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We performed a joint photoelectron spectroscopy and ab initio study of two carbon-doped boron
clusters, CB9

− and C2B8
−. Unbiased computational searches revealed similar global minimum struc-

tures for both clusters. The comparison of the experimentally observed and theoretically calculated
vertical detachment energies revealed that only the global minimum structure is responsible for the
experimental spectra of CB9

−, whereas the two lowest-lying isomers of C2B8
− contribute to the

experimental spectra. The planar “distorted wheel” type structures with a single inner boron atom
found for CB9

− and C2B8
− are different from the quasi-planar structure of B10

−, which consists of
two inner atoms and eight peripheral boron atoms. The adaptive natural density partitioning chemical
bonding analysis revealed that CB9

− and C2B8 clusters exhibit π aromaticity and σ antiaromaticity,
which is consistent with their planar distorted structures. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4770231]

I. INTRODUCTION

Experimental and theoretical studies over the last decade
showed that anionic boron clusters are planar or quasi-planar
at least up to B23

−.1–14 Neutral boron clusters have been re-
ported to have planar structures up to B20,15–17 except for B14,
for which a three-dimensional global minimum structure was
proposed.18 Boron cationic clusters are planar up to B16

+.19

The exceptional stability of the icosahedral B12 cage found
in bulk boron allotropes and boranes led to suggestions in
early experimental studies that 3D cage structures might occur
for small boron clusters.20–22 However, subsequent computa-
tional studies showed that icosahedral cage structures for B12

and B13 were unstable.23–30

Chemical bonding analyses revealed that the concepts
of aromaticity, multiple aromaticity/antiaromaticity, and con-
flicting aromaticity could nicely explain the geometries and
stabilities of these quasi-planar boron clusters.1–13, 31–34 The
following chemical bonding model was developed for planar
boron clusters: all peripheral boron atoms are bonded to their
neighbors by two-center two-electron (2c–2e) σ bonds, while
the central atoms are bonded via delocalized multi-center σ

and π bonds with the peripheral atoms. If the number of de-
localized σ or π electrons satisfies the 4n+2 Hückel rule, the
cluster exhibits σ or π aromaticity. The planarity, stability,
and high symmetry of some of the boron clusters suggested
that they may serve as ligands or building blocks.13 A pla-
nar cyclic B6 building block has recently been observed in a
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tertiary boride compound, Ti7Rh4Ir2B8, showing that planar
boron clusters can indeed exist in solid compounds.35

Doping boron clusters with other elements widens the
range of potential ligands and building blocks. The CB6

2−,
CB7

−, and CB8 clusters have been suggested theoretically to
be hexa-, hepta-, and octacoordinated planar carbon species,
respectively, though they are only local minima, not global
minima.36–38 In joint experimental and theoretical investiga-
tions, we have shown that the wheel-type structures are indeed
global minima for the CB6

2−, CB7
−, and CB8 clusters,39–41

but carbon avoids hypercoordination in these species and oc-
cupies a peripheral position instead. Theoretical investiga-
tions on planar tetra-, penta-, hexa-, hepta-, and octacoordi-
nated structures of boron-carbon mixed clusters showed that
boron-centered isomers are generally more stable than the
ones with carbon in the center.42 Carbon being more elec-
tronegative than boron prefers localized bonding, which is
only possible on the periphery of the cluster, and avoids the
central position since the central atoms participate only in de-
localized bonding. We have also studied a series of AlBx

−

clusters and found that the Al atom also avoids hypercoordi-
nation in the anionic clusters.43–45 A variety of elements have
been tested computationally for the central position in high
symmetry wheel-type structures.38, 46–52 In recent joint experi-
mental and theoretical works, we discovered a series of transi-
tion metal-centered boron wheels.53–56 In particular, we have
shown55 that Ta in Ta c©B10

− and Nb in Nb c©B10
− have the

highest coordination number for an atom in two-dimensional
environment.57 All of these wheel-type clusters belong to a
new class of aromatic borometallic compounds and may be
viable for condensed phase synthesis.

0021-9606/2012/137(23)/234306/7/$30.00 © 2012 American Institute of Physics137, 234306-1
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FIG. 1. Global minima structures of B10
− (Ref. 14), CB9

−, and C2B8
−.

A few systematic studies of the influence of elemen-
tal substitution in clusters on their geometries and elec-
tronic properties have been reported. For the CxB5−x

− series,
a planar-to-linear structural transition was observed:58 the
global minimum structures of the boron-rich clusters CB4

−

and C2B3
−, are planar, similar to B5

−, and those of the
carbon-rich clusters, C3B2

− and C4B−, are linear, similar to
C5

−. A wheel-to-ring structural transition was reported59 for
the CxB8−x

− series between x = 2 and 3. In the BnAl6−n
2−

and LiBnAl6−n
− cluster series, 3D to 2D transitions in both

series occur between n = 2 and 3.60 Computational studies of
the CxHxP6−x (x = 0–6)61 and CxHxP4−x (x = 0–4)62 series
showed that the global minima become planar at x = 4 and x
= 3, respectively. A 3D to 2D transition in the Si6−nCnH6 (n
= 0−6) series occurs between n = 4 and 5.63 Finally, a 3D to
linear transition in the Si6−nCn series was observed between
n = 3 and 4 in a joint experimental and theoretical study.64

In the current work, we report a joint photoelectron spec-
troscopic and ab initio study of the CB9

− and C2B8
− clusters.

