

+ (C6v, 1A1) global minimum structure

B3LYP/6-311+G*a

total (a.u.) −173.41787
(B1–B2–7) (Å) 1.739
B2–B1–B3 (◦) 54.2

1(a1) (cm−1) 921

2(a1) (cm−1) 499

3(b1) (cm−1) 1290

4(b2) (cm−1) 612

5(b2) (cm−1) 443

6(e1) (cm−1) 997

7(e1) (cm−1) 805

8(e2) (cm−1) 1243

9(e2) (cm−1) 528

10(e2) (cm−1) 317

a Data from [131].
b Data from [158].
c Frequencies were not reported at this level of theory.
ig. 24. Lowest-energy structures of the heptaatomic pure-boron clusters. Com-
utation of B7

+ is done at the B3LYP/6-31G* level of theory. Structures of B7

nd B7 are shown at the B3LYP/6-311+G* level. (Reprinted with permission
rom Ref. [69]. Copyright 2004 American Chemical Society.)

From among alternative structures of B7
+ we would like

o discuss the cyclic structure D7h
3A′

2. It was found to be
local minimum and also doubly aromatic system, but it is

2.4 kcal/mol (at B3LYP/6-311+G*) higher in energy than the
6v

1A1 pyramidal global minimum structure. The question is,
hy the doubly aromatic D7h

3A′
1 structure is significantly less

table than the pyramidal C6v
3A′

2 structure. Our explanation
s that, when the number of atoms in the cyclic structure is

ncreasing, the electrostatic field from the screened boron nuclei
s decreasing, and, in the case of boron clusters at n = 7 the pres-
nce of the central boron atom starts to be essential in order to
tabilize the delocalized density at the center of cluster, com-

BPW91/6-311+G*b MP2/6-311+G*b

−173.3289 −172.7873
1.743 1.767
54.1 53.9
c 904
c 515
c 1313
c 578
c 401
c 1006
c 783
c 1226
c 512
c 308
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ig. 25. Molecular orbital picture of B7
+ (C6v, 1A1), B7 (C2v, 2B2), B7

− (C6v

004 American Chemical Society.)

ared to the dangling density at the center of the cyclic D7h
tructure. This effect is even more pronounced for the eight and
ine atomic boron clusters.

.6.2. B7

If one electron is added to the doubly degenerate LUMO of
he global minimum structure of the B7

+ cluster, the resulting
tructure of a neutral B7 cluster is now a distorted quasi-pyramid
ue to the Jahn–Teller effect. The global minimum structure is
2v

2B2 (1a2
11b2

21b2
12a2

11a2
23a2

12b2
14a2

12b2
23b2

13b1
2) (Fig. 24 and

able 18) [69,122,125,157,158].
According to our GEGA search, there are no low-lying iso-
ers of the cluster within 23 kcal/mol (B3LYP/6-311+G* level)
135]. The occupation of partially bonding/antibonding �-MO
3b2) (Fig. 25) brings the number of � electrons to three and thus
7 is partially �-antiaromatic, but it is still a �-aromatic system.

m

3
(

), and B7
− (C2v, 1A2). (Reprinted with permission from Ref. [69]. Copyright

The calculated atomization energy of B7 is 633 kcal/mol at
CSD(T)/6-311+G(2df)+ZPE [131].

.6.3. B7
− and its photoelectron spectra

The B7
− anion received the least attention in the literature.

lso, there is a controversy regarding the geometry of the global
inimum of the B7

− species. According to Li et al. [157], the
lobal minimum has a closed-shell C2v (1A1) structure. How-
ver, this result does not completely agree with ours. According
o our GEGA search (B3LYP/3-21G level) for both singlets and
riplets [135], the B7

− cluster has a triplet very flat C6v
3A2

1a2
11e4

11e4
22a2

13a2
11b2

12e4
13e2

1) pyramidal structure as a global

inimum (Fig. 24).
The second lowest C2v

1A1 (1a2
11b2

21b2
12a2

11a2
23a2

12b2
14a2

12b2
2

b2
13b2

2) structure was found to be just 3.9 kcal/mol higher
B3LYP/6-311+G*) in energy than the global minimum struc-
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Table 18
Molecular properties of B7 (C2v, 2B2) global minimum structure

B3LYP/6-311+G*a BPW91/6-311+G*b MP2/6-311+G*b RCCSD(T)/6-311+G*a

Etotal (a.u.) −173.7102201 −173.6263 −173.0662 −173.1415275c

R(B1–B2,3,5,6) (Å) 1.691 1.695 1.704 1.718
R(B1–B4,7) (Å) 1.764 1.740 1.743 1.757
R(B2–B3) (Å) 1.622 1.620 1.639 1.646
R(B4–B3,5) (Å) 1.557 1.570 1.574 1.595
ω1(a1) (cm−1) 1181 d d d

ω2(a1) (cm−1) 925 d d d

ω3(a1) (cm−1) 613 d d d

ω4(a1) (cm−1) 450 d d d

ω5(a1) (cm−1) 274 d d d

ω6(a2) (cm−1) 1101 d d d

ω7(a2) (cm−1) 600 d d d

ω8(a2) (cm−1) 358 d d d

ω9(b1) (cm−1) 1218 d d d

ω10(b1) (cm−1) 1063 d d d

ω11(b1) (cm−1) 764 d d d

ω12(b2) (cm−1) 1029 d d d

ω13(b2) (cm−1) 793 d d d

ω14(b2) (cm−1) 617 d d d

ω15(b2) (cm−1) 416 d d d

a Data from [69].
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b Data from [158].
c At the RCCSD(T)/6-311+G(2df) level of theory total energy is −173.21115
d Frequencies were not reported at this level of theory.
ure. The geometries of these lowest lying isomers were
hen refined at the RCCSD(T)/6-311+G* level, and the
nal relative energies were estimated at the RCCSD(T)/6-
11+G(2df)//RCCSD(T)/6-311+G* level of theory. At our

h
V
V
t

able 19
olecular properties of structures V–VII (Fig. 24) of B7

− [69]

tructure V (C6v, 3A2) Structure VI (C2v, 1A1)

3LYP/6-311+G* RCCSD(T)/6-311+G* B3LYP/6-311+G* R

total = −173.8037621 Etotal = −173.2344498a Etotal = −173.797532 E
(B1–B2–7) = 1.655 Å R(B1–B2–7) = 1.683 Å R(B1–B2,3,5,6) = 1.667 Å R
(B2–B3) = 1.606 Å R(B2–B3) = 1.633 Å R(B1–B4,7) = 1.738 Å R

R(B2–B3) = 1.660 Å R
R(B4–B3,5) = 1.558 Å R

1(a1) = 918 ω1(a1) = 1130

2(a1) = 293 ω2(a1) = 932

3(b1) = 1057 ω3(a1) = 652

4(b2) = 756 ω4(a1) = 441

5(b2) = 352 ω5(a1) = 240

6(e1) = 1121 ω6(a2) = 1104

7(e1) = 756 ω7(a2) = 648

8(e2) = 1111 ω8(a2) = 423

9(e2) = 685 ω9(b1) = 1183

10(e2) = 356 ω10(b1) = 1091
ω11(b1) = 695
ω12(b2) = 1094
ω13(b2) = 797
ω14(b2) = 570
ω15(b2) = 409

a At the RCCSD(T)/6-311+G(2df) Etotal = −173.3156597 a.u.
b At the RCCSD(T)/6-311+G(2df) Etotal = −173.314586 a.u.
c At the RCCSD(T)/6-311+G(2df) Etotal = −173.3033020 a.u.
.

ighest level of theory, we found that the triplet structure
(C6v, 3A2) is lower in energy than the singlet structure

I (C2v, 1A1) by just 0.7 kcal/mol. Thus, these two struc-
ures are almost degenerate. The single point CASSCF(8,8)/6-

Structure VII (C2v, 1A1)

CCSD(T)/6-311+G* B3LYP/6-311+G* RCCSD(T)/6-311+G*

total = −173.234794b Etotal = −173.7861476 Etotal = −173.2237467c

(B1–B2,3,5,6) = 1.694 Å R(B1–B2,3) = 1.999 Å R(B1–B2,3) = 1.932 Å
(B1–B4,7) = 1.781 Å R(B1–B4,5) = 1.584 Å R(B1–B4,5) = 1.609 Å
(B2–B3) = 1.680 Å R(B1–B6,7) = 2.780 Å R(B1–B6,7) = 2.814 Å
(B4–B3,5) = 1.590 Å ∠B2–B1–B3 = 48.96◦ ∠B2–B1–B3 = 50.98◦

∠B4–B1–B5 = 162.85◦ ∠B4–B1–B5 = 167.68◦
∠B6–B1–B7 = 113.82◦ ∠B6–B1–B7 = 116.26◦
ω1(a1) = 1303
ω2(a1) = 1207
ω3(a1) = 817
ω4(a1) = 665
ω5(a1) = 566
ω6(a1) = 435
ω7(a2) = 472
ω8(a2) = 246
ω9(b1) = 416
ω10(b1) = 183
ω11(b2) = 1273
ω12(b2) = 1126
ω13(b2) = 886
ω14(b2) = 671
ω15(b2) = 534
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Fig. 26. Photoelectron spectra of B7
− at: (a) 355 nm (3.496 eV), (b) 266 nm
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11+G(2df) calculations showed that the Hartree–Fock con-
guration is dominant for B7

− (CHF are 0.953 for the triplet
tructure and 0.963 for the singlet structure). Hence, our
3LYP and RCCSD(T) calculations should be reliable. There

s also a planar low-lying local minimum structure C2v, 1A1
1a2

11b2
22a2

13a2
12b2

23b2
21b2

14a2
15a2

11a2
24b2

2). At the RCCSD(T)/6-
11+G(2df) level of theory it was 7.8 kcal/mol above the global
inimum. Molecular properties of the three lowest-energy iso-
ers of B7

− are given in Table 19.
The calculated atomization energy for B7

− (B7
− (C6v,

A′
1 → 6B (2P) + B− (3P)) was calculated to be 695 kcal/mol

t CCSD(T)/6-311+G(2df)+ZPE [131].
The photoelectron spectra of B7

− were obtained at three pho-
on energies, as shown in Fig. 26 [69].

All data shown were taken with the 10B enriched target
10B7

− = 70 amu). Spectra taken with the natural isotope boron
arget for two isotopmers 76 amu and 77 amu were used to rule
ut the B4O2

− contaminations. With the 10B enriched target,
e were able to completely separate B7

− (70 amu) and B4O2
−

72 amu) in the mass spectrum.
Fig. 27 shows the experimental evidence for the coexistence

f isomers in the B7
− beam.

Fig. 27a displays the same data as Fig. 26c, which was taken
ith the pure 10B enriched target. Fig. 27b presents the spectrum

aken with a 10B/Li mixed target, which gave pure boron clus-
ers in addition to the B/Li mixed clusters, but at different source
onditions relative to a pure boron target. Surprisingly, the rela-
ive intensities of certain spectral features are quite different in
he two data sets: the intensities of features A, B, and G were
ignificantly decreased in Fig. 27b compared to the spectrum in
ig. 27a. Since we were able to eliminate any possibilities for
ontamination, this observation indicated that features A, B, and
came from a different isomer of B7

−. Even though we had the
bility to control the cluster temperatures to some degree with
ur cluster source, we were not able to alter the populations of
he two isomers of B7

− significantly when pure boron targets
ere used in the laser vaporization.
The ab initio calculations suggested that at least two isomers

V and VI) could coexist in the B7
− beam and contribute to the

hotoelectron spectra of B7
−. Isomer VII could also be present,

hough it was expected to be weak because it was 7.8 kcal/mol
igher than the ground state structure V at the RCCSD(T)/6-
11+G(2df) level of theory. The calculated VDEs from V (into
nal quartet states only), VI, and VII at the OVGF level of theory
Table 20) are plotted as vertical bars in Fig. 27.

