
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
0:

51
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Transition-metal
aNanocluster Laboratory, Institute of Molec

030006, China. E-mail: hj.zhai@sxu.edu.cn
bDepartment of Chemistry, Brown Universit

E-mail: lai-sheng_wang@brown.edu

† Electronic supplementary informa
10.1039/d1sc00534k

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 8157

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 28th January 2021
Accepted 29th April 2021

DOI: 10.1039/d1sc00534k

rsc.li/chemical-science

© 2021 The Author(s). Published by
-like bonding behaviors of a boron
atom in a boron-cluster boronyl complex [(h7-B7)-
B-BO]�†

Wen-Juan Tian, ‡a Wei-Jia Chen,‡b Miao Yan,a Rui Li,a Zhi-Hong Wei,a

Teng-Teng Chen,b Qiang Chen,a Hua-Jin Zhai, *a Si-Dian Li *a

and Lai-Sheng Wang *b

Boron displays many unusual structural and bonding properties due to its electron deficiency. Here we

show that a boron atom in a boron monoxide cluster (B9O
�) exhibits transition-metal-like properties.

Temperature-dependent photoelectron spectroscopy provided evidence of the existence of two isomers

for B9O
�: the main isomer has an adiabatic detachment energy (ADE) of 4.19 eV and a higher energy

isomer with an ADE of 3.59 eV. The global minimum of B9O
� is found surprisingly to be an umbrella-like

structure (C6v,
1A1) and its simulated spectrum agrees well with that of the main isomer observed. A low-

lying isomer (Cs,
1A0) consisting of a BO unit bonded to a disk-like B8 cluster agrees well with the 3.59 eV

ADE species. The unexpected umbrella-like global minimum of B9O
� can be viewed as a central boron

atom coordinated by a h7-B7 ligand on one side and a BO ligand on the other side, [(h7-B7)-B-BO]�. The

central B atom is found to share its valence electrons with the B7 unit to fulfill double aromaticity, similar

to that in half-sandwich [(h7-B7)-Zn-CO]� or [(h7-B7)-Fe(CO)3]
� transition-metal complexes. The ability

of boron to form a half-sandwich complex with an aromatic ligand, a prototypical property of transition

metals, brings out new metallomimetic properties of boron.
1. Introduction

The electron deciency of boron leads to unusual structures
and bonding in bulk boron,1 boron compounds,2–4 and size-
selected boron clusters.5–8 One interesting emerging property
that has been recognized in recent years is the “metal-
lomimetic” properties of boron,9 manifested most dramatically
in a stable borylene dicarbonyl complex, in which two CO
ligands are coordinated to a monovalent boron via donor–
acceptor bonds.10 The formation of carbonyl complexes is one of
the most prototypical chemical properties of transition metals,
because of their partially lled d-shells. The partially-lled 2p
orbitals endowed boron with similar properties. Even though
borane compounds are well-known Lewis acids to form donor–
acceptor complexes due to the electron deciency of boron,
carbonyls in the new boron metallomimetics have been found
to display similar chemical reactivities to those in transition
metal carbonyls.11,12 Another iconic chemical property of
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transition metals is the formation of sandwich or half-sandwich
complexes with aromatic arene ligands.13 The interactions
between the d orbitals and thep orbitals of the aromatic ligands
provide exceptional stabilities for the transition-metal sandwich
compounds.14 In the current article, we report a boron-cluster
boronyl complex, [(h7-B7)-B-BO]

�, featuring a central boron
atom that exhibits the two most important bonding properties
of a transition metal atom, i.e., complexation by a CO analogue
of the boronyl ligand (BO�) and an arene-analog of the doubly
aromatic B7 motif.

During the past two decades, extensive joint experimental
and theoretical investigations have revealed that most size-
selected boron cluster monoanions Bn

� possess 2D structures
for n¼ 3–38, 40–42,5–8 even though 3D borospherene cages have
been observed for B40

� and B39
�,15 minor seashell-like isomers

observed for B28
� and B29

�,16 and a well-dened bilayer global
minimum observed recently for B48

�.17 The most interesting
nding is the chemical bonding in the planar boron clusters,
which is characterized by both delocalized s and p bonds.18 The
delocalized p bonds in the planar boron clusters are found to be
similar to those in polycyclic aromatic hydrocarbons, leading to
the concept of hydrocarbon analogues of boron clusters.19 One
of the most prototypical planar boron cluster is B9

�, which was
found to have a D8h wheel-like structure with a central B atom
inside a B8 ring (B©B8).20 Chemical bonding analyses revealed
that the B9