It was previously found that B10
− has a quasi-planar structure

(Figure 1), which could be described as an eight-membered
outer ring enclosing two inner atoms.14 Substitution of one
and two boron atoms in the B10

− cluster by carbon results
in planar global minima in CB9

− and C2B8
−, as presented in

Figure 1. The carbon atoms not only occupy peripheral posi-
tions, as expected, but they also induce significant structural
changes to the boron networks: one of the inner boron atoms
is pushed to a peripheral position, resulting in the “distorted
wheel” structures.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experimental method

The experiment was performed using a magnetic-bottle
PES apparatus equipped with a laser vaporization cluster
source, details of which have been published in Ref. 65.
Briefly, the CB9

− and C2B8
− clusters were produced by laser

vaporization of composite targets made with isotopically en-
riched 10B containing about 0.1% C. Clusters formed in the
source were entrained by a helium carrier and underwent a
supersonic expansion to produce a cold cluster beam. Nega-
tively charged clusters were extracted from the cluster beam
and analyzed using a time-of-flight mass spectrometer. The
CB9

− and C2B8
− clusters of interest were mass selected and

decelerated before being intercepted by a 193 nm (6.424 eV)

laser beam from an ArF excimer laser or 355 nm (3.496 eV)
and 266 nm (4.661 eV) from a Nd:YAG laser for photodetach-
ment. Photoelectron time-of-flight spectra were measured and
calibrated using the known spectra of Bi− at 193, 266, and 355
nm and converted to the binding energy spectra by subtract-
ing the kinetic energy spectra from the corresponding photon
energies. The energy resolution of the magnetic-bottle PES
spectrometer is �E/E ≈ 2.5%, i.e., about 25 meV for 1 eV
electrons.

B. Computational methods

We first performed global minimum searches for CB9
−

and C2B8
− using the Coalescence Kick (CK) program.10, 66

Low energy structures within 50 kcal/mol of the global min-
imum structure at the PBE0/6-31G level67–69 were reopti-
mized with follow-up frequency calculations at the PBE0/6-
311+G(d) level70 of theory (see Figs. S1 and S2).71 Sin-
gle point coupled cluster including single, double and
non-iterative triple excitations (CCSD(T)),72–74 CCSD(T)/6-
311+G(2df), calculations were performed for the 10 lowest
energy isomers of both clusters. Vertical detachment energies
(VDEs) were calculated at the time dependent density func-
tional theory (TD-DFT),75, 76 TD-PBE0/6-311+G(d), outer-
valence Green’s Function method (OVGF),77–80 OVGF/6-
311+G(2df), and CCSD(T)/6-311+G(2df), all at the PBE0/6-
311+G(d) geometries. At the TD-DFT, the first VDEs for
CB9

− and C2B8
− were calculated as the lowest transitions

from the anions into the final lowest state of the neutral
species at the geometry optimized for the anions. Then, the
vertical excitation energies of the neutral species calculated at
the anion geometry were added to the first VDE to obtain the
second and higher VDEs. The OVGF/6-311+G(2df) energies
are presented only for CB9

−, since high spin contamination
was observed for C2B8

−. Chemical bonding analysis was per-
formed using the adaptive natural density partitioning method
(AdNDP)81 at PBE0/6-31G.

All calculations were performed using the
GAUSSIAN0982 and MOLPRO83 software packages,
Molekel 5.4.0.884 and Chemcraft85 programs were used for
visualizations.

III. EXPERIMENTAL RESULTS

The photoelectron spectra of CB9
− and C2B8

− at differ-
ent photon energies are shown in Figs. 1 and 2, respectively.
The PES bands are labeled with letters (X, A, B, . . . ) and the
measured VDEs are given in Tables I and II, where they are
also compared with computational results. In each spectrum,
the X band represents the transition from the anionic ground
state to the neutral ground state. The A, B, . . . bands denote
transitions to the excited states of the neutrals.