Structures V and VI gave very similar spectral transitions
ecause they are nearly degenerate and have similar MO pat-
erns. The bottom row of the vertical bars is for the lowest energy
yramidal triplet structure V (C6v, 3A2), the middle row is for the
owest energy pyramidal singlet isomer VI (C2v, 1A1), and the
op row is for the planar singlet isomer VII (C2v, 1A1). VDEs
ith the final doublet states for the structure V of B7

− over-
ap with the VDEs corresponding to transitions into the similar

tates for the structure VI (Table 20). However, the VDEs for the
tructure VI are in better agreement (especially at the OVGF/6-
11+G(2df) level of theory) with the experimentally observed
eaks X, E, F, H, and I. The features A, B, and G could be

o
g
a
m

4.661 eV), and (c) 193 nm (6.424 eV). (Reprinted with permission from
ef. [69]. Copyright 2004 American Chemical Society.)

ttributed to contributions from the higher energy planar struc-
ure VII. Overall, the calculated spectra from the pyramidal and
lanar structures of B7

− are in excellent agreement with the
xperimental data.

It is interesting to note the large energy gaps between the first
etachment transition (X) and the second transition (D) for both

f the pyramidal isomers (Table 20). This large energy gap sug-
ested that the two electrons in the HOMO of these two isomers
re relatively unstable and their removal would produce a much
ore electronically stable B7

+. This expectation was supported



A.N. Alexandrova et al. / Coordination C

Fig. 27. Photoelectron spectra of B7
− at two different conditions. The B7

−
cluster beam was produced with a: (a) 10B enriched target and (b) 10B/Li mixed
target, respectively. Note the intensity variation of features A, B, and G from (a)
to (b), indicating that these features were from a different isomer of B7

−. The
vertical bars were theoretical VDEs at the OVGF level of theory for isomers V,
V
w

b
a
a
B

l
a
a
s
b
t
b
t
s
p
B

I, and VII as shown in Fig. 24 (from bottom row up), respectively. (Reprinted
ith permission from Ref. [69]. Copyright 2004 American Chemical Society.)

y previous experimental studies, which did show that B7
+ was

n extremely stable cation [53–59]. This observation provided
nother confirmation for the validity of the interpretation of the
7
− photoelectron spectra.
The planar isomer VII of B7

−, although it is significantly
ess favorable energetically than the pyramidal ones, was quite
bundant from our cluster source. Its spectral intensities were
s intense as the more stable pyramidal B7

−. This was rather
urprising. The high abundance of the planar B7

− isomer must
e due to its high kinetic stability and can be understood from
he cluster growth mechanisms. As was shown in Section 3.5,
oth B6

− and B6 are planar. Addition of one B atom to any of
hese structures would lead to the planar B7

− structure VII with

mall geometry changes. On the other hand, formation of the
yramidal B7

− from the D2h or C2h hexamer by addition of one
atom would involve significant structural rearrangement.
hemistry Reviews 250 (2006) 2811–2866 2843

The chemical bonding of all pyramidal B7
− clusters can

be understood from Fig. 25. The molecular orbitals shown in
the figure are drawn for the model planar D6h system. MOs
of all considered B7

− clusters are very similar to those of
the planar D6h species. NBO analysis showed that the set of
low-energy MOs: 1a1, 1e1, 1e2, and 1b1 (in the species of the
C6v symmetry point group), or 1a1, 1b2, 1b1, 1a2, 2a1, and
2b1 (in the species of the C2v symmetry point group), can be
localized onto six peripheral 2c-2e B–B bonds, forming the
hexagonal framework. The remaining molecular orbitals cannot
be localized, and they are responsible for global bonding in the
clusters and for the bonding of the hexagons with the central
B-atoms.

In the neutral (C2v, 2B2) B7 cluster, molecular orbitals ana-
lyzed for B7

+ (see Section 3.6.1) are also present in the valence
pool. In addition, one of the partially bonding �-MOs with
one nodal plane is occupied (HOMO, 3b2 in Fig. 25, second
from the top line). This orbital belongs to the quasi-degenerate
set of �-MOs with a counterpart as the LUMO (4b1). Partial
occupation of the degenerate MO abolishes the degeneracy and
imposes a Jahn–Teller distortion on the geometry of the cluster.
That is why the pyramidal C6v structure of the cation undergoes
deformation toward C2v geometry of the neutral in its global
minimum form. Furthermore, now the �-subsystem of MOs
contains three electrons (two in the HOMO-5 (3a1) and one in
the HOMO (3b2)), although the classical 4n rule is not followed
in this case, the cluster possesses structural deformation, and it
can be called partially �-antiaromatic. Note that �-aromaticity
of the species is preserved.

The last two lines in the MO assignment in Fig. 25 belong
to the global minimum isomers of the anion B7

−. Isomer V
(C6v, 3A2) possesses the same MOs as the cationic B7

+ cluster.
However, in this case, the partially bonding �-MO (HOMO,
3e1), which was the LUMO in the cation, is also occupied. In
this triplet species the �-orbitals forming the doubly degenerate
HOMO are equally populated by one electron each. The reverse
4n Hückel’s rule for aromaticity in triplets in obeyed in this
cluster. The species is �-aromatic. It is also �-aromatic for the
reason described above, and thus doubly aromatic character is
identified in this species. It is worth pointing out that, although
the electron pairing is a beneficial occurrence, the triplet species
is more stable than its singlet ancestor (species VI). The doubly
aromatic character of the chemical bonding is the reason for
this stabilization.

In the singlet B7
− species VI (C2v, 1A1), the two electrons

(unpaired in the triplet) are now coupled. Thus, it has now four
�-electrons and for singlets, that it means it is �-antiaromatic,
but it is still �-aromatic with six globally delocalized electrons.

The similar MO analysis for the C2v (1A1) planar structure
VII (Fig. 24) reveals that it is doubly (�- and �-) antiaromatic.

Li and Gong [159] computationally considered the possibility
to forming MB7 (M = Li, Na, K, Rb, and Cs). They assumed that
these species will adopt either a planar structure with a cation
being at the center of the planar D7h cyclic B7

− cluster, or they

will adopt a heptagonal pyramid with a cation located above the
planar D7h cyclic B7

− cluster. While they indeed found that these
structures are true local minima on the potential energy surface,
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Table 20
Calculated VDEs of B7

− at different levels of theory for structures V–VII (Fig. 24) and recommended PES data assignments

Isomer Calculated transition Theoretical VDEa PES data assignment

U(R)OVGF/
6-311+G(2df)

RCCSD(T)/
6-311+G(2df)

TD-B3LYP/
6-311+G(2df)

TD-BPW91
6-311+G(2df)

Observed
feature

Experimental
VDE

V (C6v, 3A2)b 3e1 � → 2E1 2.74 (0.91) 2.89 2.80 2.95 X 2.85
2e1 � → 4E1 4.02 (0.89) 4.14 3.96 3.88 D 4.05
2e1 � → 2E1 [4.28 (0.90)]c 4.04 3.93
3a1 � → 4A1 5.27 (0.91) 5.85 5.35 5.13 H 5.32
1b1 � → 4B1 5.60 (0.90) 5.96 5.39 5.36 I 5.64
1b1 � → 2B1 [5.61 (0.90)]c 4.71 4.72
3a1 � → 2A1 [6.35 (0.84)]c 5.18 5.04

VI (C2v, 1A1)d 3b2 → 2B2 2.70 (0.88) 2.83 2.59 2.65 X 2.85
3b1 → 2B1 4.07 (0.87) 4.20 4.18 4.07 E 4.21
2b2 → 2B2 4.29 (0.88) 4.33 4.30 F 4.35
2b1 → 2B1 5.31 (0.87) 5.32 5.08 H 5.32
4a1 → 2A1 5.66 (0.80) 5.87 5.93 5.89 I 5.64

VII (C2v, 1A1)e 4b2 → 2B2 3.40 (0.86) 3.51 3.10 3.06 A 3.44
1a2 → 2A2 3.67 (0.88) 3.69 3.55 3.68 B 3.71
5a1 → 2A1 4.92 (0.83) 4.81 4.72 4.52 G 4.60
4a1 → 2A1 4.97 (0.83) 5.33 5.27
1b1 → 2B1 5.69 (0.83) 5.78 5.84 5.76
3b2 → 2B2 5.80 (0.84) 5.49 5.35

All energies are in eV [69].
a The numbers in the parentheses indicate the pole strength, which characterizes the validity of the one-electron detachment picture.
b At the RCCSD(T)/6-311+G(2df) level of theory �E = 0.0 kcal/mol.
c Vertical electron detachment energies calculated at the UOVGF level of theory leading to the final doublet states should be considered as very crude due to the
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e At the RCCSD(T)/6-311+G(2df) level of theory �E = 7.8 kcal/mol.

e believe that it would be impossible to make such species even
n molecular beams, because the planar D7h

1A′
1 cyclic structure

s highly unfavorable (less stable than the C6v
3A2 structure by

3.8 kcal/mol at B3LYP/6-311+G*) for the isolated B7
− anion

ccording to our calculations. The explanation why the doubly
romatic planar D7h

1A′
1 cyclic structure is significantly less

table than the centered C6v
3A2 global minimum structure is

he same as in the case of B7
+ (see Section 3.6.1).

.6.4. H2B7
− and Au2B7

−
Two anionic clusters, H2B7

− and Au2B7
−, have been

ecently studied theoretically, and the latter was also studied by
hotoelectron spectroscopy [160,161]. We discuss these anions
n more detail than other partially hydrated boron clusters,
ecause these two systems show us the usefulness of the multi-
le aromaticity/antiaromaticity concepts we discussed for pure
oron clusters.

As we just discussed, the pure-boron B7
− cluster has a dou-

ly (�- and �-) aromatic C6v (3A2) quasi-planar wheel-type
riplet global minimum (structure I, see Fig. 28), a low-lying
-aromatic and �-antiaromatic quasi-planar singlet C2v (1A1)

somer II (0.7 kcal/mol above the global minimum), and a
lanar doubly (�- and �-) antiaromatic C2v (1A1) isomer III
7.8 kcal/mol above the global minimum).
In our recent paper [160], we have shown that upon
ydrogenation, an inversion in the stability of the species
ccurs. The search for the most stable structure of the B7H2

−
nion, performed by the GEGA and accompanied by the

B
p
d
o

.

igher-level calculations, revealed that the planar IV C2v, 1A1
1a2

11b2
22a2

12b2
23a2

14a2
13b2

21b2
14b2

25a2
16a2

11a2
2) (Fig. 28b) structure

s the global minimum. The order of the lowest energy struc-
ures for B7H2

− was the same at the B3LYP/3-21G, B3LYP/6-
11+G* and CCSD(T)/6-311+G* levels of theory. The planar
7H2

− (C2v, 1A1) isomer IV, originating from the addition of
wo hydrogen atoms to the doubly antiaromatic B7

− isomer III,
ecomes the global minimum structure. The second most stable
7H2

− isomer V, originating from the quasi-planar triplet wheel
somer I of B7

−, was found to be 27 kcal/mol higher in energy.
We performed a careful chemical bonding analysis for the

wo lowest isomers, which reveals that the inversion in stability
ccurs due to the loss of the doubly aromatic character in the
heel-type global minimum isomer I (C6v, 3A1) of B7

− upon
2-addition. In contrast, the planar isomer III of B7

− (C2v, 1A1)
ains aromatic character upon addition of two hydrogen atoms,
hich makes it more stable. According to the NBO analysis of

he global minimum structure of B7H2
−, it has nine classical 2c-

e bonds, seven of which are localized on the peripheral edges
f the B7-unit (bonds B1–B4, B4–B6, B6–B2, B2–B3, B3–B7,
7–B5, and B5–B1, see Fig. 28), and the remaining two are

imply covalent B-H bonds. The rest of the electrons in the
ystem participate in delocalized bonding over the entire cluster.

similar bonding picture was found in structure III of the bare

7
− species. The NBO analysis showed the presence of seven

eripheral 2c-2e B–B bonds in the B7
− cluster. However, the

ifference between the dihydride and the original B7
−cluster

ccurs in the structure of delocalized bonding patterns.
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Fig. 28. (a) Low-energy isomers of B7
− cluster at the B3LYP/6-311+G* level of theory (relative energies computed at the CCSD(T)/6-311+G(2df) level are shown
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n square brackets). (b) The global minimum and two low-lying isomers of B7H
ying isomers of Au2B7

− at the B3LYP/B/aug-cc-pvTZ/Au/Stuttgart + 2f1g lev
hemical Society.)

