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The electronic structure and chemical bonding of B6
- and B6 were investigated using anion photoelectron

spectroscopy and ab initio calculation. Vibrationally resolved photoelectron spectra were obtained for B6
-

and were compared to calculations performed at various levels of theory. Extensive searches were carried out
for the global minimum of B6-, which was found to have a planarD2h structure with a doublet ground state
(2B2g). Good agreement was observed between ab initio detachment energies and the experimental spectra,
establishing that the ground-state structure of B6

- is planar, in contrast to the three-dimensional structures for
the valence-isoelectronic Al6

- and Al6 species. The chemical bonding in B6
- was interpreted in terms of

linear combinations of molecular orbitals of two B3
- fragments. The antiaromatic nature of chemical bonding

was established for B6- and B6
2-, based on the analysis of orbital contributions to overall paratropic ring

currents.

1. Introduction

The most probable configurations of four or more interacting
objects are three-dimensional (3D). Planar two-dimensional
(2D) clusters with four or more atoms are considered to be
unusual, requiring special explanation. Investigations of these
systems can reveal new types of chemical bonding, of which
the recent discoveries of pentaatomic tetracoordinated planar
carbon1-6 and all-metal aromaticity7-10 are good examples.
Boron is an element well-known for its diverse and complex
range of chemistry11,12 and variety of allotropic modifications.
The structural unit that dominates the allotropes of boron is the
B12 icosahedron. Other 3D-structures are known, such as the
B6 octahedron and the B12 cuboctahedron. Two-dimensional
boron networks are found in some metal borides; but 3D-
structures are dominant in the rich chemistry of the borohy-
dride.11,12 Hence it may seem that 3D-structures should be
expected for pure boron clusters too, but planar or quasi-planar
structures have been proposed for small boron clusters, and
supported by ab initio calculations.13-38 Despite many mass-
spectrometry-based experimental studies14,39-45 on small boron
clusters during the past decade, experimental information on
their geometrical and electronic structures is limited. Detailed
spectroscopic investigations would be desirable for gaining
insight into the electronic structure and chemical bonding of
these electron-deficient cluster species, as well as in testing the
available theoretical calculations.

Our recent work has shown that photodetachment photoelec-
tron spectroscopy (PES) combined with ab initio calculations
provides a powerful means for obtaining information about the
structure and bonding of novel gaseous clusters.46 In work on
B5

- and B5, we established the planar ground-state structures
for B5

- (C2V, 1A1) and B5 (C2V, 2B2).47 We also investigated the
chemical bonding in B5- and compared it to that in Al5

-. While
both B5

- and Al5- have a similarC2V planar structure, their
π-bonding orbitals are different. In Al5

-, a π bonding orbital
was previously observed to delocalize over only the three central
atoms in theC2V ground-state structure,48 whereas a similarπ
orbital (1b1) was found to delocalize over all five atoms in B5

-.
This π bonding in B5

- makes it more rigid than Al5
- toward

butterfly out-of-plane distortions.
In the current paper, we continue our exploration of the

structural and electronic properties and chemical bonding in
small boron clusters. We report a combined PES and ab initio
study of B6

- and B6. On one hand, the B6 octahedron is a
common building block in metal borides and borohydrides as
mentioned above, and on the other, the valence-isoelectronic
Al6

- and Al6 clusters are known from ab initio calculations to
possess 3D structures.49-54 The present study shows that B6

-

is planar. A detailed analysis was carried on the structure and
bonding of B6

- and evidence of antiaromaticity was presented
for this odd-electron system.

2. Experimental Method

The experiment was carried out using a magnetic-bottle time-
of-flight PES apparatus equipped with a laser vaporization
supersonic cluster source.55,56 The B6

- anions were produced
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by laser vaporization of a pure boron target in the presence of
a helium carrier gas. Various clusters were produced from the
cluster source and were analyzed using a time-of-flight mass
spectrometer. The B6- species were mass-selected and deceler-
ated before being photodetached. Three detachment photon
energies were used in the current experiments: 355 nm (3.496
eV), 266 nm (4.661 eV), and 193 nm (6.424 eV). The
photoelectron spectra were calibrated using the known spectrum
of Rh-, and the resolution of the apparatus was better than 30
meV for 1 eV electrons. Although it was not difficult to observe
mass spectra with a wide size range of Bn