A. Photoelectron spectra of CB9
−

The 266 nm spectrum of CB9
− (Fig. 2(a)) shows a vibra-

tionally resolved ground state band with a VDE of 3.61 eV.
The inset of Fig. 2(a) displays more clearly the vibrational
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FIG. 2. Photoelectron spectra of CB9
− at (a) 266 nm (4.661 eV) and (b) 193

nm (6.424 eV). The inset in (a) shows the resolved vibrational structures in
band X.

progression with an average spacing of 340 ± 50 cm−1. The
adiabatic detachment energy (ADE) or the electron affinity
of the corresponding neutral CB9 is defined by the 0-0 vibra-
tional peak, which is 3.61 ± 0.03 eV, the same as the VDE.
Following an energy gap of ∼0.8 eV, a relatively broad band
A is observed with a VDE of 4.49 eV. Two more bands are
observed in the 193 nm spectrum with VDEs of 4.88 eV for
band B and 5.74 eV for band C. There is discernible signal be-
yond 6 eV and a band D with a VDE of ∼6.2 eV is tentatively
identified.

The weak feature labeled as “*” in the low binding energy
range comes from the B10

− cluster, which has a first VDE of
3.06 eV.14 The mass of B10

− is very close to that of CB9
−

and its intensity was very high in the mass spectrum, making
it difficult to be completely eliminated when the CB9

− mass
peak was selected during the PES experiment. In fact, con-
tributions from the B10

− contamination can be identified in
other parts of the CB9

− spectra, namely, around 3.8 eV and
between 5 and 5.6 eV by comparing with the previously re-
ported PES spectra of B10

−.14

B. Photoelectron spectra of C2B8
−

The 355 nm spectrum (Fig. 3(a)) displays two relatively
sharp and vibrationally resolved bands. The band labeled as
X′ has the same ADE and VDE of 2.39 ± 0.03 eV. The sharp
onset of band X′ suggests a minimal geometry change upon
photodetachment. Two vibrational progressions are observed
in band X′ with frequencies of 390 ± 50 cm−1 and 1330 ±
50 cm−1. The band labeled as X has an ADE and VDE of
2.67 ± 0.03 eV. There are also two vibrational progressions
associated with band X with frequencies of 510 ± 50 cm−1

and 1480 ± 50 cm−1. As will be shown later, the X′ and X
bands come from two different isomers with close energies.

The 266 nm spectrum (Fig. 3(b)) shows two sharp bands
(A′, A) at 4.05 eV and 4.14 eV and one broad band B at 4.52
eV. The 193 nm spectrum (Fig. 3(c)) has poor signal-to-noise
ratio and three bands (C, D, and E) are tentatively identified
with VDEs of 4.92 eV, 5.30 eV, and 5.58 eV, respectively.
The weak peak labeled with “*” around 3.6 eV is likely due
to contributions from CB9

−, because these two clusters also
have very close masses.

IV. THEORETICAL RESULTS

A. CB9
−

The lowest energy isomers (�E < 50 kcal/mol) re-
vealed by the unbiased global minimum search at PBE0/6-
31G were reoptimized with frequency calculations at the
PBE0/6-311+G(d) level of theory (Fig. S1).71 Single point
CCSD(T)/6-311+G(2df) calculations were performed for the
10 lowest in energy isomers of CB9

−, as shown in Fig. 4.
All these structures are planar or quasi-planar and mostly are
permutational isomers of either the global minimum structure
or the structure analogous to the global minimum of B10

−.14

The lowest energy isomer I.1 is a distorted wheel-type struc-
ture with the carbon atom occupying a peripheral position.
The isomers I.3, I.5, I.9, and I.10 are isostructural with the
global minimum structure of B10

− (Fig. 1), but are apprecia-
bly higher in energy. The structure I.9, which has a carbon
atom in the central position, is 22.5 kcal/mol higher in energy
than the global minimum. The preference for the peripheral

TABLE I. Observed VDEs of I.1 CB9
− compared with the theoretically calculated values for the lowest isomer of CB9

−. All energies are in eV.

VDE (theoretical)

Observed features VDE (exp)a Final state and electronic configuration TD-PBE0b ROVGFc CCSD(T)d

I.1 CB9
− (C2v , 1A1)

X 3.61 (3) 2A2 . . . 6a1
(2) 1b1

(2) 7a1
(2) 2b1

(2) 5b2
(2) 8a1

(2) 1a2
(1) 3.53 3.54 (0.88) 3.62

A 4.49 (3) 2A1 . . . 6a1
(2) 1b1

(2) 7a1
(2) 2b1

(2) 5b2
(2) 8a1

(1) 1a2
(2) 4.64 4.49 (0.88) 4.57

B 4.88 (4) 2B2 . . . 6a1
(2) 1b1

(2) 7a1
(2) 2b1

(2) 5b2
(1) 8a1

(2) 1a2
(2) 4.88 4.88 (0.88) 4.93

C 5.74 (4) 2B1 . . . 6a1
(2) 1b1

(2) 7a1
(2) 2b1

(1) 5b2
(2) 8a1

(2) 1a2
(2) 5.67 5.73 (0.87) 5.74

D 6.2 (1) 2A1 . . . 6a1
(2) 1b1

(2) 7a1
(1) 2b1

(2) 5b2
(2) 8a1

(2) 1a2
(2) 5.96 6.05 (0.84)

aNumbers in parentheses represent the uncertainty in the last digit.
bVDEs were calculated at TD-PBE0/6-311+G(2df)//PBE0/6-311+G(d).
cVDEs were calculated at ROVGF/6-311+G(2df)//PBE0/6-311+G(d). Values in parentheses represent the pole strength of the OVGF calculation.
dVDEs were calculated at CCSD(T)/6-311+G(2df)//PBE0/6-311+G(d).
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TABLE II. Observed VDEs of C2B8
− compared with the calculated values for the two lowest energy isomers of C2B8

−. All energies are in eV.