� cluster is bonded by eight two-center two-electron
Chem. Sci., 2021, 12, 8157–8164 | 8157
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(2c–2e) s bonds on its periphery, whereas the central boron
atom is bonded with the B8 ring via three delocalized 9c–2e s

bonds and three delocalized 9c–2e p bonds, making B9
�

a doubly aromatic system since both the s and p electron
systems satisfy the (4N + 2) Hückel rule. It was further found
that the central B atom can be replaced by a transition metal to
form a novel class of doubly aromatic borometallic wheel
clusters, M©Bn

� for n¼ 8–10.21 In fact, the central B atom in the
D8h B9

� cluster can be viewed as having transition-metal-like
bonding properties. The B8 cluster was found to have a D7h

wheel structure with a triplet ground state.20a Adding two elec-
trons to B8 resulted in a closed-shell doubly aromatic B8

2�

species,22 similar to B9
�. Subsequently, the B7

� cluster was
found to have a triplet C6v concave structure because the B6 ring
is too small to host the central B atom.23 Adding two electrons to
B7

� led to a closed-shell doubly aromatic B7
3� unit, rst realized

in the half-sandwich B7Pr cluster, i.e. [(h
7-B7)-Pr

III].24 A number
of binary clusters containing the aromatic B7

3� unit have been
computed recently.25

Here we report a joint photoelectron spectroscopy (PES) and
quantum chemical study of the B9O

� cluster. Temperature-
dependent PES experiments suggested that two isomers
contributed to the well-resolved photoelectron spectra. Global
minimum searches found that the most stable isomer of B9O

�

has an unexpected 3D umbrella-like structure 1 (C6v,
1A1), along

with two other low-lying isomers, a disk-like structure with a BO
unit bonded to the edge of a 2D B8 cluster 2 (Cs,

1A0) and
a double-chain-shaped structure 3 (Cs,

1A0). The simulated
spectra of structures 1 and 2 together agree well with the
experimental data. The global minimum C6v umbrella structure
of B9O

� consists of an unprecedented central B atom being
sandwiched by a BO boronyl ligand and a h7-B7 aromatic ligand,
i.e. [(h7-B7)-B-BO]

�. Comparisons of the bonding in the C6v

B9O
� with that in [(h7-B7)-Zn-CO]

�, [(h7-B7)-Fe(CO)3]
� and [(h7-

B7)-Pr] provide evidence for transition-metal-like bonding
behaviors by the central B atom, which shares its valence elec-
trons with the B7 ligand to achieve double aromaticity.
2. Experimental and theoretical
methods
2.1 Photoelectron spectroscopy

The experiment was carried out using a magnetic-bottle PES
apparatus equipped with a laser vaporization cluster source,
details of which have been described before.6,26 The B9O

�

clusters were produced by laser vaporization of a mixed Bi/10B
target. The B9O

� clusters were formed in the nozzle due to
residual oxygen impurity on the target surface. The clusters
were formed in a large waiting room nozzle,6,26 which were
entrained by a He carrier gas seeded with 5% Ar and cooled via
supersonic expansion. Aer passing a skimmer, negatively-
charged clusters were extracted perpendicularly from the colli-
mated cluster beam into a time-of-ight mass spectrometer for
size analyses. The B9O

� clusters of interest were mass-selected
and decelerated before photodetachment. Two photon ener-
gies were used in the PES experiment: 266 nm (4.661 eV) from
8158 | Chem. Sci., 2021, 12, 8157–8164
a Nd:YAG laser and 193 nm (6.424 eV) from an ArF excimer
laser. Photoelectron spectra were calibrated using the known
spectra of Bi�. The resolution of the PES apparatus was DEk/Ek
z 2.5%, i.e. �25 meV for 1 eV electrons.

As shown previously,6,27 the cluster cooling efficiency in our
experiment depends on their residence times inside the large
waiting room nozzle. The clusters that leave the nozzle later are
colder than those that leave earlier. Thus, the cluster tempera-
tures can be controlled to a limited degree by selecting the
appropriate timing for cluster extraction into the time-of-ight
mass spectrometer, as shown in the spectra in Fig. S1.†
2.2 Theoretical methods

The global minimum search was conducted at the density-
functional theory (DFT) level using the Coalescence Kick (CK)
algorithm,28 aided with manual structural constructions. About
4000 stationary points for B9O