The molecular orbitals of the global minimum isomer IV of
7H2

− are shown in Fig. 29a. Fig. 29b represents the molecular
rbitals of structure III of the bare B7

− cluster.
The HOMO, HOMO-1, and HOMO-4 in B7H2

− are respon-
ible for the bonding over the whole system. Similar analysis
erformed on the bare B7

− cluster revealed that the delocalized
egion sacrifices one molecular orbital. Indeed, the HOMO of
he B7

− cluster is missing in B7H2
−, while the HOMO-1 in

7
− corresponds to the HOMO in B7H2

−, the HOMO-2 in B7
−

orresponds to the HOMO-1 in B7H2
−, and the shapes of the

OMO-4 are identical in the two species (see Fig. 29).
The planar isomer III of the B7

− cluster possesses doubly
ntiaromatic character. The HOMO-4 (1b1) is a completely
onding �-molecular orbital, and the HOMO-1 (1a2) is par-
ially bonding �-MO with one �-nodal plane. Four �-electrons

n these MOs make structure III of B7

− �-antiaromatic. The
OMO-2 (5a1) and the HOMO (4b2) are molecular orbitals of
-type formed by the radial overlap of the 2p-AOs on boron
toms, where the former MO is completely bonding, and the

i
T
c
o

t the B3LYP/6-311+G* level of theory. (c) The global minimum and two low-
heory. (Reprinted with permission from Ref. [161]. Copyright 2006 American

atter one is partially bonding. Hence, the four electrons occu-
ying these MOs make the system also �-antiaromatic.

In the hydride, the mentioned partially bonding �-molecular
rbital (HOMO in B7

−) is now a virtual orbital. The only delo-
alized �-MO in the species is the HOMO-1 (6a1) (Fig. 29a).
hus, the cluster is �-aromatic. The �-molecular orbitals in the
7H2

− cluster are analogous to those in the B7
− species. Four

lectrons in these MOs make the global minimum of B7H2
−

-antiaromatic. Consequently, upon the molecular hydrogen
ddition, the planar B7

− cluster gains �-aromaticity and loses
he antibonding character in the �-set of MOs.

We also performed a molecular orbital analysis for the wheel-
ype B7

− and B7H2
− moieties. The molecular orbitals of these

pecies are shown in Fig. 30.
Fig. 30 depicts the MOs of the clusters in a simplified manner,
.e., when geometries of both clusters are adjusted to planarity.
his adjustment is done in order to make the bonding picture
learer (the sets of valence MOs shown are analogous to the
nes in the original species). The HOMO, HOMO-1, HOMO-
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ig. 29. Molecular orbital picture of the: (a) global minimum of B7H2
− (C2v,

ef. [160]. Copyright 2005 Springer.)

, and HOMO-5 in B7H2
−, and HOMO, HOMO′, HOMO-1,

OMO-1′, HOMO-2, and HOMO-4 in B7
− are responsible

or the global bonding over the whole system. As has been
eported earlier [69], the triplet species I is doubly aromatic.
he HOMO-4 (1a2u) in Fig. 30b is a completely bonding �-
O and the HOMO-2 (2a1g) is a completely bonding �-MO.
egenerate pairs HOMO (1e1g) and HOMO-1 (2e1u) are par-

ially bonding MOs of �- and �-radial types, respectively. Thus,
he structure I is �-aromatic (six �-electrons), and �-aromatic
four �-electrons with single occupancy of the every degener-
te HOMO). In the second isomer of B7

− (singlet structure II,

ig. 28), the HOMO (Fig. 30b) is doubly occupied, leaving the
econd degenerate MO unoccupied. Thus, the regular 4n rule
overns the shape of the cluster, making it �-antiaromatic. How-
ver, the second lowest isomer of B7H2

− (structure V, Fig. 28)

H
t
a

ig. 30. Adjusted to the planarity molecular orbital picture of: (a) the second isomer
ith permission from Ref. [160]. Copyright 2005 Springer.)
and (b) planar bare B7
− cluster (C2v, 1A1). (Reprinted with permission from

ossesses double antiaromaticity. The HOMO-5 (1b3u) and
OMO (1b2g) are �-MOs populated by four electrons, and thus

he system is �-antiaromatic. The HOMO-2 (4ag) and HOMO-1
3b2u) are �-radial MOs populated by four �-electrons, and thus
he system is also �-antiaromatic. Hence, upon hydration, the

ost stable triplet B7
− cluster I loses both �- and �-aromatic

haracter. The singlet isomer III of B7
−, being �-aromatic and

-antiaromatic, becomes doubly antiaromatic during the hydra-
ion process. This MO analysis although somewhat long, allows
s to rationalize why this alteration in relative energies of B7

−
lusters occurs upon addition of two hydrogen atoms.
There are no experimental data to verify our prediction for
2B7

−, but we recently obtained an indirect proof of that
hrough a joint experimental and theoretical study of the Au2B7

−
nion [161].

of B7H2
− and (b) bare B7

− cluster with corresponding geometry. (Reprinted
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Wang and co-workers recently demonstrated in joint pho-
oelectron spectroscopy and theoretical calculations that gold
toms apes hydrogen in Au–Si clusters [162,163]. On the basis
f that and the similarity in electronegativity between B and
i, we conjecture that Au may form some Au–B clusters simi-

ar to the corresponding valence isoelectronic H–B clusters. We
hought that Au2B7

− cluster could be a good candidate for such
test. If Au in the Au2B7

− cluster would result in the significant
tabilization of the structure similar to structure IV for B7H2

−
Fig. 28), we would expect a great simplification of the photo-
lectron spectra of Au2B7

− compared to those of B7
−, which

s very congested and complicated because of the presence of a
ew low-lying isomers (Figs. 26 and 27).

We generated Au2B7
− anions in a molecular beam and

ecorded their photoelectron spectra. The PES data of Au2B7
−

t 266 nm and 193 nm photon energies are shown in Fig. 31a
nd b, respectively.

The 193 nm PES spectra of B7
− are also shown in Fig. 31c for

omparison. The observed detachment energies and vibrational
requencies are summarized in Table 21.

One can see that indeed, the Au2B7
− photoelectron spectrum

s substantially simpler with vibrational resolution in the fea-
ure X, in agreement with our expectations. Note that the lower
inding energy B7

− isomers (I and II, Fig. 28) disappeared com-
letely in Au2B7

−.
In order to confirm further that only one structure of Au2B7

−
H substituted by Au in the isomer IV of B7H2

−) contributed
o experimental spectrum, we performed quantum chemical cal-
ulations for a variety of Au2B7

−structures, which we derived
rom the low-lying B7H2

− structures. We found that the geom-
try for global minimum structure of Au2B7

− is very similar at
wo levels of theory [161].

We then calculated VDEs for the Au2B7
− global

inimum structure using the TD-B3LYP/aug-cc-pvTZ/Au/
tuttgart rsc 1997 ecp level of theory and they are compared
ith the experimental VDEs in Table 21.
Good agreement between experimental and theoretical VDEs

onfirmed the theoretical prediction of global minimum struc-
ure VII for Au2B7

−, and thus indirectly confirmed theoretically
redicted structure IV of B7H2

− (Fig. 28). The substantial sta-

ilization of structure III of B7

− upon either addition of two H
r two Au atoms confirms the earlier observation by Wang and
o-workers [162,163] that Au may mimic H in some valence
soelectronic clusters.

able 21
xperimental vertical detachment energies (VDEs) of B7Au2

− from the photo-
lectron spectra, compared with theoretical calculations [161]

eature VDE (experimental) (eV)a MO VDE (theoretical) (eV)b

3.52 (2) 3a2 3.46
4.27 (2) 9a1 4.21
4.38 (3) 8a1 4.36
4.90 (2) 7b2 4.92
5.08 (3) 6b2 5.19
5.58 (2) 7a1 5.31
5.93 (2) 3b1 5.75

a Numbers in parentheses represent experimental uncertainties in the last digit.
b At TD-B3LYP/B/aug-cc-pvTZ/Au/Stuttgart rsc 1997 ecp level of theory.

Fig. 31. Photoelectron spectra of Au2B7
− at: (a) 266 nm (4.661 eV) and (b)

1 −
p
C

3

3

B
a
o
w

93 nm (6.424 eV). The 193 nm spectrum of B7 (c) is also included for com-
arison. (Reprinted with permission from Ref. [161]. Copyright 2006 American
hemical Society.)

.7. Octaatomic clusters: B8, B8
+, B8

−, B8
2−

.7.1. B8
+

According to various levels of theoretical studies by

onacic-Kounecky et al. [125], Boustani [127], and Ricca
nd Bauschlicher (CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ level
f theory) [61,128], the B8

+ cation has a C2v (2B1) structure,
hich is a Jahn–Teller distorted planar heptagon (Fig. 32).
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ig. 32. Lowest-energy structures of octaatomic pure-boron cluster. (Reprinted
ith permission from Ref. [70]. Copyright 2003 Wiley.)
The true heptagon (D7h) is just 1.2 kcal/mol above the ground
tate and has one imaginary frequency. The D6h hexagonal
ipyramid is 35.5 kcal/mol above the ground state and has two
maginary frequencies [61,128]. A different spectroscopic state

c
t
m
T

able 22
olecular properties of the B8 and B8

− global minima [70]

B8 (D7h, 3A′
2)

B3LYP/6-311+G*a CCSD(T)/6-311+G*a CA

total (a.u.) −198.5961959 −197.9432668b −19

eometry R(B1–B2–8) = 1.791 Å R(B1–B2–8) = 1.818 Å R(B

requencies (cm−1) ν1(a′
1) = 815 d ν1(a

ν2(a′′
2) = 278 d ν2(a

ν3(e′) = 1378 d ν3(e
ν4(e′) = 1243 d ν4(e
ν5(e′) = 938 d ν5(e
ν6(e′) = 702 d ν6(e
ν7(e′) = 598 d ν7(e
ν8(e′) = 481 d ν8(e
ν9(e′′) = 423 d ν9(e
ν10(e′′) = 276 d ν10(

a Method.
b At the CCSD(T)/6-311+G(2df)//B3LYP/6-311+G* level of theory Etotal = −198.0
c At the CCSD(T)/6-311+G(2df)//B3LYP/6-311+G* level of theory Etotal = −198.1
d Frequencies were not calculated at this level of theory.
istry Reviews 250 (2006) 2811–2866

C2v, 2A2) was reported by Kato et al. [122], who used the
P4(SDTQ)/3-21G level of computation. Ray et al. predicted

he global minimum of B8
+ to have a dodecahedral shape [116].

owever, we believe that the distorted heptagon with the C2v,
B1 structure is a true global minimum structure on the basis of
ublished results in the literature and our joint experimental and
heoretical study of B8 and B8

−.

.7.2. B8

The neutral B8 cluster has been more extensively studied than
he charged ones. According to the our GEGA search (B3LYP/3-
1G) [135], and further calculations at higher levels of the-
ry (B3LYP/6-311+G*, CCSD(T)/6-311+G*, and CCSD(T)/6-
11+G(2df)) [70], the neutral B8 cluster has a triplet perfect
eptagon structure D7h

3A′
2 (1a′2

11e′4
11e′4

22a′2
11e′4

31a′′2
22e′4

11e′′2
1)

s its ground electronic state (structure II in Fig. 32). We also
dentified another wheel-type structure Cs

1A′, which was a sin-
let Jahn–Teller distorted heptagon, because in the heptagon
inglet structure only one MO out of the two doubly degenerate
e′′

1-HOMO is occupied (isomer III, Fig. 32) [70].
However, not everyone agrees with this assignment of the

lobal minimum structure for the B8 cluster. Boustani [62],
onacic-Koutecky et al. [125], and Li et al. [164] agree with
s that B8 has the triplet D7h structure. According to Reis et
l., the D7h heptagon has yet another ground spectroscopic
riplet state: 3B′

2 [118]. A singlet C2v (1A1) structure, which
s a result of the Jahn–Teller distortion of the D7h heptagon, was
eported by Kato et al. [122] (MP4(SDTQ)/3-21G). We believe
hat according to the best theoretical results available today the

orrect global minimum structure is the triplet D7h, A2 struc-
ure, with a low-lying singlet C2v

1A1 isomer [70]. Calculated
olecular parameters of the neutral B8 cluster are shown in
able 22.