- clusters by laser
vaporization, it was rather challenging to obtain high quality
PES spectra, primarily due to the low photodetachment cross
sections of these light clusters and the difficulty of obtaining
cold cluster anions. The key to the current progress was the
use of a large waiting-room nozzle, which could cool cluster
anions more efficiently.55-57 The temperature effects were
further controlled by tuning the timing of the firing of the
vaporization laser relative to the carrier gas, and choosing the
later part of the cluster beam for photodetachment.58-61 These
efforts have allowed us to obtain well-resolved PES data for a
wide size range of Bn- clusters at different photodetachment
energies. We have reported the result of B5

- recently,47 and in
the current paper we present the result for B6

- combined with
a detailed ab initio study.

3. Computational Methods

We first optimized geometries of B6, B6
-, and B6

2- employ-
ing analytical gradients with the polarized split-valence basis
sets (6-311+G*)62-64 with a hybrid method, which includes a
mixture of Hartree-Fock exchange with density functional
exchange-correlation potentials (B3LYP).65-67 To test the valid-
ity of the one-electron approximation, we optimized geometries
and calculated frequencies using the multi-configuration self-
consistent field method (CASSCF) with nine active electrons
for B6

- and 8 active electrons for the neutral species as well as
eight active molecular orbitals in both cases [CASSCF(9,8)/6-
311+G* for B6

- and CASSCF(8,8)/6-311+G* for B6]. Vertical
electron detachment energies (VDEs) from the lowest-energy
structure of B6- into the excited triplet states of B6 were
calculated using the coupled-cluster RCCSD(T) method68-71 and
unrestricted outer-valence Green function (UOVGF) method.72-76

As shown in section V below, B6- was found to have a
doublet ground state. Thus, both triplet and singlet excited states
of the neutrals can be reached in the photodetachment. We were
able to calculate the VDEs only to the triplet excited states using
the UOVGF and RCCSD(T) methods, because the electron
detachment processes leading to singlet excited states would
require multiconfiguration reference wave functions. For the
lowest detachment channel the final singlet state is essentially
single-configuration and therefore we were able to calculate this
VDE using the UOVGF and RCCSD(T) methods and the
6-311+G(2df) basis sets. To evaluate VDEs into other singlet
final states we used the equation-of-motion method based on
the RCCSD(T) wave function [EOM-RCCSD(T)].77 The core
electrons were kept frozen in treating the electron correlation
at the UOVGF, RCCSD(T) and EOM-RCCSD(T) levels of
theory. All B3LYP/6-311+G*, CASSCF(8,8)/6-311+G*, CASS-
CF(9,8)/6-311+G*, RCCSD(T)/6-311+G(2df), and UOVGF/
6-311+G(2df) calculations were performed using the Gaussian-
98 program.78 The RCCSD(T)/6-311+G(2df) and EOM-
RCCSD(T)/6-311+G(2df) were performed using the Molpro-
1999 program.79 Molecular orbitals were calculated at the RHF/
6-311+G* and UHF/6-311+G* levels of theory. All MO
pictures were made using the MOLDEN 3.4 program.80

In connection with the discussion of aromaticity/antiaroma-
ticity, maps of the current density induced by a magnetic field
directed along the normal to the molecular plane were computed
with the ipsocentric81 coupled-Hartree-Fock CTOCD-DZ
method,82,83(6-311+G* basis) for the two closed-shell species
B6 and B6

2- held at the optimum geometry of the monoanion
(RB3LYP, same basis). The Exeter implementation of the
SYSMO program84 was used. Combination of orbital contribu-
tions81 defined by the ipsocentric method allows deduction of
the sense of the ring current in the open-shell species B6

-.

4. Experimental Results

The photoelectron spectra of B6
- were recorded at three

photon energies, as shown in Figure 1. The observed detachment
transitions are labeled with letters, and vertical lines represent
the resolved vibrational structures. Five intense and well-
resolved bands (X, A, B, C, and D) were observed. Vibrational
structures were partially resolved in the bands X and A at 355
nm (Figure 1a) and band D at 193 nm (Figure 1c). Both bands
B and C were broad and may contain unresolved electronic
transitions. Higher binding energy transitions may exist beyond
5.4 eV, but this part of the spectrum at 193 nm had poor signal-
to-noise ratio and was not well resolved.