�, and the same number of points
for B9O, were probed in the CK search. Candidate low-lying
structures were then fully optimized at the B3LYP/6-
311++G(d,p)29 and PBE0/6-311++G(d,p)30 levels, respectively.
Adiabatic (ADEs) and vertical (VDEs) detachment energies were
calculated at the B3LYP level for the ground state transition and
at the time-dependent B3LYP (TD-B3LYP)31 level for higher
VDEs. Single-point coupled-cluster calculations (CCSD(T))32,33

were also performed at the B3LYP geometries to rene the
ground state ADEs and VDEs and to further evaluate the relative
energies of the low-lying structures. The ADE was calculated as
the energy difference between the optimized anion and neutral
for each isomer, whereas the rst VDE was calculated as the
energy difference between the anion and neutral at the anion
geometry. Higher VDEs were calculated at the B3LYP level using
TD-DFT. Chemical bonding was analyzed using both MOs and
adaptive natural density partitioning (AdNDP).34 Orbital
compositions were analyzed using Muitiwfn.35 All calculations
were carried out using Gaussian 09.36
3. Experimental results

The photoelectron spectra of B9O
� were obtained at two photon

energies, 266 nm and 193 nm, as shown in Fig. 1. The 266 nm
spectrum (Fig. 1a) displays three well-resolved bands. Band X0 at
the low binding energy side is relatively broad with a VDE of
3.69 eV measured from the band maximum. There are hints of
vibrational structures in band X0, but they are not well resolved.

Hence, we determined the ADE by drawing a straight line at
its leading edge and then adding the instrumental resolution.
The ADE so measured is 3.59 eV, which also represents the
electron affinity (EA) of B9O. Band X at a VDE of 4.22 eV and
band A at a VDE of 4.31 eV are relatively sharp and closely
spaced. The ADE for band X was estimated to be 4.19 eV from its
leading edge. At 193 nm (Fig. 1b), several more PES bands were
observed beyond 4.7 eV, including two well-resolved bands A0

(VDE: 4.86 eV) and B0 (VDE: 5.28 eV). The signal-to-noise ratios
in the higher binding energy range are poor, but a broad band
around �5.9 eV is discernible which may contain multiple
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photoelectron spectra of B9O
� at (a) 266 nm (4.661 eV) and (b)

193 nm (6.424 eV).
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detachment transitions. It is labeled as B/C0 for the sake of
discussion.

Even though the PES features of B9O
� are well resolved, the

spectra appear more complicated in comparison to those of B8
�

or B9
�,20 suggesting possible existence of multiple isomers as

observed for those of B7
�.23 As shown previously,6,27 we could

tune the cluster temperatures to a limited degree by varying the
residence time of the clusters inside the nozzle. Indeed, as we
varied the experimental conditions, we found that the relative
intensities of the spectral features changed, providing direct
evidence of the existence of isomers in the cluster beam. As
shown in Fig. S1,† the relative intensities of bands X0, A0, and B0

increased under hotter source conditions, suggesting they came
from a slightly higher energy isomer of B9O

� with an EA of
Table 1 Experimental VDEs compared with the calculated values for th
theory. All energies are in eV

Features VDE (exp)a Final s

C6v B9O
� (1)

X 4.22 2E1{.(
A 4.31 2E1{.(
B �5.9 2E1{.(

2E1{.(
2B1{.(

Cs B9O
� (2)

X0 3.69 2A00{.(
A0 4.86 2A00{.(
B0 5.28 2A0{.(
C0 �5.9 2A00{.(

Cs B9O
� (3)

X0 3.69 2A0{.(
A0 4.86 2A00{.(
B0 5.28 2A0{.(
C0 �5.9 2A0{.(

2A0{.(

a The estimated experimental uncertainty is �0.02 eV.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.59 eV for the corresponding neutral B9O isomer. Bands X and
A and possibly some features around 5.9 eV should belong to
a lower energy isomer of B9O

� with an EA of 4.19 eV for the
corresponding B9O isomer. The temperature-dependent data
are critical for the spectral assignments and comparison with
theoretical calculations. All the observed VDEs are given in
Table 1, where they are compared with the theoretical results to
be discussed below.
4. Theoretical results

Our global minimum searches identied several low-lying
isomers, as shown in Fig. 2. Other higher-lying optimized
geometries and their relative energies at the B3LYP,29 PBE0,30

and single-point CCSD(T)//B3LYP32,33 levels are given in Fig. S2
and S3 in the ESI.† As shown previously,37–39 all boron-rich oxide
clusters contain the highly stable boronyl (BO) ligand,40 which is
isoelectronic with CN. Similarly, we found that the three lowest-
lying isomers of B9O

0/� all contain the BO unit bonded to a B8

cluster (Fig. 2). The global minimum of B9O
� (1) at all three

levels of theory is a closed-shell 3D umbrella-like structure with
C6v symmetry. The second lowest-lying isomer (2) consists of
a disk-like B8 cluster bonded to a BO unit, which is 0.13 eV
higher in energy than the C6v structure at the B3LYP level,
0.79 eV higher at the PBE0 level, and 0.62 eV higher at the
CCSD(T) level. The next isomer (3) is 0.12 eV higher in energy
than the C6v global minimum at the B3LYP level, but much
higher in energy at the PBE0 level by 1.14 eV and the CCSD(T)
level by 0.85 eV.