B8
− (C2v, 2B1)

SSCF(6,8)/6-311+G*a B3LYP/6-311+G*a

7.220515 −198.6993826c

1–B2–8) = 1.791 Å R(B1–B2) = 1.766 Å ∠B2–B1–B3,4 = 52.2◦

R(B1–B3,4) = 1.788 Å ∠B3,4–B1–B5,6 = 50.3◦

R(B1–B5,6) = 1.802 Å ∠B5,6–B6–B1,8 = 51.1◦

R(B6–B1,8) = 1.772 Å ∠B7–B1–B8 = 52.7◦

′
1) = 871 ν1(a1) = 1378 ν10(b1) = 356
′′
2) = 245 ν2(a1) = 1234 ν11(b1) = 277
′) = 1420 ν3(a1) = 946 ν12(b2) = 1369
′) = 1323 ν4(a1) = 816 ν13(b2) = 987
′) = 953 ν5(a1) = 800 ν14(b2) = 641
′) = 687 ν6(a1) = 731 ν15(b2) = 597
) = 623 ν7(a1) = 618 ν16(b2) = 418
′) = 556 ν8(a1) = 499 ν17(b2) = 417
′′) = 465 ν9(a2) = 295 ν18(b2) = 5
e′′) = 303

33583.
41332.
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ig. 33. Photoelectron spectra of B8 at 266 nm (the inset shows the spectrum
aken at 355 nm) and at 193 nm. (Reprinted with permission from Ref. [70].
opyright 2003 Wiley.)

We also tested three cyclic structures of B8: I (D8h,
A1g (1a2

1g1e4
1u1e4

2g1e4
3u1b2

2g2a2
1g1a2

2u1e4
1u)); II (D8h, 1A1g

1a2
1g1e4

1u1e4
2g1e4

3u1b2
2g2a2

1g1a2
2u1e4

1g)), and I (D8h, 5A1g

1a2
1g1e4

1u1e4
2g1e4

3u1b2
2g2a2

1g1a2
2u1e2

1u1e2
1g)). All these struc-

ures have eight peripheral B–B bonds and all are doubly
romatic systems with 6�- and 2�- completely delocalized
lectrons in the structure I, 2�- and 6�- completely delo-
alized electrons in the structure II, and with 4�- and 4�-
ompletely delocalized electrons in the structure III. How-
ver, all these three structures are significantly (>90 kcal/mol

t B3LYP/6-311+G*) less stable than the global mini-
um centered D7h

3A′
2 structure (see explanation why in

ection 3.6.1).

i
s
c

able 23
xperimental and theoretical vertical detachment energies (in eV) for B8

− [70]

bserved
eatures

VDE
(experimental)a

Molecular
orbital

Fina
state

3.02 (2) HOMO-1 (1a2) 3B2

3.35 (2) HOMO (2b1) 1A1

HOMO-1 (1a2) 1B2

′ 4.55 (4) HOMO-2 (6a1) 3B1

4.68 (6) HOMO-3 (4b2) 3A2

HOMO-3 (4b2) 1A2

4.98 (6) HOMO-2 (6a1) 1B1

HOMO-4 (1b1) 3A1

a Numbers in parentheses indicate the uncertainties of the last digit.
b Calculations were done at the RCCSD(T) level of theory.
istry Reviews 250 (2006) 2811–2866 2849

.7.3. B8
− and its photoelectron spectra, B8

2−
The singly charged anion B8

− was found to be a doublet
2v (2B1) [70]. The global minimum structure and the second

ow-lying isomer (Cs, 2A′′) are shown in Fig. 32 as species IV
nd V, respectively. The doubly charged B8

2− anion is a sin-
let, in which the D7h symmetry is restored again because the
e′′

1-HOMO is now occupied by four electrons [70].
Our joint experimental and theoretical study helped to estab-

ish the global minimum structures for B8 and B8
− [70]. The

hotoelectron spectra of B8
− are shown in Fig. 33.

The VDEs for the global minimum species of B8
− were found

o be in excellent agreement with the experiment (Table 23) [70].
The chemical bonding in all B8

+, B8, B8
−, and B8

2−
heel-clusters can be understood via molecular orbital analy-

is (Fig. 34) [70].
The NBO analysis showed that the low-lying molecu-

ar orbitals HOMO-3, HOMO-5 to HOMO-7, can be local-
zed into seven peripheral B–B bonds in the heptagon. The
emaining delocalized MOs (HOMO, HOMO-1, HOMO-2,
nd HOMO-4) are responsible for the global bonding in the
luster, and for the bonding of the cycle with the central
-atom.

The HOMO (1e′′
1) and HOMO-2 (1a′′

2) are �-type MOs. They
re occupied by four electrons in the triplet (D7h, 3A′

2) struc-
ure of B8, making it �-aromatic according to the reversed 4n
ückel’s rule for triplets. The HOMO and HOMO-2 are occu-
ied by six electrons in the singlet (D7h, 1A′

1) structure of B8
2−

aking it �-aromatic according to the 4n + 2 Hückel’s rule for
inglets. The HOMO and HOMO-2 are occupied by three and
y five electrons in B8

+ and B8
− clusters, respectively, making

hem partially antiaromatic.
The �-radial type HOMO-1 (2e′

1) and HOMO-4 (2a′
1) are

ccupied by six electrons in all four clusters, and thus the clusters
re also �-aromatic (4n + 2 rule).

Overall, B8
+ and B8

− are �-aromatic and partially �-
ntiaromatic. The triplet B8 and the singlet B8

2− are doubly
cal bonding in the triplet B8 and the singlet B8
2− is respon-

ible for the perfectly symmetric spectacular shape of these
lusters.

l VDE (theoretical),
CCSD(T)/6-311+G(2df)

VDE (theoretical), EOM-
RCCSD(T)/6-311+G(2d)

2.99b

3.45b 3.41
3.45

4.74b

4.78b

4.79

5.15
5.86b
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Fig. 34. Molecular orbital picture of B8 (D7h, 3A′
2). Adapted from [70].
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(Fig. 36 and Table 24) [165].

A good agreement between the theory and the experiment was
found, which confirms our assignment of the global minimum
structure.
ig. 35. Structure and delocalized molecular orbitals of the LiB8
− salt. (Reprin

.7.4. LiB8
− half sandwich and Fe(B8)2

2− sandwich
tructures

The perfectly symmetric and doubly aromatic molecular
heel B8

2− (D7h, 1A′
1) species is an excellent candidate for

new inorganic ligand or a new building block. In order to
robe the possibility to form a salt-like charge transfer complex
etween B8

2− and an alkali metal cation, we performed a joint
xperimental and theoretical study of the LiB8

− cluster [165].
e found computationally that LiB8

− in its global minimum
alf sandwich structure indeed contains a B8

2− ligand of the
heel shape. Fig. 35 also contains the delocalized MOs of the
7v (1A1) structure, and one can see that the doubly aromatic
haracter of B8

2− is preserved inside of this salt-like LiB8
−

nion (Fig. 35).
The Li-atom is coordinated to the plane of the ligand above

he center of the wheel. Structures in which the Li-atom was

oordinated to the side or to the vertex of the wheel, were found
o be first-order saddle points on the potential energy surface. An
dditional proof that this structure is indeed a global minimum
tructure comes from comparing the experimental photoelec-

F
s

ith permission from Ref. [165]. Copyright 2004 American Chemical Society.)

ron spectrum of this anion with theoretically calculated VDEs
ig. 36. Photoelectron spectrum of LiB8
− at 193 nm. (Reprinted with permis-

ion from Ref. [165]. Copyright 2004 American Chemical Society.)
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Table 24
Experimental and theoretical VDEs (in eV for LiB8

− [165]

Observed features VDE (experimental) Molecular orbital VDE (theoretical),
ROVGF/6-311+G(2df)

VDE (theoretical), TD
B3LYP/6-311+G(2df)

X 3.09 ± 0.05 HOMO (3e1) 3.39 (0.90)a 3.27
A 4.40 ± 0.04 HOMO-1 (2e1) 4.83 (0.90)a 4.66
B 5.7 ± 0.1 HOMO-2 (2a1) 5.87 (0.87)a 5.58

a Numbers in parentheses indicate the pole strength.

nic cl

D
g
e

2−

T
M

E
N

G

F

Fig. 37. Lowest-energy structures of nonaatomic cationic, neutral and anio
Li et al. [166] predicted computationally that a remarkable
7h sandwich-type of the (B8)2Fe2− dianion with two B8-li-
ands sandwiching the Fe2+ cation is a minimum on the potential
nergy surface. However, the authors did not address the issue of

c
b
i
b

able 25
olecular properties of the B9 and B9

− global minima [70]

B9 (D2h, 2B1g)

B3LYP/6-311+G*a RCCSD(T)/6-311+G*a

total (a.u.) −223.415132 −222.678750
Imag 0 b

eometry R(B1–B2,6) = 1.918 Å R(B1–B2,6) = 1.954 Å
RB1–B3,5,7,9) = 1.981 Å RB1–B3,5,7,9) = 2.009 Å
R(B1–B4,8) = 2.058 Å R(B1–B4,8) = 2.079 Å
∠B2–B1–B3 = 46.2◦ ∠B2–B1–B3 = 46.1◦

requencies (cm−1) ν1(ag) = 1271 b

ν2(ag) = 723 b

ν3(ag) = 449 b

ν4(ag) = 245 b

ν5(au) = 172 b

ν6(b1g) = 392 b

ν7(b2g) = 300 b

ν8(b3g) = 1658 b

ν9(b3g) = 968 b

ν10(b1u) = 1450 b

ν11(b1u) = 929 b

ν12(a2u) = 1512 b

ν13(a2u) = 853 b

ν14(a2u) = 485 b

ν15(b2u) = 94 b

ν16(b3u) = 410 b

ν17(b3u) = 391 b

ν18(b3u) = 388 b

ν19(b3u) = 385 b

ν20(a3u) = 160) b

ν21(a3u) = 58 b

a Method.
b Frequencies were not calculated at this level of theory.
usters. (Reprinted with permission from Ref. [70]. Copyright 2003 Wiley.)
atenation between two B8 groups. Thus, more work should
e done on sandwich species with all-boron clusters. However,
f such species were confirmed, it would be a truly remarkable
reakthrough in all-boron cluster coordination chemistry.

B9
− (D8h, 1A1g)

B3LYP/6-311+G*a CASSCF/6-311+G*a CCSD(T)/6-311+G*a

−223.4128673 −221.9934254 −222.8010847
0 0 b

R(B1–B2–9) = 1.976 Å R(B1–B2–9) = 1.981 Å R(B1–B2–9) = 2.004 Å

ν1(a1g) = 727 ν1(a1g) 749 b

ν2(a2u) = 427 ν2(a2u) 440 b

ν3(b1g) = 471 ν3(b1g) 521 b

ν4(b2g) = 1655 ν4(b2g) 1713 b

ν5(b2u) = 395 ν5(b2u) 437 b

ν6(e1u) = 908 ν6(e1u) 938 b

ν7(e1u) = 262 ν7(e1u) 297 b

ν8(e2u) = 200 ν8(e2u) 239 b

ν9(e3u) = 1273 ν9(e3u) 1309 b

ν10(e3u) = 418 ν10(e3u) 469 b

ν11(e2g) = 1477 ν11(e2g) 1537 b

ν12(e2g) = 278 ν12(e2g) 349 b

ν13(e3g) = 364 ν13(e3g) 404 b
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.8. Nonaatomic clusters: B9, B9
+, B9

−

.8.1. B9
+

Nonaatomic pure-boron clusters are less studied than all
ystems discussed so far. Two different structures have been
eported by Kato et al. [122], and by Boustani [127], as global
inimum structures for B9

+, which are shown in Fig. 37 as
tructures I and II, respectively.

Ricca and Bauschlicher [61,128] also reported the global
inimum structure II, Cs (1A′).