At 355 nm (Figure 1a), only bands X and A were 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. The adiabatic detachment energy (ADE) of B6

-

was defined by the 0-0 transition of the X band to be 3.01 eV.
The 0-0 transition also defined the vertical detachment energy
(VDE) of the X band. The tail at the low binding energy side
was due to hot band transitions or possibly contributions from
minor anion isomers. The band A was relatively weak at 355
nm, but it had a well-defined vibrational progression with a
spacing of 530 cm-1, similar to that observed in the X band.

Figure 1. Photoelectron spectra of B6
- at 355 nm (3.496 eV), 266 nm

(4.661 eV), and 193 nm (6.424 eV).

1360 J. Phys. Chem. A, Vol. 107, No. 9, 2003 Alexandrova et al.



The A band, representing the first excited state of neutral B6,
has an ADE (and VDE) of 3.17 eV, i.e., an excitation energy
of 0.16 eV above the neutral ground state.

At 266 nm (Figure 1b), the intensity of the A band was
enhanced. Two weaker and broad bands (B and C) were
observed with VDEs at∼3.55 and∼4.35 eV, respectively. The
B band was overlapped with the A band, preventing its ADE
to be measured, but we were able to estimate the ADE for the
C band to be∼4.13 eV. Discernible fine features could be seen
in the B and C bands at 266 nm, but no well-defined vibrational
progressions were resolved.

At 193 nm (Figure 1c), the X and A bands were no longer
resolved. The intensity of the C band was considerably
enhanced. In addition, a band D was observed with a surpris-
ingly well resolved vibrational progression. The vibrational
spacing of the D band (720 cm-1) was much higher than that
observed in the X and A bands. The 0-0 transition of the D
band yielded an ADE of 4.95 eV, representing an excitation of
1.94 eV above the neutral B6 ground state. The VDE of the D
band was defined by the 1r0 transition at 5.04 eV.

All the obtained ADEs, VDEs, and vibrational frequencies
are given in Table 1.

5. Theoretical Results

We first performed a search for the most stable structures
for B6, B6

-, and B6
2- using the B3LYP/6-311+G* level of

theory. A selected set of the low energy structures identified in
the search are presented in Figures 2-4 for the three species,
respectively.

Our calculations showed that the most stable B6
- structure

was the planar structureI (D2h, 2B2g) with a configuration, 1ag2-
1b1u

21b2u
22ag

21b3g
21b3u

23ag
22b1u

22b2u
21b2g

1. Slightly higher in
energy (by 6.2 kcal/mol at B3LYP/6-311+G*), another planar
isomerII (C2h, 2Bu) was found with the electronic configuration,

1ag
21bu

22ag
22bu

23ag
21au

23bu
2 4ag

21bg
2 4bu

1. Other structures were
found to be more than 10 kcal/mol higher. The applicability of
the one-electron approximation was tested using CASSCF(9,8)/
6-311+G* calculations. For the most stable structureI we found
that even though the Hartree-Fock configuration is still
dominant (CHF ) 0.885), the second configuration (1ag

21b1u
2-

1b2u
22ag

21b3g
21b3u

23ag
22b1u

02b2u
21b2g

14ag
2) contributes substan-

tially to the CASSCF wave function (C14 ) 0.360, where the
coefficient Ci represents the contribution of theith excited
configuration). We also optimized the geometry for the structure
originated from the B6 pentagonal pyramidal structureC5V (1A1)
by occupying the HOMO with a single electron and allowing
it to relax to a local minimum structureV, which was found to
be 22.7 kcal/mol higher in energy (B3LYP/6-311+G*). Thus,
we are confident of the global minimum structure identified
for B6

-. In Table 2, we listed the total energies, structural
parameters, and vibrational frequencies of the global minimum
structure of B6- at B3LYP and CASSCF.