VDE (theoretical)b

Observed features VDE (exp)a Final state and electronic configuration TD-PBE0c CCSD(T)d

II.1 C2B8
− (Cs, 2A′′)

X 2.67 (3) 1A′ . . . 10a′(2) 11a′(2) 12a′(2) 2a′′ (2) 13a′(2) 3a′′ (2) 4a′′(0) 2.78 2.66
A 4.14 (3) 3A′ . . . 10a′(2) 11a′(2) 12a′(2) 2a′′ (2) 13a′(2) 3a′′ (1) 4a′′(1) 4.12 4.21
B 4.52 (3) 3A′′ . . . 10a′(2) 11a′(2) 12a′(2) 2a′′ (2) 13a′(1) 3a′′ (2) 4a′′(1) 4.52 4.51
C 4.92 (5) 1A′′ . . . 10a′(2) 11a′(2) 12a′(2) 2a′′ (2) 13a′(1) 3a′′ (2) 4a′′(1) 4.89
D 5.30 (5) 1A′′ . . . 10a′(2) 11a′(2) 12a′(2) 2a′′ (2) 13a′(2) 3a′′ (1) 4a′′(1) 5.11

3A′ . . . 10a′(2) 11a′(2) 12a′(2) 2a′′ (1) 13a′(2) 3a′′ (2) 4a′′(1) 5.23
E 5.58 (5) 3A′′ . . . 10a′(2) 11a′(2) 12a′(1) 2a′′ (2) 13a′(2) 3a′′ (2) 4a′′(1) 5.58

3A′′ . . . 10a′(2) 11a′(1) 12a′(2) 2a′′(2) 13a′(2) 3a′′ (2) 4a′′(1) 5.83
II.2 C2B8

− (Cs, 2A′′)
X′ 2.39 (3) 1A′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(2) 13a′(2) 3a′′(2) 4a′′(0) 2.49 2.38
A′ 4.05 (3) 3A′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(2) 13a′(2) 3a′′(1) 4a′′(1) 4.00 4.10

3A′′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(2) 13a′(1) 3a′′(2) 4a′′(1) 4.61 4.57
1A′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(2) 13a′(2) 3a′′(1) 4a′′(1) 4.90
1A′′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(2) 13a′(1) 3a′′(2) 4a′′(1) 4.96
3A′′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(1) 13a′(2) 3a′′(2) 4a′′(1) 5.29
1A′′ . . . 10a′(2) 11a′(2) 2a′′(2) 12a′(1) 13a′(2) 3a′′(2) 4a′′(1) 5.54
3A′′ . . . 10a′(2) 11a′(2) 2a′′(1) 12a′(2) 13a′(2) 3a′′(2) 4a′′(1) 5.63
3A′′ . . . 10a′(2) 11a′(1) 2a′′(2) 12a′(2) 13a′(2) 3a′′(2) 4a′′(1) 6.08

aNumbers in parentheses represent the uncertainty in the last digit.
bOVGF/6-311+G(2df) energies are not reported for C2B8

− due to high spin contamination observed in the calculation.
cVDEs were calculated at TD-PBE0/6-311+G(2df)//PBE0/6-311+G(d).
dVDEs were calculated at CCSD(T)/6-311+G(2df)//PBE0/6-311+G(d).

FIG. 3. Photoelectron spectra of C2B9
− at (a) 355 nm (3.496 eV), (b) 266

nm, and (c) 193 nm. The vertical lines in (a) show the resolved vibrational
structures.

position of the carbon atom is consistent with the previous
findings for the CB6

2−, CB7
−, and CB8 clusters.39–41

B. C2B8
−

The global minimum structure search for C2B8
− at

PBE0/6-31G(d) revealed 35 isomers within �E < 50
kcal/mol. The isomers were reoptimized with frequency
calculations at the PBE0/6-311+G(d) level of theory

FIG. 4. Lowest energy isomers of the CB9
− cluster, their point group

symmetries, spectroscopic states, and ZPE corrected relative energies at
CCSD(T)/6-311+G(2df)//PBE0/6-311+G(d). All energies are in kcal/mol.
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FIG. 5. Lowest energy isomers of the C2B8
− cluster, their point group

symmetries, spectroscopic states, and ZPE corrected relative energies at
CCSD(T)/6-311+G(2df)//PBE0/6-311+G(d). All energies are in kcal/mol.