.8.2. B9

We found the slightly distorted D2h (2B1g) wheel-structure
II (Fig. 37) to be the global minimum of the B9 cluster from
ur GEGA search (B3LYP/3-21G) and follow-up calculations at
he B3LYP/6-311+G* and RCCSD(T)/6-311+G* levels of the-
ry [70,135]. The result is a little different from that obtained by
ato et al. [122], who found the planar C2v

2A1 to be the global
inimum structure. Boustani [62] reported a nonplanar Cs struc-

ure, which is similar to that of the cation (Fig. 37, structure II).
owever, we found that this structure is 10.4 kcal/mol higher

n energy (B3LYP/6-311+G*) [70] than our global minimum
tructure D2h

2B1g. According to our calculations, a distorted
eptagonal bipyramid C2v

2A1 (Fig. 37, structure IV) is the
owest (3.2 kcal/mol at B3LYP/6-311+G*) alternative B9 iso-

er. Calculated molecular properties of the B9 D2h
2B1g global

inimum structure are summarized in Table 25.

.8.3. B9
−

For the anionic B9
− cluster, we found from GEGA

earch (B3LYP/3-21G) and follow-up higher-level calculations
B3LYP, CASSCF, and UCCSD(T) with 6-311+G* basis set)
hat the perfect planar D8h

1A1g wheel-shape structure is the
lobal minimum (Fig. 37, structure V) [70,135]. According to
ur calculations at B3LYP/6-311+G*, there is no isomer within
4 kcal/mol. The perfect octagon structure of B9

− is unprece-
ented in chemistry and represents the first example of octa-
oordinated atom in a planar environment.

In order to verify these theoretical results we recorded pho-
oelectron spectra at several wavelengths. The PES spectra of

9
− at 266 nm and 193 nm are shown in Fig. 38.
Theoretically calculated VDEs for the major features X and A
t the ROVGF/6-311+G(2df) and CCSD(T)/6-311+G(2df) lev-
ls of theory are presented in Table 26.

Good agreement between two levels of theory and observed
eatures X and A was achieved.

B

v
n

able 26
xperimental and theoretical vertical detachment energies (in eV) for B9

− [70]

bserved
eatures

VDE
(experimental)a

Molecular
orbital

Fina
state

3.46 (6) HOMO (1e1g) 2E1g

5.04 (6) HOMO-1 (1e1u) 2E1u

HOMO-2 (1a2u) 2A2u

a Numbers in parentheses indicate the uncertainties of the last digit.
ig. 38. Photoelectron spectra of B9
−. (Reprinted with permission from

ef. [70]. Copyright 2003 Wiley.)

The remarkable planar octagon structure of B9
− can be easily

ationalized on the basis of the presence of doubly (�- and �-)
romaticity (Fig. 39).

As before, we can use the NBO analysis and localize eight
Os: HOMO-3 (1b2g), HOMO-5, HOMO-5′ (1e3u), HOMO-6,
OMO-6′ (1e2g), HOMO-7, HOMO-7′ (1e1u), and HOMO-8

1a1g) into eight 2c-2e B–B peripheral bonds. The other valence
Os are delocalized over the octagon, and they are responsible

or global bonding between the central B atom and peripheral B
toms. The three �-MOs: HOMO, HOMO′ (1e1g), and HOMO-
(1a2u), are responsible for �-aromaticity, and the three �-MOs:
OMO-1, HOMO-1′ (2e1u), and HOMO-4 (2a1g), are respon-

ible for �-aromaticity in B9
− [70].

If we delete one electron in the B9
− anion from the doubly

egenerate 1e1g-HOMO, the resulting neutral B9 cluster under-
oes the Jahn–Teller deformation toward D2h (2B1g) symmetry
nd that explains its global minimum structure. Thus, the neutral

9 cluster is �-aromatic and partially �-antiaromatic [70].

Similar chemical bonding picture can be expected in the
alence isoelectronic CB8, SiB8, and PB8

+ species. The pla-
ar structures and �-aromatic (with six �-electrons) character

l VDE (theoretical),
ROVGF/6-311+G(2df)

VDE (theoretical),
CCSD(T)/6-311+G(2df)

3.38 3.47

4.84 5.07
5.79
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r. (Reprinted with permission from Ref. [70]. Copyright 2003 Wiley.)
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Fig. 39. Molecular orbital picture of the B9
− (D2h, 1A1g) cluste

n CB8, SiB8, and PB8
+ species was reported by Minkin and

inyaev [167] and by Minyaev et al. [168]. The authors found,
owever, that in the case of octa-coordinated carbon, the B8-
ycle is too large in comparison to the B–C distance. The D8h
tructure of CB8 is a second-order saddle point. The normal
ode displacements lead to a C2v (1A1) structure, in which the

entral C-atom is shifted to the side [168]. However, the barrier
o the intramolecular rearrangement is rather small, allowing
ne to consider the fluxional CB8 system as one with -effective
cta-coordination of the central atom. The two other clusters,
iB8 and PB8

+, were found to have a perfect octagonal struc-
ure. We would like to add that, in addition to �-aromaticity of
B8, SiB8, and PB8

+ species, they are also �-aromatic systems
ith six �-globally delocalized electrons, and with eight 2c-2e
–B peripheral bonds similar to what we found for B9

−.
B9

− is indeed another example of a closed-shell doubly aro-
atic, perfectly stable planar wheel that can be used as a new

igand or a new structural block for inorganic molecules and
olids.

.9. The 10-atomic clusters B10
+, B10, B10

−

.9.1. B10
+

According to Ricca and Bauschlicher [61], B10
+ has a C2v

B1 global minimum structure of the convex shape having two
exagonal pyramids as subunits (Fig. 40) at B3LYP/6-311+G*.

The same ground electronic state was reported by Boustani
127].

.9.2. B10

The global minimum structure of B10, according to Zhai et
l. [71], is a C2h (1Ag) structure (Fig. 41) at PW91/TZ2P, which

s quasi-planar with eight boron atoms forming a distorted ring
round two atoms at the center, with one of the center atoms
eing above the plane and another one below the plane. The same
tructure was also reported by Cao et al. [158]. Kato et al. [122]

Fig. 40. The optimal B3LYP/6-31G* geometries for B9
+ to B11

+. (Reprinted
with permission from ref. [61]. Copyright 1996 Elsevier.)
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ig. 41. (a–h) The low-lying structures of B10
−, B11

−, B14
−, and B15

− and
ef. [71]. Copyright 2003 Nature Publishing Group.)

eported the planar C2v global minimum structure and the convex
2v structure was predicted by Boustani at LSD/[621/321] [62].

The chemical bonding analysis of the global minimum struc-
ure of B10 was performed for the �-system, and it was shown
hat this structure has six �-electrons, and thus it is a �-aromatic
ystem (Fig. 42) [71].

In a recent article [169], �-electrons were also included into
he discussion of chemical bonding in B10. It was shown that
BO analysis revealed eight peripheral 2c-2e B–B bonds and
ne 2c-2e bond between the two central boron atoms. Three MOs
re responsible for the global �-bonding, and then the remaining
hree �-MOs are responsible for the global �-bonding. Thus, B10
s a doubly (�- and �-) aromatic cluster.
For B10, we also tested a doubly aromatic planar cluster, D9h
A′

1, with only one boron atom at the center. It was found to
e significantly higher in energy (60.5 kcal/mol at B3LYP/6-
11+G*) than the global minimum C2h

1Ag structure. That

a

A
a

ig. 42. Comparison of the occupied � molecular orbitals (MOs) of benzene with tho
d) B12, (e) B13

−, (f) B14
−, and (g) B15

−. (Reprinted with permission from Ref. [71]
neutrals. The relative energies are in eV. (Reprinted with permission from

s because the cavity in the D9h
1A′

1 structure is too large
r = 2.202 Å) for one boron atom, the structure C2h

1Ag with
wo centered boron atoms (although they do not fit perfectly in
he planar structure) is more stable. Thus, in our chemical bond-
ng discussion we need to take into account not only electronic
actors, but also the geometric considerations.

.9.3. B10
− and its photoelectron spectra

Zhai et al. [71] reported a slightly nonplanar structure Cs
A′′ (Fig. 41), as the global minimum for B10

− at PW91/TZ2P.
hotoelectron spectra of B10

− (Fig. 43) recorded at 193 nm and
66 nm reveal two distinct features, X and A, in the low energy
art of the spectra with a rather broad feature between 4.5 eV

nd 6 eV.

In Table 27 we summarize the experimental VDEs and
DE of B10

− and compare them with the theoretical VDEs
nd ADE. One can see that the two features, X and A, cor-

se of boron clusters. The �-MOs are given for: (a) benzene, (b) B10, (c) B11
−,

. Copyright 2003 Nature Publishing Group.)
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Fig. 43. Photoelectron spectra of Bn
− (n = 10–15). (a) At 193 nm. The vertical bars off the binding energy axis represent the calculated vertical electron detachment

energies for the lowest anion structures (see Figs. 41 and 45). For even-sized clusters, the shorter bars represent detachment transitions to singlet neutral states,
w . The
l perm

r
H
n
G
t
[

3

hereas the longer bars represent transitions to triplet final states. (b) At 266 nm
ines above the spectra indicate resolved vibrational structures. (Reprinted with

esponding to electron detachment from HOMO (7a′′) and
OMO-1 (6a′′), and the next five electron detachment chan-

els correspond to the broad features at higher binding energies.
ood agreement between theory and experiment confirmed that

he structure Cs
2A′′ is indeed the global minimum structure

71].

3

s
B

inset in the frame of B12
− shows the spectrum of B12

− at 355 nm. The vertical
ission from Ref. [71]. Copyright 2003 Nature Publishing Group.)

.10. The 11-atomic clusters B11
+, B11, B11

−

.10.1. B11
+

Ricca and Bauschlicher [61] reported a quasi-planar Cs
1A′

tructure for B11
+ at B3LYP/6-31G*. It can be considered as a

7
+ subunit sharing four atoms with a B8

+ subunit (Fig. 40).
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Table 27
Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment
energies of B10

−

Feature Experimental Theoreticala

ADE VDE MO ADE VDE

B10
− X 2.88 ± 0.09 3.06 ± 0.03 7a′′ 2.84 3.10

A 3.61 ± 0.04 6a′′ 3.65
9a′ 4.85
8a′ 4.92
5a′′ 5.19
7a′ 5.34
4a′′ 5.84
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B
g
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t
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Table 28
Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment
energies of B11

−

Feature Experimental Theoreticala

ADE VDE MO ADE VDE

B11
− X 3.426 ± 0.010 3.426 ± 0.010 6b2 3.27 3.38

A 4.065 ± 0.010 2b1 4.05
8a1 4.99
1a2 5.41
7a1 5.59
5b2 5.71

A

i
E
f
d

b
r
p
i
t
2
s
�
c
B
�
b

3

3

t
a

C
i
b
b
7

3

B
b
[
t
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ll energies are in eV [71].
a VDE and ADE calculated at the PW91/TZ2P level of theory.

oustani reported a similar, but planar Cs
1A′ structure to be the

lobal minimum for B11
+ at LSD/[621/321] [127].

.10.2. B11

Zhai et al. [71] reported a perfectly planar C2v
2B2 struc-

ure (Fig. 41) for B11 at PW91/TZ2P, which is built out of nine
eripheral boron atoms with two additional atoms located at
he center of the nine-atom circle. Boustani [62] also reported a
imilar planar structure but with a lower symmetry Cs

2A′′.

.10.3. B11
− and its photoelectron spectra

The global minimum structure C2v
1A1 for B11

− reported by
hai et al. [71] at PW91/TZ2P is the same as a global minimum
tructure of B11 with the additional electron occupying the same
OMO in both structures, and, therefore, the anionic and neutral

tructures have very close geometries.
The PES spectrum of B11

− at 266 nm is vibrationally well
esolved, which is surprising for a cluster with so many atoms
Fig. 43). This is readily rationalized on the basis of the iden-
ified ground state structures for the neutral and anion. As we

entioned above, the structural changes from the ground state
f B11

− to that of B11 are relatively minor and they both have
he same C2v symmetry, explaining why only two vibrational

odes are active during photodetachment and responsible for
he relatively simple vibrational progressions observed in the
66 nm spectrum (Fig. 43).