For the neutral B6 we found that a triplet planar structure
XIII (C2h, 3Au) with an electronic configuration, 1ag

21bu
22ag

2-
2bu

23ag
21au

23bu
24ag

24bu
11bg

1, as the most stable at the B3LYP/
6-311+G* level of theory (Figure 3). The tripletXIV (D2h, 3B3u)
structure was found to be a first-order saddle-point with the
imaginary-frequency mode leading toward structureXIII . A
singlet structureXVIII (D2h, 1A1g) (Table 2) had two imaginary
frequencies and upon geometry optimization without symmetry
restrictions it yielded thetrans-structureXVI (C2, 1A) or the
cis-structureXIX (C2V, 1A1). The planar structureXVII (C2h,
1Ag) was found to be a transition state between twoXVI
structures. Among other low-lying structures, the pentagonal
pyramidal structureXV (C5V, 1A1), is only 1.2 kcal/mol higher
in energy at the B3LYP/6-311+G* level of theory. Again, we
ran CASSCF(8,8)/6-311+G* calculations in order to test the
validity of the one-electron approximation. Surprisingly, we
found at this level of theory that the high-symmetry triplet
structureXIV (D2h, 3B3u) and the structureXVII (C2h, 1Ag) are
both local minima contrary to the B3LYP/6-311+G* results.
At this point we are not able to prove definitely the presence of
the deviation from theD2h andC2h, symmetry, respectively, for
the B6 neutral cluster, but we will use the B3LYP/6-311+G*
results in our discussion. The Hartree-Fock configurations are
still dominant for structureXVII (CHF ) 0.848), with a
substantial contribution from a second configuration (C14 )
0.408), and for structureXIV (CHF ) 0.913) at the CASSCF-
(8,8)/6-311+G* level of theory. The total energies of the lowest
B6 structures were calculated at our highest CCSD(T)/6-311+G-
(2df) level of theory using the B3LYP/6-311+G* geometries.

TABLE 1: Observed Adiabatic (ADE) and Vertical (VDE)
Detachment Energies of B6- and Vibrational Frequencies
Observed in the Detachment Transitionsa

observed
feature ADE (eV) VDE (eV)

vibrational
frequency

(cm-1)

X 3.01 (0.04) 3.01 (0.04) 510 (40)
A 3.17 (0.04) 3.17 (0.04) 530 (40)
B 3.55 (0.05)
C 4.13 (0.06) 4.35 (0.05)
D 4.95 (0.03) 5.04 (0.03) 720 (30)

a The values in the parentheses represent the experimental uncer-
tainty.

TABLE 2: Calculated Molecular Properties of the D2h Structure I of B 6
- (Figure 2) and Structure XVIII of B 6 (Figure 3)

B6
-, D2h, 2B2g B3LYP/6-311+G* CASSCF(9,8)/6-311+G* B6, D2h, 1Ag B3LYP/6-311+G* CASSCF(9,8)/6-311+G*

Etot, au -148.926468 -147.92236 Etot, au -148.81388 -147.86077
R(B1-B3,4), Å 1.539 1.557 R(B1-B3,4), Å 1.566 1.592
R(B3-B4), Å 1.807 1.805 R(B3-B4), Å 1.861 1.855
R(B3-B6), Å 1.615 1.611 R(B3-B6), Å 1.578 1.570
ω1(ag), cm-1 1343 1346 ω1(ag), cm-1 1354 1335
ω2(ag), cm-1 816 843 ω2(ag), cm-1 818 837
ω3(ag), cm-1 626 691 ω3(ag), cm-1 577 642
ω4(au), cm-1 298 341 ω4(au), cm-1 13i 202
ω5(b2g), cm-1 396 455 ω5(b2g), cm-1 459 454
ω6(b3g), cm-1 1074 1007 ω6(b3g), cm-1 1068 1319
ω7(b3g), cm-1 229 191 ω7(b3g), cm-1 234 201
ω8(b1u), cm-1 1165 1174 ω8(b1u), cm-1 1057 1198
ω9(b1u), cm-1 676 720 ω9(b1u), cm-1 601 644
ω10(b2u), cm-1 1333 1414 ω10(b2u), cm-1 1398 1367
ω11(b2u), cm-1 659 707 ω11(b2u), cm-1 676 676
ω9(b3u), cm-1 206 250 ω9(b3u), cm-1 76i 171
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We found a different order of the four lowest structures. At
this level of theory we found that the pentagonal pyramidalXV
structure is the most stable, followed by the planar tripletXIII
structure (7.2 kcal/mol), and then the two singletXVI (8.2 kcal/
mol) andXIX (9.7 kcal/mol) structures. Total energies, detailed
structural parameters, and vibrational frequencies at B3LYP for
several isomers of B6 are given in Table 3.