The low-lying isomers of the B9O neutral are similar to those
of the anions (Fig. 2), except that the energy differences between
the isomers become much smaller. In fact, the neutral isomers
10 and 20 are almost isoenergetic at the CCSD(T) level. The
e three lowest-lying isomers (1–3) of B9O
� at the TD-B3LYP level of

tate and electronic conguration VDE (theo)

6a1)
2(1b1)

2(3e1)
4(4e1)

3} 4.21
6a1)

2(1b1)
2(3e1)

4(4e1)
3} 4.37

6a1)
2(1b1)

2(3e1)
3(4e1)

4} 5.84
6a1)

2(1b1)
2(3e1)

3(4e1)
4} 5.85

6a1)
2(1b1)

1(3e1)
4(4e1)

4} 6.25

9a0)2(4a00)2(10a0)2(5a00)2(11a0)2(6a00)1} 3.50
9a0)2(4a00)2(10a0)2(5a00)2(11a0)1(6a00)2} 4.76
9a0)2(4a00)2(10a0)2(5a00)1(11a0)2(6a00)2} 5.17
9a0)2(4a00)2(10a0)1(5a00)2(11a0)2(6a00)2} 5.79

2a00)2(11a0)2(12a0)2(13a0)2(3a00)2(14a0)1} 3.56
2a00)2(11a0)2(12a0)2(13a0)2(3a00)1(14a0)2} 4.79
2a00)2(11a0)2(12a0)2(13a0)1(3a00)2(14a0)2} 5.35
2a00)2(11a0)2(12a0)1(13a0)2(3a00)2(14a0)2} 5.54
2a00)2(11a0)1(12a0)2(13a0)2(3a00)2(14a0)2} 5.65

Chem. Sci., 2021, 12, 8157–8164 | 8159
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Fig. 2 The structures of the three lowest-lying isomers of B9O
� (1–3)

and B9O (10–30) at the B3LYP/6-311++G(d,p) level. Their relative
energies in eV are given at the B3LYP/6-311++G(d,p), PBE0/6-
311++G(d,p) (in curly brackets), and single-point CCSD(T)//B3LYP/6-
311++G(d,p) (in square brackets) levels, respectively.
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detailed structural parameters at the B3LYP level for the three
low-lying structures of B9O

0/� are given in Fig. S4.† The
umbrella-like global minimum (10) is distorted to C2v symmetry
due to the Jahn–Teller effect.

5. Comparison between experiment
and theory

To conrm the global minimum of B9O
� and help assign the

two observed isomers in the experiment, we calculated the ADEs
and VDEs for the three low-lying isomers of B9O

� at the B3LYP
and single-point CCSD(T) levels of theory. The ground state ADE
and VDE for each isomer are compared with the experimental
data in Table 2. We found that both B3LYP and CCSD(T) gave
similar results. The calculated ADE and VDE for the umbrella
isomer 1 are signicantly higher than those for isomers 2 and 3.
The computed ADE/VDE values of 4.15/4.30 eV for isomer 1 at
the CCSD(T) level are in excellent agreement with the experi-
mental observation of 4.19/4.22 eV for the X band. On the other
hand, the computed rst ADE/VDE for isomers 2 and 3 are
similar and both [3.45/3.58 eV for 2 and 3.48/3.62 eV for 3 at the
CCSD(T) level] seem to agree well with the experimental
observation of 3.59/3.69 eV for the X0 band. Thus, even though
Table 2 Comparison of the first experimental ADE and VDE with thos
B3LYP/6-311++G(d,p) levels of theory for the three lowest-lying isomer

Isomers Final state

ADE (theo)

B3LYP CCSD(T)

1, C6v
2A 4.08 4.15

2, Cs
2A00 3.38 3.45

3, Cs
2A0 3.44 3.48

8160 | Chem. Sci., 2021, 12, 8157–8164
isomer 3 is higher in energy, the rst ADE and VDE are not
sufficient to rule it out.