In Table 28, we summarize the experimental VDEs and ADE
f B11

−, and compare them with theoretical values.
One can see that the two features, X and A, correspond-

ng to electron detachment from HOMO (6b2) and HOMO-1
2b1), and the next five electron detachment channels corre-
pond to the broad features at higher binding energies. Because
oth the anionic and neutral structures have the same symmetry,
nly totally symmetric vibrational modes can be active during
hotodetachment. The high frequency mode observed in the
66 nm spectrum of B11

− has a frequency of 1040 ± 50 cm−1,
nd it agrees well with the calculated frequency 1092 cm−1 cor-

esponding primarily to the B–B stretching of the inner two
toms. The lower frequency mode has an observed frequency
f 480 ± 40 cm−1, and it also agrees well with the calculated
requency, 481 cm−1, that corresponds primarily to the stretch-

b
t
a
f

6a1 6.32

ll energies are in eV [71].
a VDE and ADE calculated at the PW91/TZ2P level of theory.

ng of the peripheral atoms relative to the two inner atoms.
xcellent agreement found for VDEs, ADE, and the vibrational

requencies provides solid evidence for the theoretically pre-
icted structures of C2v, 2B2 (B11), and C2v, 1A1 (B11

−).
The B11

− cluster was found to be �-aromatic [71] on the
asis of the presence of three doubly occupied �-MOs (Fig. 42)
esulting in the presence of six �-electrons similar to that in the
rototypical �-aromatic benzene molecule. The chemical bond-
ng description in B11

− has been extended by analyzing also
he �-MOs [169]. It is shown that NBO analysis revealed nine
c-2e peripheral B–B bonds and one 2c-2e B–B bond corre-
ponding to bonding between the two central atoms. Four other
-MOs are responsible for the global bonding between the two
entral boron atoms and the nine peripheral boron atoms. Thus,
11

− is a cluster with conflicting aromaticity (�-aromatic and
-antiaromatic). However, �-antiaromaticity in B11

− could also
e interpreted as island aromaticity (see Ref. [169] for details).

.11. The 12-atomic clusters B12
+, B12, B12

−

.11.1. B12
+

The B12
+ cluster has a C1

2A convex global minimum struc-
ure (at B3LYP/6-31G*) consisting of three hexagonal pyramids
s subunits (Fig. 44) according to Ricca and Bausclisher [61].

Boustani [127] reported a similar structure but with higher
3v symmetry at LSD/[621/321]. Because the B12 icosahedron

s a structural unit that dominates several allotropic forms of
oron, the icosahedron B12

+ structure has also been calculated
y Ricca and Bauschlicher [61]. They found that it is more than
0 kcal/mol higher in energy.

.11.2. B12

The PES spectra of the B12
− anion indicate that indeed the

12 cluster represents a very unique chemical species among all
oron clusters, i.e., it has a large HOMO–LUMO gap (2.0 eV)
71]. The large HOMO–LUMO gap revealed in the PES spec-
ra of B12

− indicates that B12 must be electronically extremely
table and should be chemically inert. At first glance, it would

e tempting to associate this high stability of the B12 cluster
o the icosahedral B12 unit so prevalent in bulk boron crystals
nd compounds. However, an extensive computational search
or the structures of B12 performed by Zhai et al. [71] revealed
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ig. 44. The optimized B3LYP/6-31G* geometries for B12
+ to B14

+. (Reprinted
ith permission from Ref. [61]. Copyright 1996 Elsevier.)

hat the icosahedron-like structure is about 70 kcal/mol higher
han the global minimum quasi-planar convex structure C3v

1A′
Fig. 45).
The same global minimum structure for B12 was also reported
y Boustani [127] at LSD/[621/321].

Zhai et al. have shown that B12 is a �-aromatic system
ecause it has six �-electrons occupying three globally delo-

3

A

ig. 45. (a–d) The low-lying structures of B12
− and B13

− and their neutrals. The rel
003 Nature Publishing Group.)
istry Reviews 250 (2006) 2811–2866 2857

alized MOs (Fig. 42) similar to the prototypical �-aromatic
enzene molecule. It has been further shown that B12 is not
nly �-aromatic, but it is also a �-aromatic system [169]. Out
f the 18 valence MOs 9 �-MOs are responsible for 9 2c-2e
–B peripheral bonds, and 3 �-MOs are responsible for 3 2c-2e
–B bonds between the 3 central boron atoms (see Ref. [169]

or an alternative explanation). The remaining three �-MOs are
esponsible for delocalized global bonding between the three
entral boron atoms and the nine peripheral boron atoms. Thus,
f we ignore a small deviation from planarity in the B12 cluster, it
s a doubly (�- and �-) aromatic system which explains its round
hape and large HOMO–LUMO gap experimentally observed
n the PES spectra of B12

−.

.11.3. B12
− and its photoelectron spectra

The global minimum structure Cs
2A′ (Fig. 45) for B12

−
eported by Zhai et al. [71] at PW91/TZ2P is similar to the global
inimum structure of B12 with the additional electron occu-

ying the doubly degenerate LUMO, which leads to a modest
istortion of the C3v structure of B12 to the Cs structure of B12

−.
The photoelectron spectra of B12

− were obtained by Zhai et
l. [71] at 266 nm and 193 nm (Fig. 43), and they revealed an
nusually large difference between the VDEs of X and A, corre-
ponding to a large HOMO–LUMO gap (2.0 eV) in the neutral
12 cluster, as we mentioned above. In Table 29, we summarize

he experimental VDEs and ADE of B12
−, and compare them

ith the theoretical values.
The characteristic PES pattern for B12

− was perfectly repro-
uced, thus firmly establishing the quasi-planarity in B12

− and
12.

.12. The 13-atomic clusters B13
+, B13, B13

−

.12.1. B13
+

The B13
+ cationic cluster attracted a lot of attention since

nderson and co-workers [53–59] reported that it has anoma-

ative energies are in eV. (Reprinted with permission from Ref. [71]. Copyright
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Table 29
Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment
energies of B12

−

Feature Experimental Theoreticala

ADE VDE MO ADE VDE

B12
− X 2.21 ± 0.04 2.26 ± 0.04 12a′ 2.25 2.38

A 4.31 ± 0.05 11a′ 4.25
7a′′ 4.36

10a′ 5.13
6a′′ 5.29
9a′ 5.50
5a′′ 6.21
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and 2.77/2.82 eV for isomer C2v, 3B2 are in excellent agreement
with the experimental observation. In Table 30, we summarize
the experimental VDEs and ADE of B13

−, and compare them
with the theoretical values.

Table 30
Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment
energies of B13

−

Feature Experimental Theoreticala

ADE VDE MO ADE VDE

B13
− X 3.78 ± 0.02 3.78 ± 0.02 7a1 3.69 3.81

A 4.38 ± 0.06 5b1 4.32
3a2 4.41
6a1 5.16
5b2 5.25
4b1 6.00
ll energies are in eV [71].
a VDE and ADE calculated at the PW91/TZ2P level of theory.

ously high stability and low reactivity compared to other
ationic boron clusters. Initially this high stability was attributed
o B13

+ having a filled icosahedron structure [56]. Kawai and
eare [170] investigated the anomalous stability of B13

+ using
ar–Parrinello ab initio molecular dynamics simulations. They

ound that a filled icosahedral is not even a minimum on the
otential energy surface. They predicted that the two most sta-
le isomers have C3v and Cs three-dimensional structures, with
he C3v structure being the most stable. Ricca and Bauschlicher
redicted the planar C2v

1A1 structure (Fig. 44) as the global
inimum at B3LYP/6-31G* [61]. The geometry of the global
inimum structure consisted of one distorted centered hexagon

nd two distorted centered heptagons. They also recalculated
he C3v and Cs structures reported by Kawai and Weare and
ound that these 3D structures are appreciably (by 45 kcal/mol)
igher in energy than the global minimum C2v (1A1) 2D struc-
ure. Boustani [127] reported a different C2v global minimum
tructure, which consisted of three hexagonal pyramids adjacent
o one another in a longitudinal arrangement. However, Ricca
nd Bauschlicher found that this structure is about 28 kcal/mol
igher in energy. Schleyer and co-workers [171] characterized
9 various structures of B13

+ also using B3LYP/6-31G* level
f theory. They concluded that the C2v

1A1 structure proposed
y Ricca and Bauschlicher is indeed the most stable structure.
owler and Ugalde [172] arrived to the same conclusion using

he B3LYP/6-311+G(2df) level of theory. Thus, we believe that
he C2v

1A1 structure found by Ricca and Bauschliccher is the
rue global minimum structure on the basis of available data in
he literature.

Fowler and Ugalde were the first to propose that exceptional
tability and low reactivity of B13

+ is related to its aromatic
haracter [172]. They plotted doubly occupied �-molecular
rbitals for B13

+, which were similar to those shown in Fig. 42.
owler and Ugalde concluded that three doubly filled �-MOs
ive six �-electrons in a round system, a situation reminis-
ent of benzene and Hückel aromaticity. Aihara [173] evalu-
ted the topological resonance energy (TRE) for �-electrons
sing graph theory. He found that the TRE of B + is positive
13
n sign and very large in magnitude: TRE = 2.959|βBB|. This
umber can be compared to aromatic hydrocarbons with simi-
ar size, such as the phenalenium (C13H9

+) TRE = 0.410|βBB|,
A

istry Reviews 250 (2006) 2811–2866

nthracene (C14H10) TRE = 0.475|βBB|, and phenanthrene
C14H10) TRE = 0.576|βBB|. On the basis of the TRE value,
13

+ is much more aromatic than polycyclic aromatic hydrocar-
ons of similar molecular sizes.

However, like in case of other large boron clusters, the �-
onding was not discussed. According to our �-bonding analysis
169] the B13

+ cation is also a �-aromatic system. Indeed, we
ave shown that, out of the 19 MOs, 10 �-MOs are responsible
or 10 2c-2e B–B peripheral bonds, 3 �-MOs are responsible for
2c-2e B–B bonds between central boron atoms, and 3 �-MOs

re responsible for global delocalized bonding between the 3
entral boron atoms and the 10 peripheral boron atoms. Like
12, B13

+ was a doubly (�- and �-) aromatic system. Thus, it
s its double aromaticity that is responsible for its rather round
hape, extra stability, and low reactivity.

.12.2. B13

Zhai et al. [71] reported the quasi-planar Cs, 2A′ structure
Fig. 44) for B13 at PW91/TZ2P, which is built out of 10 periph-
ral boron atoms with 3 additional atoms forming a linear chain
t the center of a distorted 10-atom circle. This structure is geo-
etrically similar to the global minimum structure of B13

+.
oustani [62] reported a different convex C2v, 2A1 structure,
hich was built out of 10 peripheral boron atoms with 3 boron

toms forming a linear chain at the center of the cluster.

.12.3. B13
− and its photoelectron spectra

The global minimum structure of B13
− is a singlet elongated

uasi-planar structure Cs
1A (Fig. 45) according to Zhai et al.

71]. Two degenerate low-lying isomers were found for B13
−,

hich are both triplet with more circular shapes and slightly
ifferent atomic connectivity.

The photoelectron spectra of B13
− were obtained by Zhai

t al. [71] at 266 nm and 193 nm (Fig. 43). The observation
f a weak low binding energy feature (X′) in the spectra of
13

− indicates the coexistence of a low-lying isomer. The cal-
ulated ADE/VDE (3.69/3.81 eV) for the main isomer Cs, 1A′,
3b1 6.34

ll energies are in eV [71].
a VDE and ADE calculated at the PW91/TZ2P level of theory.



Chemistry Reviews 250 (2006) 2811–2866 2859

d
c
a
s

3

3

t
a
T

3

f
a
o
s
4
e

c
B
g
f
t
i
i

3

f
a
a
l
l
i

e
t
o
w
c

t

3

3

t
(
e
t

Table 31
Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment
energies of B14

−

Feature Experimental Theoreticala

ADE VDE MO ADE VDE

B14
− X 3.102 ± 0.010 3.102 ± 0.010 2a2 3.14 3.17

A 3.984 ± 0.010 3b1 4.08
1a2 4.40
7b2 4.71

10a1 5.16
9a1 5.95
2b 6.23

A

p
i

3

B
T
c
a

a
m
t

t

(
H
s
t
h
a
boron clusters. For example, the very special B12 cluster can be
viewed as the “benzene analog” of boron clusters, whereas B11

−
can be compared to C5H5

−. The elongated antiaromatic B13
−

or B14 can be compared with C4H4 or C8H8.