We also performed a search for the global minimum structure
of B6

2-. This dianion is not expected to be stable against
autodetachment, but it should have a local minimum as a
metastable species.85,86Results of our calculations are presented

in Figure 4. The structureXXV (D2h, 1Ag) with the configura-
tion, 1ag21b1u

21b2u
22ag

21b3g
21b3u

23ag
22b1u

2 2b2u
21b2g

2, was found
to be the most stable, consistent with previous results.87 But
this is in contrast to Al62-, which was found to be an octahedral
global minimum.88 A similar octahedral structure (XXXVI ) for
B6

2- lies significantly higher in energy.

6. Interpretation of the Photoelectron Spectra and
Comparison with Theory

Due to the open shell nature of the B6
- ground state,

photodetachment will yield a set of triplet and singlet final states

Figure 2. Optimized structures of B6- at the B3LYP/6-311+G* level of theory.
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when removing electrons from doubly occupied MOs of the
anion. As mentioned in section III, EOM-RCCSD(T) method
had to be used to calculate VDEs for the singlet excited states.
In addition, we also found appreciable multi-configurational
character of the wave function. Therefore, we will rely primarily
on the RCCSD(T)/6-311+G(2df) and RCCSD(T)-EOM/6-
311+G(2df) calculations rather than the UOVGF/6-311+G(2df)
data (Table 4), when comparing with the experimental results.

6.1. The X and A Bands.The photoelectron spectra of B6
-

showed an intense threshold transition (X), followed by a closely

spaced band A. This pattern indicates that the neutral ground-
state involved in the detachment transition must also be open
shell. If the neutral ground state were closed shell, a weak
threshold peak would be expected, followed by a HOMO-
LUMO gap and a stronger band. Therefore, the neutral B6 must
have a triplet ground state with a closely spaced singlet state,
as revealed by the relatively small separation between the X
and A bands (0.16 eV). This experimental observation is directly
borne out by our theoretical calculations. Although theC5V
structure (XV , Figure 3) is a low-lying minimum for neutral

Figure 3. Optimized structures of B6 at the B3LYP/6-311+G* level of theory.
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B6, the closely related anion (V, Figure 2) is much higher in
energy and would not be observed in the experiment.

The lowest VDE was calculated to be 2.86 eV by detaching
a 2b2u electron (HOMO-1, Figure 5) to produce the triplet final
state3B3u at the RCCSD(T)/6-311+G(2df) level of theory (Table
4). At the B3LYP/6-311+G* level of theory, the structureXIV
(D2h, 3B3u) was found to be a first-order saddle point and relaxes

in the local minimumXIII (C2h, 3Au). The observed vibrational
frequency (510 cm-1) is attributed to the elongation of the B-B
distances (B5-B6 and B3-B4 in structure I) upon detachment
according to the 2b2u orbital. There are five totally symmetric
vibrational modes for theC2h B6 (Table 3). The calculated
vibrational frequency forω4 (517 cm-1) is in good agreement
with the observed vibrational spacing.

Figure 4. Optimized structures of B62- at the B3LYP/6-311+G* level of theory.
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The next detachment channel is from the 1b2g-HOMO of B6
-

(Figure 5) with a calculated VDE of 2.90 eV at the RCCSD-
(T)/6-311+G(2df) level of theory and 3.05 eV at the UOVGF/
6-311+G(2df) level of theory (Table 4). The RCCSD(T)/6-
311+G(2df) VDE is in a good agreement with the measured
VDE of 3.01 eV for the A feature. The final state of this
detachment channel should correspond to structureXVI , relaxed
from structureXVIII (Figure 3). The observed vibrational
frequency (530 cm-1) is in good agreement with that ofω4(a)
(556 cm-1) of the structureXVI (Table 3). Overall, the RCCSD-
(T)/6-311+G(2df) results appeared to give the right ordering
for the X and A bands. The observed discrepancies were not
unexpected considering the complexity of the system.

6.2. The B Band.As mentioned above, photodetachment
from each doubly occupied MO of B6- will yield both a triplet
and a singlet final state; the splittings can be large, as expected
from the strong electron correlation effects. VDEs for transitions
to four low-lying excited singlet final states were calculated at
the EOM-RCCSD/6-311+G(2df) level of theory and were given
in Table 4. The VDE to the lowest-lying excited singlet final
state (1B3u), due to detachment of the spin-up electron from the
2b2u orbital of B6

-, was calculated to be 3.30 eV, which was in
good agreement with that of feature B (VDE: 3.55 eV).
Therefore, feature B is assigned straightforwardly to the1B3u

final state. We note that the intensity of feature B is much lower
than that of feature X, as expected for a transition to a singlet
final state relative to a triplet final state. The calculated triplet-
singlet splitting of∼0.44 eV is in excellent agreement with the
experimental value (0.54 eV), as measured from the VDE
difference of bands X and B (Table 1).