(Fig. S2).71 Single point CCSD(T)/6-311+G(2df) calcula-
tions were performed for the 10 lowest in energy isomers,
as shown in Fig. 5. The global minimum structure II.1 of
C2B8

− is very similar to the global minimum structure I.1 of
CB9

−. The next 4 isomers (II.2-II.5), as well as the isomers
II.7-II.9, are simply permutational isomers of the global min-
imum structure with the two carbon atoms occupying differ-
ent peripheral positions. Interestingly, all structures with two
neighboring carbon atoms are appreciably higher in energy
(Fig. S2).71

V. INTERPRETATION OF THE PHOTOELECTRON
SPECTRA

A. CB9
−

According to the theoretical calculations, only the low-
est in energy isomer I.1 of CB9

− is expected to contribute
to the experimental photoelectron spectra because the sec-
ond lowest energy isomer is significantly higher in energy
(by 9.9 kcal/mol). The calculated VDEs, at TD-PBE0, OVGF,
and CCSD(T) levels, all with the 6-311+G(2df) basis set
and at the PBE0/6-311+G(d) geometry, are compared with
the experimental features in Table I. The first peak X in the
experimental spectrum of CB9

− (Fig. 2) comes from elec-
tron detachment from the HOMO (1a2) of the global mini-
mum structure I.1, leading to the final doublet state 2A2 (see
Fig. S3 for the valence molecular orbital plots).71 The
three theoretical values for the first VDE, 3.53 eV (TD-
PBE0), 3.54 eV (ROVGF), and 3.62 eV (CCSD(T)) are all
in good agreement with the experimental value of 3.61 ±
0.03 eV. The observed vibrational frequency of 340 cm−1

agrees well with the totally symmetric mode ω1 of the neu-
tral ground state with a calculated frequency of 346 cm−1

(Table S1).71 The band A corresponds to electron detachment
from HOMO-1 (8a1) with the final doublet state 2A1. Again,
all three theoretical VDEs, 4.64, 4.49, and 4.57 eV at TD-

PBE0, ROVGF, and CCSD(T), respectively, are in excellent
agreement with each other and the experimental value of 4.49
± 0.03 eV. Similarly, the bands B, C, and D can be assigned to
electron detachments from HOMO-2 (5b2), HOMO-3 (2b1),
and HOMO-4 (7a1), respectively, resulting in the final 2B2,
2B1, and 2A1 states. The corresponding theoretical VDEs also
agree well with the experimental values (Table I). The over-
all excellent agreement between the experimentally observed
and the theoretically calculated VDEs confirms unequivocally
the predicted global minimum structure I.1 for CB9

−.

B. C2B8
−

According to our calculations, the second lowest energy
isomer of C2B8

− (II.2) is only 1.6 kcal/mol higher than the
global minimum structure II.1, and thus is anticipated to con-
tribute to the experimental spectra. The VDEs calculated for
both isomers are compared with the experimental data in
Table II. The valence canonical molecular orbitals for the
global minimum of C2B8

− are shown in Fig. S3.71 The first
VDE of C2B8

− II.1 corresponds to the detachment from the
singly occupied HOMO (4a′′) to produce the ground state
neutral C2B8 (1A′). The VDE is calculated to be 2.78 eV
(TD-PBE0) and 2.66 eV (CCSD(T)), which agree well with
band X at 2.67 ± 0.03 eV. The observed vibrational struc-
tures with frequencies of 510 and 1480 cm−1 can be assigned
to the ω4 mode (553 cm−1) and the ω14 mode (1465 cm−1)
and/or the ω15 mode (1483 cm−1), respectively, as given in
Table S2.71 The next detachment channel from the doubly oc-
cupied HOMO-1 (3a′′) yields a 3A′ final state with a VDE
of 4.12 eV (TD-PBE0) and 4.21 eV (CCSD(T)), in good
agreement with band A at 4.14 ± 0.03 eV in the spectra.
Thus, neutral C2B8 is closed with a large HOMO-LUMO gap
(1.47 eV), as defined by the X-A bands. The corresponding
singlet final state (1A′′) from the HOMO-1 (3a′′) state has a
VDE of 5.11 eV at TD-PBE0, falling in the congested re-
gion D. The detachment from the HOMO-2 (13a′) gives rise
to triplet (3A′′) and singlet (1A′′) final states with calculated
VDEs of 4.52 and 4.89 eV at TD-PBE0, in excellent agree-
ment with the observed bands B and C (Table II).