Table 32
Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment
energies of B15

−

Feature Experimental Theoreticala

ADE VDE MO ADE VDE

B15
− X 3.34 ± 0.04 3.43 ± 0.04 23a 3.24 3.37

A 4.08 ± 0.06 22a 4.05
21a 4.69
20a 5.25
19a 5.47
A.N. Alexandrova et al. / Coordination

The characteristic PES pattern for B13
− was perfectly repro-

uced, thus firmly establishing the structure of B13
−. The B13

−
luster possesses eight � electrons, and is thus � antiaromatic
ccording to the Hückel’s rule, in agreement with its elongated
hape [71].

.13. The 14-atomic clusters B14
+, B14, B14

−

.13.1. B14
+

The B14
+ cluster has a C2v

2A1 convex global minimum struc-
ure (at B3LYP/6-31G*) consisting of four hexagonal pyramids
s subunits (Fig. 44), according to Ricca and Bausclisher [61].
hese results agree with the LSD calculations by Boustani [127].

.13.2. B14

Zhai et al. [71] reported a planar Cs
1A′ structure (Fig. 41)

or B14 at PW91/TZ2P, which is built out of 10 peripheral boron
toms with 4 additional atoms forming a rhombus at the center
f the 10-atom circle. Boustani [62] reported a convex C2v, 1A1
tructure, which is built out of 10 peripheral boron atoms with
boron atoms forming a rhombus at the center of the cluster,

xcept that the 4 inner atoms are out of plane.
There is another near isoenergetic isomer for B14, which

an be viewed by inserting an atom into the peripheral of the
13 ground state elongated structure. This isomer becomes the
round state structure for B14

− (see below). Zhai et al. [71] per-
ormed molecular orbital analyses (Fig. 42) and concluded that
his elongated B14 cluster possesses eight �-electrons and thus
t is �-antiaromatic system, similar to B13

− and consistent with
ts elongated shape.

.13.3. B14
− and its photoelectron spectra

Zhai et al. [71] reported a planar C2v
2A2 structure (Fig. 41)

or B14
− at PW91/TZ2P, which is built out of 11 peripheral boron

toms with 3 additional atoms forming a chain at the center of
distorted circle. This structure is similar to the antiaromatic

ow-lying isomer of the neutral B14 (see above), whereas the
owest isomer Cs

2A′′ (Fig. 41) is 0.25 eV higher in energy and
s similar to the global minimum structure of B14.

The photoelectron spectra of B14
− were measured by Zhai

t al. [71] at 266 nm and 193 nm (Fig. 43). Weak features at
he low binding energy part due to low-lying isomers were also
bserved in the PES spectra of B14

− (X′, Fig. 43). In Table 31
e summarize the experimental VDEs and ADE of B13

− and
ompare them with theoretical VDEs and ADE.

The characteristic PES pattern for B14
− was well reproduced,

hus firmly establishing the structure of B14
−.

.14. The 15-atom clusters B15, B15
−

.14.1. B15

To the best of our knowledge, there have been no calcula-

ions on B15

+. Zhai et al. [71] reported a planar C1
2A structure

Fig. 41) for B15 at PW91/TZ2P, which is built out of 11 periph-
ral boron atoms with 4 additional atoms forming a rhombus at
he center of the 11-atom circle. MO analysis showed that B15

A

1

ll energies are in eV [71].
a VDE and ADE calculated at the PW91/TZ2P level of theory.

ossesses 10 � electrons and is thus aromatic, consistent with
ts relatively round shape [71].

.14.2. B15
− and its photoelectron spectra

Zhai et al. [71] reported a planar C1
1A structure (Fig. 41) for

15
− at PW91/TZ2P, which is similar to the ground state of B15.

he lowest isomer Cs
1A′ (Fig. 41) has an elongated structure

omposed out of two seven-member rings sharing one peripheral
tom, which is about 0.13 eV higher in energy (Fig. 41).

The photoelectron spectra of B15
− were obtained by Zhai et

l. [71] at 266 nm and 193 nm (Fig. 43). In Table 32 we sum-
arize the experimental VDEs and ADE of B13

− and compare
hem with theoretical VDEs and ADE.

The characteristic PES pattern for B15
− was well reproduced,

hus firmly establishing the structure of B15
−.

From B10 to B15, the number of � electrons varies from 6
B10, B11

−, B12) to 8 (B13
−, B14) to 10 (B15). According to the

ückel’s rules, these form a series of aromatic and antiaromatic
ystems. The �-aromaticity or antiaromaticity seems to govern
he global shape of the clusters, similar to that found in cyclic
ydrocarbon molecules. Based on these observations, Zhai et
l. [71] proposed the concept of hydrocarbon analogies in pure
18a 6.09
17a 6.13

ll energies are in eV [71].
a VDE and ADE calculated at the PW91/TZ2P level of theory.



2 Chem

3

t
c
s
t
b
t
r
t
a
t

t
p
m
g
e
c
T
t

n
d
a
a
m
q
a
c

b
i
o
c
a
a
n

s
f
t
2
s
l
a
b
b
fi
s
B
p
t
f
s
t
t
i

F
f

860 A.N. Alexandrova et al. / Coordination

.15. Planar-to-tubular structural transition at B20

The establishment of planarity for pure boron clusters up
o as large as 15 atoms [66–71] is highly remarkable in boron
hemistry, as well as in cluster science [174]. However, it is
till of interest to determine the critical size for 2D-to-3D struc-
ural transition in boron clusters. This becomes a huge challenge
ecause of the complexity of large cluster systems and the exis-
ence of a large number of isomers. Kiran et al. [72] have shown
ecently, from a concerted PES and global geometry optimiza-
ion theoretical study, that the transition occurs at the size of 20
toms. Their conclusions were confirmed shortly by a follow-up
heoretical work [175].

In the global minimum search, Kiran et al. [72] employed
he basin-hopping global optimization method [176,177] cou-
led with ab initio DFT technique. More than 200 low-energy
inima (with energy difference less than 0.1 hartree from the

lobal minimum) were identified for B20. For the top 10 lowest-
nergy isomers further optimization and vibrational frequency
alculations were performed using all-electron DFT methods.
he four lowest energy isomers are shown in Fig. 46, along with

heir relative energies at the B3LYP/6-311+G* level of theory.
The same search methods were used for both the anion and

eutral clusters. However, the two potential energy surfaces are
ifferent, though both are dominated by 2D structures. In the
nion potential energy surface, there exist several isomers that
re close in energy. The double-ring tubular structure 1 is the

ost stable, followed by the elongated 2D structure 2 and the

uasi-planar bowl-like structures 3 and 4. To include entropy
nd temperature effects, Kiran et al. also carried out free-energy
alculations at room-temperature (298 K). After this correction,

o
l
e

ig. 46. Low-lying structures of B20
− (1–4) and B20 (5–8) along with their relative en

rom Ref. [72]. Copyright 2005 National Academy of Sciences.)
istry Reviews 250 (2006) 2811–2866

oth the tubular and elongated isomers become virtually equal
n energy, closely followed by the bowl isomers. Under the the-
retical methods employed, all these anion isomers should be
onsidered isoenergetic. It should be noted that structures 3 and 4
re nearly identical except for the displacement of a single boron
tom. Therefore, most of the properties of these two isomers are
early identical.

However, in the neutral potential energy surface, the most
table isomer is the double-ring tubular structure 5, and it is
avored by ∼20 kcal/mol relative to the lowest energy 2D struc-
ures 6–8. The current observations that the B20

− anion favors
D structures and the B20 neutral favors the tubular structure
uggest that the extra electron destabilizes the double-ring tubu-
ar isomer, whereas it stabilizes the 2D isomers. Kiran et al. [72]
lso calculated the most stable structures for the 16–19-atom
oron clusters and found that they all preferred 2D structures in
oth their anions and neutrals, which are experimentally con-
rmed by PES data (L.S. Wang, H.J. Zhai, unpublished data). It
hould be noted, however, that it is difficult to locate the tubular
20 structure, which appears as a deep and narrow well in the
otential energy surface separated by huge energy barriers from
he vast majority of easily accessible 2D structures. To gain
urther confidence, Kiran et al. [72] also performed ab initio
imulated annealing with PBE96 exchange-correlational func-
ional on B20

− starting with random geometries. They found
hat the lowest energy structures were dominated by the 2D
somers.
To confirm computational predictions, Kiran et al. [72] also
btained B20

− PES spectra and compared them with the calcu-
ations. Fig. 47 shows the PES spectra of B20

− at two photon
nergies.

ergies (in eV) at B3LYP/6-311+G* level of theory. (Reprinted with permission
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ig. 47. Photoelectron spectra of B20
− at 266 nm (A) and 193 nm (B). (Reprinted

ith permission from Ref. [72]. Copyright 2005 National Academy of Sciences.)

Numerous well-resolved electronic transitions (X, A–H)
ere observed and their electron binding energies are given in
able 33, where they are also compared with theoretical data.

The vertical detachment energy of feature X was measured
rom the peak maximum to be 3.11 eV. The electron affinity
f neutral B20, evaluated from the well-defined sharp onset of

and X, is 3.02 eV. The intensity of feature A was much weaker,
mplying that it was likely due to a weakly populated isomer of

20
− in the cluster beam. A large energy separation of ∼1.3 eV

as observed between features X and B. This spectral pattern

[

i

able 33
bserved VDEs from photoelectron spectra of B20

− and comparison with theoretica

eature Experimental

ADE VDE

3.02 ± 0.02 3.11 ± 0.02
4.20 ± 0.03
4.40 ± 0.03
4.71 ± 0.04
4.92 ± 0.04
5.35 ± 0.04
5.46 ± 0.04
5.84 ± 0.03
6.33 ± 0.03

a VDE calculated at the B3LYP/6-311+G* level of theory.
istry Reviews 250 (2006) 2811–2866 2861

uggested that neutral B20 is a closed-shell molecule with a large
ap between its HOMO and LUMO. The current observation of
20 with the large HOMO–LUMO gap stimulated additional

nterest for a thorough investigation of its structural and elec-
ronic properties.

To confirm the computational results and facilitate compari-
on with the experimental data, Kiran et al. [72] calculated the
DEs and EA (Table 33). The energy difference between the

nion and neutral at the anion geometry gives the first VDE and
elaxing the neutral geometry to its equilibrium defines the EA.
nly the 2D isomers compare favorably with the experimental
alues. The VDE and EA of both the elongated structure (2, VDE
.15 eV, EA 3.03 eV) and the bowl isomer (3, VDE 2.97 eV, EA
.88 eV; 4, VDE 3.04 eV, EA 2.89 eV) agree well with the exper-
mental values of 3.11 eV and 3.02 eV, respectively. However,
he tubular structure 1 gives binding energies (VDE 2.32 eV,
A 2.17 eV) much lower than the experiment. Closer compar-

son between the experimental and theoretical data (Table 33)
learly shows that isomer 3 agrees best with the experiment: the
imulated spectrum of isomer 3 has a remarkable one-to-one
orrespondence to the experimental spectrum. Isomer 2 gives a
maller HOMO–LUMO gap and is likely to be the minor iso-
er responsible for the weak feature A; the remaining electronic

ransitions of isomer 2 were buried in the spectra of the domi-
ant isomer 3. Isomer 1 did not appear to be populated at all in
he B20

− beam, which would have yielded a characteristic tran-
ition at lower binding energies (∼2.3 eV) in the experimental
pectrum. The absence of isomer 1 was likely due to the kinetic
ontrol of cluster formation. Since clusters smaller than B20 all
ave planar structures in their ground state, the planar B20 cluster
s expected to form with the highest probability. For example,
he bowl isomers 3 and 4 can be derived from B12 by adding
even boron atoms to the rim and one in the middle. Similarly,
he elongated isomer 2 can be directly constructed by adding six
dditional boron atoms to one end of B14. The situation of B20

−
s remarkably similar to the case of C20

−, where the bowl and
ullerene isomers cannot be produced by laser vaporization of
raphite [178]. The latter method can only produce the ring iso-
179–181].
Kiran et al. [72] established that the tubular isomer is almost

soenergetic to the lowest energy 2D isomers for the B20
−

l data for the three lowest-energy isomers of B20
− (see Fig. 46) [72]

Theoreticala

Structure 1 Structure 2 Structure 3

2.32 3.15 2.97
3.49 4.04
4.52 4.49 4.22

4.66 4.59
5.03 4.70

5.21
5.23

5.65 5.79 5.66
6.33 6.12 6.17
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Table 34
TREs for planar boron clusters and their molecular ions in the singlet electronic
states [187]