6.3. The C Band.The band C is very broad with discernible
signals from∼4.1 to 4.8 eV, which may contain multiple
detachment transitions. The next detachment channel according

to the RCCSD(T)/6-311+G(2df) calculation is the removal of
an electron from the 2b1u MO (Figure 5) with a VDE of
4.06 eV. A large discrepancy in the VDE was observed for this
detachment channel between UOVGF and RCCSD(T), owing
to the multi-configurational nature of this transition. Hence, the
VDE of 4.06 eV from RCCSD(T)/6-311+G(2df) is more
reliable, and it is close to the VDE of band C, which should
have a major contribution from this transition. The VDE of the
accompanying transition to the singlet final state1Au was
calculated to be 4.58 eV at RCCSD(T)-EOM/6-311+G(2df)
(Table 4). This gives a triplet-singlet splitting of 0.52 eV, very
similar to the triplet-singlet splitting calculated from detachment
of the 2b2u MO. We suspect that the1Au channel was also
contained in the broad C band.

The next major detachment channel is from the 3ag orbital.
The calculated VDEs for the triplet and singlet final states are
4.26 and 4.75 eV (Table 4) at the RCCSD(T)/6-311+G(2df)
and RCCSD(T)-EOM/6-311+G(2df) levels of theory, respec-
tively. These VDEs were within the width of the C band. Thus
detachment from the 3ag MO should also contribute to the C
band.

6.4. The D Band.The D band was most interesting and a
simple vibrational progression was observed unexpectedly with
a rather large spacing, suggesting that a high frequency totally
symmetric mode was active in the detachment process. The next
detachment channel to a triplet final state (3B1u) at a calculated
VDE of 4.75 eV (Table 4) was in reasonable agreement with
the experimental VDE of 5.04 eV. This channel involved
photodetachment from the 1b3u-HOMO-4, which is a delocalized
π orbital. It is expected that detachment from this MO would
activate the totally symmetric breathing mode with a high
frequency, in excellent agreement with the observed simple
vibrational progression and the relatively large vibrational

TABLE 3: Calculated Molecular Properties of the Structures XIII, XV, and XVI (Figure 3) of B 6

B6, C2h, 3Au B3LYP/6-311+G* B6, C5V, 1A1 B3LYP/6-311+G* B6, C2, 1A B3LYP/6-311+G*

Etot, a. u. -148.82943 Etot, a. u. -148.82749 Etot, au -148.81492
R(B1-B3), Å 1.516 R(B1-B2), Å 1.659 R(B1-B3), Å 1.571
R(B3-B4), Å 1.845 R(B2-B3), Å 1.610 R(B1-B4), Å 1.548
R(B4-B6), Å 2.012 R(B2-B4), Å 2.604 R(B3-B4), Å 1.826
R(B3-B6), Å 1.583 ∠(B2-B1-B4) 103.4 R(B3-B6), Å 1.580
R(B1-B4), Å 1.579 ∠(B2-B1-B3) 58.0 ∠(B1-B4-B5-B2) 35.9
ω1(ag), cm-1 1390 ω1(a1), cm-1 1047 ω1(a), cm-1 1292
ω2(ag), cm-1 1081 ω1(a1), cm-1 649 ω2(a), cm-1 1072
ω3(ag), cm-1 807 ω1(e1), cm-1 1079 ω3(a), cm-1 838
ω4(ag), cm-1 517 ω1(e1), cm-1 1079 ω4(a), cm-1 556
ω5(ag), cm-1 264 ω1(e1), cm-1 814 ω5(a), cm-1 316
ω6(bg), cm-1 321 ω1(e1), cm-1 814 ω6(a), cm-1 203
ω7(bu), cm-1 1329 ω1(e2), cm-1 1112 ω7(a), cm-1 171
ω8(bu), cm-1 661 ω1(e2), cm-1 1112 ω8(b), cm-1 1349
ω9(bu), cm-1 516 ω1(e2), cm-1 591 ω9(b), cm-1 1098
ω10(au), cm-1 332 ω1(e2), cm-1 591 ω10(b), cm-1 708
ω11(au), cm-1 238 ω1(e2), cm-1 336 ω11(b), cm-1 567