The first VDE of the C2B8
− low-lying isomer II.2 is cal-

culated to be 2.49 eV (TD-PBE0) and 2.38 eV (CCSD(T)),
in excellent agreement with band X′ at 2.39 ± 0.03 eV; it
corresponds to electron detachment from the singly occupied
HOMO (4a′′) to the lowest singlet state 1A′ of neutral II.2.
The observed vibrational structures with frequencies of 390
and 1330 cm−1 can be assigned to the ω2 mode (355 cm−1)
and the ω13 mode (1304 cm−1), respectively, as given in
Table S3.71 The next detachment channel from HOMO-1
(3a′′) of II.2 is calculated to be 4.00 eV (TD-PBE0) and 4.10
eV (CCSD(T)), corresponding to band A′ at 4.05 eV. This
detachment channel leads to the lowest triplet state (3A′) of
II.2. Thus, the X′ and A′ bands define a large HOMO-LUMO
gap (1.66 eV) for the neutral of II.2. The higher detachment
channels of isomer II.2 and those of the global minimum
start to overlap, leading to the congested spectral features in
the higher binding energy range. The relatively lower inten-
sities of bands X′ and A′ compared to the X and A bands,
respectively, are consistent with the higher energy of isomer
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FIG. 6. Adaptive natural density partitioning chemical bonding analysis for (a) CB9
− and (b) C2B8 at the geometry optimized for C2B8

−.

II.2. The good agreement between experimental and theoreti-
cal VDEs for both isomers II.1 and II.2 confirms firmly their
structures and their energetic ordering.

VI. CHEMICAL BONDING

A single carbon substitution induces a major structural
change to the B10

− structure, giving rise to a rather peculiar
global minimum for CB9

−. Clearly, carbon prefers the lowest
possible coordination site by bonding only to two boron atoms
in a CB2 triangle. The second carbon in C2B8

− also prefers
the low coordination peripheral sites, yielding two close-lying
structures II.1 and II.2. Neutral C2B8 is isoelectronic with
CB9

− and both isomers possess large HOMO-LUMO gaps,
suggesting that the neutral C2B8 structures are both highly
stable closed-shell electronic systems.

We performed chemical bonding analysis for the two
clusters using the AdNDP. AdNDP analysis was performed
for CB9

− and for neutral C2B8 at the geometry of the lowest
energy structure of C2B8

−. The chemical bonding in the CB9
−

cluster (Fig. 6(a)) can be described as a combination of seven
2c–2e B–B σ bonds and two 2c–2e C–B σ bonds (shown su-
perimposed on a single molecular framework) responsible for
the peripheral bonding in the cluster, four 3c–2e σ bonds re-
sponsible for the bonding between the central and peripheral
atoms, and one 3c–2e and two 4c–2e π bonds also responsi-
ble for bonding between the central atom and the peripheral
atoms. The AdNDP analysis for C2B8 (Fig. 6(b)) is nearly
identical to that of CB9

−. The presence of the eight delocal-
ized σ electrons in both clusters makes them σ antiaromatic,86

consistent with their in-plane distortions. Both clusters have
six π electrons, rendering them π aromatic. Overall, the two
clusters can be characterized as systems with conflicting aro-
maticity.

VII. SUMMARY

We performed a joint photoelectron spectroscopy and ab
initio study of two carbon-boron mixed clusters, CB9

− and
C2B8

−. Computational global minimum searches revealed
that both clusters have similar global minimum structures,
which can be described as distorted wheel structures. Carbon
atoms are found to occupy the peripheral positions in both
cases, in agreement with previous findings for the CB6

2−,
CB7

−, and CB8 clusters.39–41 The comparison of the exper-
imental and theoretical VDEs for both clusters revealed that
only the global minimum structure is responsible for the ex-
perimental spectra of CB9

−, while two low-lying structures
contribute to the experimental spectra for C2B8

−. The struc-
tural transition from B10

− with two inner atoms to distorted
wheel-like structures with a single inner atom in CB9

− and
C2B8

− occurs in part because of the preference of carbon to
form localized bonds. The AdNDP chemical bonding analy-
ses revealed that CB9

− and C2B8 are both π aromatic, but σ

antiaromatic, consistent with their planar distorted structures.
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thankful for support from the Slovak Research and Devel-
opment Agency (Contracts No. APVV-0059-10), the Slo-
vak Grant Agency VEGA (Contract No. 1/0520/10). Part of
this publication is the result of the project implementation

Downloaded 02 May 2013 to 128.148.231.12. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



234306-7 Galeev et al. J. Chem. Phys. 137, 234306 (2012)

“Amplification of the Center of Excellence on Green
Chemistry Methods and Processes (CEGreenII),” ITMS
26240120025, supported by the Research and Development
Operational Program funded by the European Regional De-
velopment Fund (ERDF).

1H. J. Zhai, L. S. Wang, A. N. Alexandrova, and A. I. Boldyrev,
J. Chem. Phys. 117, 7917 (2002).

2A. N. Alexandrova, A. I. Boldyrev, H. J. Zhai, L. S. Wang, E. Steiner, and
P. W. Fowler, J. Phys. Chem. A 107, 1359 (2003).

3A. N. Alexandrova, A. I. Boldyrev, H. J. Zhai, and L. S. Wang,
J. Phys. Chem. A 108, 3509 (2004).

4A. N. Alexandrova, A. I. Boldyrev, H. J. Zhai, and L. S. Wang,
J. Chem. Phys. 122, 054313 (2005).