Species Number of �-electrons TRE/|βBB|
B3

− 2 0.536
B4 2 0.852
B5

− 2 1.052
B6

2− 4 0.549
B8

2− 6 0.634
B9

− 6 0.855
B10 6 1.568
B11

− 6 1.798
B12 6 2.605
B13

+ (I) 6 2.959
B − (III) 8 1.793
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nion, whereas it is clearly the global minimum for the B20
eutral. Since they have confirmed all smaller clusters pre-
er 2D structures, the tubular B20 cluster represents exactly
he onset of 3D structures for the boron clusters, analogous
o the onset of the fullerene structure at C20. The B20 tubu-
ar structure can be viewed as rolling up a two-row strip of 20

atoms: it is stabilized by the strong sp2 hybridized �-bonds
ithin the wall and further enhanced by delocalized �-bonds

overing the inner and outer surfaces of the wall. As a result
he tubular structures are also highly aromatic, analogous to
he aromaticity in the planar boron clusters [66–71]. The pref-
rence of tubular over 2D isomers is governed by the extra
-bonding gained when rolling up the 2D boron strip and the
nhanced �-bonding due to the compactness of the tubular struc-
ures, which overcome the strain energy due to the curvature. In
act, previous work on B10–B15 already revealed evidence of
ragmentation of the delocalized �-orbitals in different parts
f the 2D structures (island aromaticity) in the larger planar
lusters [71], which hinted possible 2D-to-3D transitions with
ncreasing cluster sizes, because the stability derived from the
D delocalization weakens. The tubular B20 suggests a mech-
nism for forming the thinnest boron nanotube by extending
he B20 structure along the five-fold axis. In fact, larger diame-
er double-ring and multiple-ring tubular boron structures (such
s B24 and B36), among a variety of other chosen structures,
ave been explored computationally [182–185]. Very interest-
ngly, a successful synthesis of single-walled boron nanotubes
ith a diameter of 3 nm has been reported recently [186]. The
20 work by Kiran et al. [72] represents the first systematic
xperimental and theoretical search for the smallest stable 3D
oron clusters. The high stability of the tube-like B20 suggests
he existence of a whole new class of nanotubes made of boron
toms. Indeed, the tubular B20 cluster may be viewed as the
mbryo of the thinnest boron nanotube, with a diameter of
.2 Å.

.16. Are all planar boron clusters highly aromatic?

A recent paper by Aihara et al. [187] claimed that all boron
3–B15 clusters are highly aromatic on the basis of topologi-
al resonance energies. The calculated TREs (in terms of the
esonance integral between two bonded atoms |βBB|) for pla-
ar clusters and their molecular ions in the singlet electronic
tate are summarized in Table 34. Indeed, according to Aihara
t al. all, neutral and charged boron clusters have large positive
REs. In fact, they are significantly higher than TREs for proto-

ypical polycyclic hydrocarbons such as benzene (0.273|βCC|),
aphthalene (0.389|βCC|), anthracene (0.475|βCC|), and pyrene
0.598|βCC|). In particular, they point out that B6

2− with four
-electrons, several isomers of B13

− with eight �-electrons,
nd two isomers of B14 with eight �-electrons are antiaromatic,
ccording to the 4n + 2 Hückel’s rule for singlet species, but
hey all have large positive TREs. On the basis of the TREs,

hey claimed that the Hückel’s rule does not hold for boron clus-
ers. We believe this requires some clarification, and it seems that
hese authors did not understand our application of the Hückel’s
ule to boron clusters.

s
t
t
g

13

14 (II) 8 2.050

15
− (I) 10 1.631

First, we would like to point out that we applied the 4n + 2 rule
or the �-electrons in order to predict the structure of boron clus-
ers and interpret the PES spectra of these species, in particular
he large HOMO–LUMO gap in some neutral boron clusters.

e believe that aromaticity/antiaromaticity should be able to
redict the high (aromaticity) or low (antiaromaticity) symme-
ry for the global minimum structure of a boron cluster. The
esonance energy is only one criterion for aromaticity. One can-
ot rely solely on the resonance energy for making a judgment
n a cluster’s aromaticity or antiaromaticity. Second, we want
o stress that �-electrons are as important in explaining struc-
ure and stability of boron clusters as �-electrons. For example,
he B5

+ and B5
− clusters both have 2�-electrons, and thus are

oth �-aromatic systems. However, B5
+ has a global minimum

tructure, which is only slightly geometrically distorted from
he high D5h symmetry, and in fact, after ZPE corrections the
ibrationally averaged structure has the high D5h symmetry as
ne would expect for an aromatic molecule. Thus, �-aromaticity
an explain the high symmetry structure of B5

+. However, B5
−

hich is also a �-aromatic system with 2�-electrons has a highly
istorted C2v structure. We proposed an explanation that B5

+

as a high symmetry structure, because this system is �- and �-
romatic (it has two delocalized �-electrons and two delocalized
-electrons, see Section 3.4), while B5

− has a low symme-
ry structure because although it is a �-aromatic system, it is
-antiaromatic system (it has two delocalized �-electrons and

our delocalized �-electrons, see Section 3.4 for details). These
wo clusters clearly demonstrate that including �-electrons into
onsideration is as important as �-electrons in order to achieve
complete understanding about how chemical bonding affects

luster structures. Many other examples can be found throughout
his review article.

Going back to nonapplicability of the Hückel’s rule to boron
lusters on the basis of large TRE values for all boron clusters,
e would like to point out that our application of the Hückel’s

ule enables us to explain why some clusters have high symmetry

tructure and other have low symmetry structure. The statement
hat all boron clusters are aromatic completely ignores the fact
hat some clusters have high symmetry, high HOMO–LUMO
aps, and their anions have low VDEs, while other have low
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ymmetry, low HOMO–LUMO gaps, and their anions may have
igh VDEs. We found that the Hückel’s rule is extremely use-
ul in explaining and most importantly in predicting structure,
tability, reactivity, and photoelectron spectra of boron clusters.
n the other hand, we stress that there are differences between
oron clusters and aromatic polycyclic hydrocarbons, because
or boron clusters we must consider aromaticity in the �-system,
s well as in the �-system. Boron clusters offer a richer variety of
romaticity than hydrocarbons, because they may be doubly (�-
nd �-) aromatic, may have conflicting aromaticity (�-aromatic
nd �-antiaromatic, or �-antiaromatic and �-aromatic), or may
e doubly (�-and �-) antiaromatic.

We also believe that there is no contradiction between the
ndings of Aihara et al. [187] that all boron clusters have pos-

tive TRE and our conclusions that certain boron clusters are
ntiaromatic. Let us consider the B6

2− cluster, which is antiaro-
atic (in fact it is doubly �- and �-antiaromatic) according to

ur analysis, but which has a positive TRE and thus is aromatic
ccording to Aihara et al. [187]. Our assignment of B6

2− as a �-
ntiaromatic system is based on the presence of four �-electrons,
ts highly distorted (D2h) structure, and paratropic ring currents
68,151,154]. We view this cluster as being antiaromatic glob-
lly. It does not, however, mean that this cluster cannot have
ositive resonance energy. In fact, according to our MO analy-
is, the �-system in B6

2− can be split into two subunits, with
wo �-electrons localized over each of the two triangles (see
ection 3.5.5). Thus, the globally antiaromatic B6

2− system can
e considered as having two separate aromatic subunits (“island
romaticity”). The island aromaticity is responsible for the pos-
tive TRE in B6

2−. Indeed, Aihara et al. themselves stated that
ut of four circuit currents, three circuit currents, including the
4 circuit current, are paratropic indicating antiaromaticity, and
hat the a1 circuit currents, which are highly diatropic and which
re located over the triangles, overwhelm the antiaromatic con-
ributions from a2–a4. That result clearly supports the presence
f island aromaticity in B6

2−. We also have shown that in the
i2B6 gas phase molecule, the global minimum structure has

he C2h (1A1) structure with two Li+ ions located above and
elow the B3

− triangular areas in B6
2− (Fig. 21, Section 3.5.5).

hese results confirmed the presence of the �-island aromaticity
n the overall doubly antiaromatic system. The same explana-
ion can be done for other �-antiaromatic systems with positive
REs. Another interesting observation that can be made from
able 34 is that the TRE in B6

2− is almost two times smaller than
RE in the neighboring �-aromatic B5

− with two �-electrons,
n complete agreement with the Hückel’s rule prediction. Our
onclusion is that the Hückel’s rule is indeed a powerful tool
or predicting and interpreting structure, stability, reactivity,
agnetic properties, and spectroscopic properties of boron clus-

ers if both �- and �-aromaticity are considered and if island
romaticity in globally antiaromatic molecules is taken into
ccount.
. Conclusions

The discovery that pure boron clusters are planar (up to 20
toms) is a big surprise for the chemical community, because
emistry Reviews 250 (2006) 2811–2866 2863

solid boron is built out of 3D icosohedral structural units, MB6
solids are built out of regular octahedra of boron atoms, and
boranes are known to have deltahedral structures. Thomas P.
Fehlner of the University of Notre Dame has commented that
the confirmation that all-boron clusters form planar wheel- and
raft-like shapes rather than closed, nearly spherical clusters the
way boranes do “is an important landmark in chemistry. It’s
reminiscent of the discovery when I was a graduate student that
the inert gases are not inert. Discoveries such as these change our
thinking in a major way” [174]. While the planarity of all-boron
clusters is now firmly established through joint experimental and
theoretical works [66–72], these clusters have not yet been found
in condensed phase. Whenever that happens, the planar boron
clusters will indeed change our thinking in a major way and
would lead potentially to many new and unexpected chemistries.

That goal may indeed be achievable since it has already been
demonstrated that salt-like clusters, such as Li+[B6

2−] [154]
and Li+[B8

2−] [165] can be made in molecular beams, and the
structures of the planar doubly charged B6

2− and B8
2− clus-

ters are preserved in such complexes. We hope that this review
will stimulate renewed interests in boron chemistry, and lead
to the synthesis of new compounds with unprecedented planar
all-boron ligands and all-boron building blocks. We expect that
all-boron clusters will have a tendency toward catenation in the
condense phase. Therefore, they must be protected in coordina-
tion compounds from forming bonds between individual boron
clusters. In the solid state, we think that in order to prevent cate-
nation between all-boron clusters, one should either look for
highly charged boron clusters as building blocks such as those
found in the Zintl phase or use ligand protections.

In a series of articles [66–72] we demonstrated that the
Hückel’s rule, which was initially developed for cyclic aro-
matic hydrocarbons, could also be a powerful tool in predicting
and explaining structure, stability, magnetic properties, reactiv-
ity, and other molecular properties of all-boron clusters if one
takes into account that aromaticity should be applied to both �-
and �-electrons, and that global antiaromaticity could lead to
island aromaticity. We believe that the Hückel’s rule will con-
tinue to be a powerful tool in understanding and predicting new
all-boron ligands and all-boron building blocks. However, we
cannot solely rely on electronic factors in deciphering the rela-
tion between the structure and chemical bonding in clusters. We
need to have a good geometric fit too. For example, although
the cyclic D8h, 1A1g and D8h, 5A1g B8 structures are doubly
aromatic, they are less stable than the doubly aromatic centered
D7h, 3A′

2 global minimum structure. This occurs because the
additional stability to the delocalized density comes from the
central atom in the D7h, 3A′

2 structure, while in the D8h, 1A1g

and D8h, 5A1g B8 structures the delocalized density at the cen-
ter of the cluster does not have enough stabilization from the
screened boron nuclei. In the B10 cluster, the central cavity in
the single centered D9h

1A′
1 cluster is too big for one boron

atom, and as a result, the C2h, 1Ag structure with two centered

boron atoms is more stable. As the size of the cycle increases
more and more atoms are more favorably located at the center of
the planar or quasi-planar all-boron clusters in the most stable
structures.
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Pure boron clusters represent today a class of species, which
re well understood. We can quite reliably explain, and even pre-
ict the structure of small boron clusters, and thus recommend
hich clusters may have a potential to be new building blocks

nd ligands. We hope that boron chemistry will experience a
enaissance and new materials can be prepared with all-boron
lusters as ligands and building blocks.
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