ω1(e2), cm-1 336 ω12(b), cm-1 411

TABLE 4: Theoretical Vertical Detachment Energies (VDE) in eV for B6
-

VDE (theor.)

final state UOVGF/6-311+G(2df)a RCCSD(T)/6-311+G(2df) EOM-RCCSD(T)/6-311+G(2df)
3B3u (1b3u

23ag
22b1u

22b2u
11b2g

1 3.19 (0.86) 2.86
1Ag (1b3u

23ag
22b1u

22b2u
21b2g

0) 3.05 (0.89) 2.90
1B3u (1b3u

23ag
22b1u

22b2u
11b2g

1) 3.30
3Au (1b3u

23ag
22b1u

12b2u
21b2g

1) 4.90 (0.81) 4.06
1Au (1b3u

23ag
22b1u

12b2u
21b2g

1) 4.58
3B2g (1b3u

23ag
12b1u

22b2u
21b2g

1) 4.45 (0.89) 4.26
1B2g(1b3u

23ag
12b1u

22b2u
21b2g

1) 4.75
3B1u (1b3u

13ag
22b1u

22b2u
21b2g

1) 4.68 (0.90) 4.75
1B1u (1b3u

13ag
22b1u

22b2u
21b2g

1) 5.82

a The values in the parentheses indicate the pole strength, which characterizes the validity of the one-electron detachment picture in UOVGF.
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spacing. The singlet final state for this detachment channel was
calculated to have a VDE of 5.82 eV, which should contribute

to the broad signals observed beyond 5 eV in the 193 nm
spectrum (Figure 1c).

Figure 5. Molecular structure and molecular orbitals of B3
- and B6

-.
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Overall the agreement between the theoretical results at the
RCCSD(T)/6-311+G(2df) and RCCSD(T)-EOM/6-311+G(2df)
levels of theory and the experimental data is reasonable, con-
firming the planarD2h structure as the global minimum for B6

-.

7. Chemical Bonding in B6
- and B6 and Antiaromaticity

The elongated shape of theD2h B6
- ground state (structure

I ) can be understood in terms of the interaction of two B3
-

groups.89 The HOMO (2a1′) of B3
- is aσ bonding orbital formed

from the in-plane 2p atomic orbitals, as shown in Figure 5. Its
HOMO-1 (1a2") is a π bonding orbital formed from the out-
of-plane 2p orbitals. The next three MOs of B3

- are antibonding/
nonbonding (1e′) and bonding (1a1′) orbitals formed primarily
from the filled 2s valence orbitals with rather small 2p
contributions. The LUMO in B3- is a degenerate pair ofσ* MOs
(2e′). When all MOs composed of the same atomic orbitals are
occupied, the net bonding effect is expected to be close to zero,
as is the case for the 1e′ and 1a1′ MOs in B3

-, which has only
one pair each ofσ- andπ-bonding electrons.

The MOs of B6
- can be interpreted as combinations of two

B3
- fragments, with subsequent detachment of an electron from

the HOMO of B6
2- (Figure 5). B6

2- is seen to be a 4π system,
with bonding arising from fourσ- and fourπ-electrons. It is
antiaromatic,87 as discussed below. B6

- is thus a 3π system
similar in geometric structure to B62-. How far does it retain
the antiaromaticity of the dianionic species?

Open-shell, and in particular, odd-electron species have
received little attention in the aromaticity literature,90-93 and
the CHF CTCD-DZ theory used extensively to map ring currents
for closed-shell systems94 has not yet been implemented for open
shells. However, the ipsocentric method in the closed-shell case
leads to a decomposition of induced current density into additive
orbital contributions that are free of occupied-to-occupied
mixing.81 This fact, combined with the specific symmetries of
the occupied orbitals in the present case, allows deduction of
the ring-current pattern for B6- in the approximation that spin
and orbital magnetism effects are completely uncoupled.