5L. L. Pan, J. Li, and L. S. Wang, J. Chem. Phys. 129, 024302 (2008).
6H. J. Zhai, A. N. Alexandrova, K. A. Birch, A. I. Boldyrev, and L. S. Wang,
Angew. Chem., Int. Ed. 42, 6004 (2003).

7A. N. Alexandrova, H. J. Zhai, L. S. Wang, and A. I. Boldyrev, Inorg.
Chem. 43, 3552 (2004).

8A. P. Sergeeva, D. Y. Zubarev, H. J. Zhai, A. I. Boldyrev, and L. S. Wang,
J. Am. Chem. Soc. 130, 7244 (2008).

9W. Huang, A. P. Sergeeva, H. J. Zhai, B. B. Averkiev, L. S. Wang, and
A. I. Boldyrev, Nat. Chem. 2, 202 (2010).

10A. P. Sergeeva, B. B. Averkiev, H. J. Zhai, A. I. Boldyrev, and L. S. Wang,
J. Chem. Phys. 134, 224304 (2011).

11Z. A. Piazza, W. L. Li, C. Romanescu, A. P. Sergeeva, L. S. Wang, and A.
I. Boldyrev, J. Chem. Phys. 136, 104310 (2012).

12A. P. Sergeeva, Z. A. Piazza, C. Romanescu, W. L. Li, A. I. Boldyrev, and
L. S. Wang, J. Am. Chem. Soc. 134, 18065 (2012).

13A. N. Alexandrova, A. I. Boldyrev, H. J. Zhai, and L. S. Wang,
Coord. Chem. Rev. 250, 2811 (2006).

14H. J. Zhai, B. Kiran, J. Li, and L. S. Wang, Nat. Mater. 2, 827 (2003).
15B. Kiran, S. Bulusu, H. J. Zhai, S. Yoo, X. C. Zeng, and L. S. Wang,

Proc. Natl. Acad. Sci. U.S.A. 102, 961 (2005).
16C. Romanescu, D. J. Harding, A. Fielicke, and L. S. Wang, J. Chem. Phys.

137, 014317 (2012).
17T. B. Tai, N. M. Tam, and M. T. Nguyen, Chem. Phys. Lett. 530, 71

(2012).
18L. Cheng, J. Chem. Phys. 136, 104301 (2012).
19E. Oger, N. R. M. Crawford, R. Kelting, P. Weis, M. M. Kappes, and R.

Ahlrichs, Angew. Chem., Int. Ed. 46, 8503 (2007).
20L. Hanley, J. L. Whitten, and S. L. Anderson, J. Phys. Chem. 92, 5803

(1988).
21P. A. Hintz, S. A. Ruatta, and S. L. Anderson, J. Chem. Phys. 92, 292

(1990).
22S. A. Ruatta, P. A. Hintz, and S. L. Anderson, J. Chem. Phys. 94, 2833

(1991).
23R. Kawai and J. H. Weare, J. Chem. Phys. 95, 1151 (1991).
24R. Kawai and J. H. Weare, Chem. Phys. Lett. 191, 311 (1992).
25I. Boustani, Int. J. Quantum Chem. 52, 1081 (1994).
26I. Boustani, Chem. Phys. Lett. 233, 273 (1995).
27I. Boustani, Chem. Phys. Lett. 240, 135 (1995).
28A. Ricca and C. W. Bauschlicher Jr., Chem. Phys. 208, 233 (1996).
29I. Boustani, Surf. Sci. 370, 355 (1997).
30F. L. Gu, X. Yang, A.-C. Tang, H. Jiao, and P. v. R. Schleyer,

J. Comput. Chem. 19, 203 (1998).
31J. E. Fowler and J. M. Ugalde, J. Phys. Chem. A 104, 397 (1999).
32J. Aihara, J. Phys. Chem. A 105, 5486 (2001).
33D. Y. Zubarev and A. I. Boldyrev, J. Comput. Chem. 28, 251 (2007).
34P. W. Fowler and B. R. Gray, Inorg. Chem. 46, 2892 (2007).
35B. P. T. Fokwa and M. Hermus, Angew. Chem., Int. Ed. 51, 1702 (2012).
36K. Exner and P. v. R. Schleyer, Science 290, 1937 (2000).
37Z.-X. Wang and P. v. R. Schleyer, Science 292, 2465 (2001).
38R. M. Minyaev, T. N. Gribanova, A. G. Starikov, and V. I. Minkin,

Mendeleev Commun. 11, 213 (2001).
39L. M. Wang, W. Huang, B. B. Averkiev, A. I. Boldyrev, and L. S. Wang,

Angew. Chem., Int. Ed. 46, 4550 (2007).
40B. B. Averkiev, D. Y. Zubarev, L. M. Wang, W. Huang, L. S. Wang, and A.