The electronic configurations of the neutral, monoanion, and
dianion of B6, assuming a frozen geometry appropriate to the
singly charged species, differ only in the occupation of theπ
orbital of b2g symmetry (Figure 5), which is the HOMO of both
B6

- and B6
2- at this geometry. Computed current-density maps

for the two closed-shell species are shown in Figure 6. In each
case, the total (σ+π), σ-only, and π-only contributions are
plotted at a height of 1 bohr above the molecular plane. In the
dianion, the total current is a superposition of a paramagnetic
π ring current confined to the inner square of B atoms, and a
set of σ paramagnetic vortices localized on the B centers. In
the neutral species, the 1b2g orbital is empty, and the HOMOπ
current is absent. The total map for B6 is now essentially
identical with itsσ-only map, and is little changed from the
σ-only map for the dianion. A small diamagneticπ current is
also contributed in the neutral by the two remainingπ electrons,
which occupy the low-lying 1b3u orbital.

These observations have a ready interpretation in the ipso-
centric model, in terms of the orbital contributions. For a planar
system subjected to a perpendicular magnetic field the induced
current density can be partitioned rigorously into a sum over
orbital excitations,81 each of which corresponds either to an in-
plane translational transition (producing a diamagnetic current)
or to an in-plane rotational transition (producing a paramagnetic
current). Both types of transition preserveσ-π separation.

The largeπ current in the dianion arises from the rotationally
allowed (and therefore paratropic) transitions between the

occupied 1b2g HOMO and the empty 1b1g orbital that would
form the other half of aΛ ) 1 pair in the ideal six-membered
ring.87 Theσ currents result from a combination of contributions
from HOMO-1 and lower-lying orbitals, and originate from
transitions to virtual orbitals that are related by local rota-
tions.87,95,96Likewise, in neutral B6, the loss of the HOMOπ
pair removes the main contribution to theπ current, leaving
the σ current essentially undisturbed, but opening up the new
translationally allowedπ f π* channel from which the weak
diamagnetic current arises.

In open-shell systems, the allowed translational and rotational
transitions describing the first-order response of the orbital
current density to the external field are between spin-orbitals
with the same component of spin. The ipsocentric model for
the monoanion therefore predicts that this species will have
essentially the sameσ current as in B6 and B6

2-, plus a
significant HOMOπ current of the same kind as in B6

2-, but
with reduction in intensity as only 1π electron is now
participating, plus a small diamagnetic b3u π current as in B6,
again reduced as only one ‘hole′ is available in the b2g SOMO.
Hence, B6- is predicted to have a paramagnetic ring current
dominated by its least-boundπ electron, and therefore to be
antiaromatic on the magnetic criterion.

It may be mentioned that calculations of the same kind on
B3

-, the formal precursor of B6-, show that this twoπ-electron
system supports a diamagnetic ring current, but these calcula-
tions also show that the current is dominated by the strong in-
plane σ contribution of the four electrons of the HOMO-2
orbitals, and has only a weak contribution from the twoπ
electrons of the HOMO. Hence B3

- is aromatic on the magnetic
criterion,97 but, like Al42-,98 is moreσ- rather thanπ-aromatic.

Figure 6. Computed current-density maps at 1 a0 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 the plotting plane. (a) All-
electron (σ+π) current density, (b) totalπ current density, and (c) total
σ current density.
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The concept of aromaticity in deltahedral boranes was already
advanced by Aihara99 and by King and Rouvray100and reviewed
recently by King.101 In the current work we have explored the
aromaticity/antiaromaticity concept in pure boron clusters. It
may be hoped that the aromaticity concept will be as useful in
inorganic chemistry as it is in organic chemistry.

8. Conclusions

The electronic structure and chemical bonding of B6
- and

B6 were investigated using anion photoelectron spectroscopy
and ab initio calculations. Vibrationally resolved photoelectron
spectra were obtained for B6

- and were compared to theoretical
calculations performed at various levels of theory. Extensive
searches were carried out for the global minimum of B6

-, which
was found to be a planarD2h structure with a doublet ground
state (2A2g). Good agreement was observed between ab initio
detachment energies and the experimental spectra, establishing
that the ground-state structure of B6

- is planar, in contrast to
the 3D structure found for the isoelectronic Al6

- species. The
chemical bonding in B6- can be interpreted in terms of
combinations of two B3- fragments. The antiaromatic nature
of B6

- is established by orbital analysis of ring current effects
in the series B6, B6

-, and B6
2- at theD2h equilibrium geometry

of the monoanion.
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