I. Boldyrev, J. Am. Chem. Soc. 130, 9248 (2008).
41B. B. Averkiev, L. M. Wang, W. Huang, L. S. Wang, and A. I. Boldyrev,

Phys. Chem. Chem. Phys. 11, 9840 (2009).
42Y. Pei and X. C. Zeng, J. Am. Chem. Soc. 130, 2580 (2008).

43C. Romanescu, A. P. Sergeeva, W. L. Li, A. I. Boldyrev, and L. S. Wang,
J. Am. Chem. Soc. 133, 8646 (2011).

44T. R. Galeev, C. Romanescu, W. L. Li, L. S. Wang, and A. I. Boldyrev,
J. Chem. Phys. 135, 104301 (2011).

45W. L. Li, C. Romanescu, T. R. Galeev, L. S. Wang, and A. I. Boldyrev,
J. Phys. Chem. A 115, 10391 (2011).

46R. Islas, T. Heine, K. Ito, P. v. R. Schleyer, and G. Merino, J. Am. Chem.
Soc. 129, 14767 (2007).

47B. B. Averkiev and A. I. Boldyrev, Russ. J. Gen. Chem. 78, 769 (2008).
48K. Ito, Z. Pu, Q.-S. Li, and P. v. R. Schleyer, Inorg. Chem. 47, 10906 (2008).
49J. Guo, W. Yao, Z. Li, and S. Li, Sci. China Ser. B: Chem. 52, 566 (2009).
50C. Miao, J. Guo, and S. Li, Sci. China Ser. B: Chem. 52, 900 (2009).
51Z. Pu, K. Ito, P. v. R. Schleyer, and Q.-S. Li, Inorg. Chem. 48, 10679 (2009).
52Y. Liao, C. L. Cruz, P. v. R. Schleyer, and Z. Chen, Phys. Chem. Chem.

Phys. 14, 14898 (2012).
53W. L. Li, C. Romanescu, T. R. Galeev, Z. A. Piazza, A. I. Boldyrev, and L.

S. Wang, J. Am. Chem. Soc. 134, 165 (2011).
54C. Romanescu, T. R. Galeev, W. L. Li, A. I. Boldyrev, and L. S. Wang,

Angew. Chem., Int. Ed. 50, 9334 (2011).
55T. R. Galeev, C. Romanescu, W. L. Li, L. S. Wang, and A. I. Boldyrev,

Angew. Chem., Int. Ed. 51, 2101 (2012).
56C. Romanescu, T. R. Galeev, A. P. Sergeeva, W. L. Li, L. S. Wang, and

A. I. Boldyrev, J. Organomet. Chem. 721–722, 148 (2012).
57T. Heine and G. Merino, Angew. Chem., Int. Ed. 51, 4275 (2012).
58L. M. Wang, B. B. Averkiev, J. A. Ramilowski, W. Huang, L. S. Wang, and

A. I. Boldyrev, J. Am. Chem. Soc. 132, 14104 (2010).
59T. R. Galeev, A. S. Ivanov, C. Romanescu, W. L. Li, K. V. Bozhenko, L. S.

Wang, and A. I. Boldyrev, Phys. Chem. Chem. Phys. 13, 8805 (2011).
60M. T. Huynh and A. N. Alexandrova, J. Phys. Chem. Lett. 2, 2046 (2011).
61T. R. Galeev and A. I. Boldyrev, Phys. Chem. Chem. Phys. 13, 20549

(2011).
62A. S. Ivanov, K. V. Bozhenko, and A. I. Boldyrev, J. Chem. Theory Com-

put. 8, 135 (2012).
63A. S. Ivanov and A. I. Boldyrev, J. Phys. Chem. A 116, 9591 (2012).
64M. Savoca, A. Lagutschenkov, J. Langer, D. J. Harding, A. Fielicke, and

O. Dopfer, “Vibrational spectra and structures of neutral SimCn clusters
(m + n = 6): Sequential doping of silicon clusters with carbon atoms,” J.
Phys. Chem. A (published online).

65J. Fan and L. S. Wang, J. Chem. Phys. 102, 8714 (1995).
66B. B. Averkiev, Ph.D. thesis, Utah State University, Logan, UT (2009).
67J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
68C. Adamo and V. Barone, J. Chem. Phys. 110, 6158 (1999).
69W. J. Hehre, R. Ditchfield, and J. A. Pople, J. Chem. Phys. 56, 2257 (1972).
70R. Krishnan, J. S. Binkley, R. Seeger, and J. A. Pople, J. Chem. Phys. 72,

650 (1980).
71See supplementary material at http://dx.doi.org/10.1063/1.4770231 for op-

timized isomers of CB9
− and C2B8

−, valence canonical molecular orbital
plots for the lowest energy structures of CB9

− and C2B8
−, and vibrational

frequencies for the neutral CB9 and C2B8.
72G. D. Purvis and R. J. Bartlett, J. Chem. Phys. 76, 1910 (1982).
73K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, Chem.

Phys. Lett. 157, 479 (1989).
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