The higher VDEs for all three isomers are compared with the
experimental data in Table 1, with the nal electron congu-
rations and electronic states of the corresponding neutrals
indicated. The valence molecular orbital (MO) pictures are
shown in Fig. S5–S7† for isomers 1–3, respectively. Because all
three isomers are closed-shell, detachment from each occupied
MO is expected to give a single PES band, resulting in relatively
simple photoelectron spectra and facilitating comparisons with
the experimental data. Each detachment channel was tted
with a unit-area Gaussian with a width of 0.04 eV to produce
a simulated spectrum. The simulated spectra for isomers 1–3
using the data at the B3LYP level of theory are compared with
the 193 nm spectrum in Fig. 3. The calculated VDEs for the rst
two detachment channels of isomer 1 are close to each other,
consistent with the X and A bands. The calculated VDEs for the
third and fourth detachment channels of isomer 1 are almost
identical and they must contribute to the broad band at
�5.9 eV. The h detachment channel with a computed VDE of
6.25 eV is near the cutoff energy of the 193 nm spectrum, where
the spectral signal-to-noise ratios were poor. The overall good
agreement between the simulated spectrum for isomer 1 and
the observed PES bands X, A, and B provides considerable
credence for the C6v umbrella structure as the global minimum
of B9O

�.
As shown in Table 1 and Fig. 3, the rst three detachment

channels of both isomers 2 and 3 agree well with the observed
X0, A0, and B0 bands. The fourth detachment channel of isomer 2
is also in good agreement with the broad feature at �5.9 eV.
However, the computed VDEs for the fourth and h detach-
ment channels of isomer 3 do not agree with the experimental
observation and thus it can be ruled out as the carrier for the
observed X0, A0, and B0 bands. This conclusion is also consistent
with the relatively high energy of isomer 3. Hence, both the
experimental and theoretical results indicate that the co-
existing low-lying isomer in the cluster beam of B9O

� should
be isomer 2.
6. Discussion
6.1 The structures and chemical bonding of B9O

�

The 3D umbrella global minimum structure for B9O
� is both

surprising and unprecedented. Several boron monoxide clus-
ters have been studied experimentally before and they are all
found to consist of a planar boron cluster motif bonded to a BO
e calculated at the B3LYP/6-311++G(d,p) and single-point CCSD(T)//
s of B9O

�. All energies are in eV

VDE (theo)

ADE (exp) VDE (exp)B3LYP CCSD(T)

4.21 4.30 4.19 � 0.04 4.22 � 0.02
3.50 3.58 3.59 � 0.04 3.69 � 0.02
3.56 3.62

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of (a) the photoelectron spectrum of B9O
� at

193 nm with the simulated spectra of (b) C6v (1), (c) Cs (2) and (d) Cs (3)
at the TD-B3LYP level. The simulated spectra were obtained by fitting
the calculated VDEs with unit-area Gaussian functions of 0.04 eV
width.

Fig. 4 AdNDP bonding analyses for the C6v B9O
� global minimum.

The different bonding elements are given in (a–e). ON is the occu-
pation number.
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unit on the periphery due to the exceptional stability of the
boronyl unit.39 The boron cluster motifs in these monoxide
clusters are usually related to the most stable pure boron clus-
ters, such as isomer 2 for B9O

�, which we expected to be the
global minimum. It should be pointed out that the structures of
the B9O cluster were studied previously using DFT methods.38

The most stable structure reported was similar to isomer 3 of
the current study both as a neutral and anion. Two other low-
lying structures were also identied in previous studies, one is
similar to the fourth isomer of B9O

� (Cs,
1A0) which is 0.22 eV

above the C6v global minimum at the B3LYP level and the other
one is similar to the eleventh isomer of B9O

� (C2v,
1A1) which is

1.45 eV above the global minimum at the B3LYP level (Fig. S2†).
Even though these structures are low-lying isomers in the
neutral (Fig. S3†), they are signicantly higher in energy in the
anion.

The most unusual structural feature of the umbrella global
minimum of B9O

� is the central boron atom. It forms a s bond
with the BO unit, but its bonding to the B7 unit is unprecedented.
The B–B distances between this atom and the periphery of the B7

unit are 1.91 Å, signicantly longer than the B–B distance (1.72 Å)
between the apex B atom of the B7 unit and the six peripheral B
atoms (Fig. S4†). To understand the stability and bonding of the
umbrella structure of B9O

�, we carried out AdNDP analyses,34 as
shown in Fig. 4. The triple bond in the BO unit (Fig. 4a), the s

bond between the central B and the BO unit (Fig. 4d), and the six
2c–2e bonds for the periphery of the B7 motif (Fig. 4b) are clearly
© 2021 The Author(s). Published by the Royal Society of Chemistry
revealed. The most interesting bonding features are the two sets
of three delocalized s and p bonds (Fig. 4c and e), which are
almost identical to those in the B7

3� motif found in the [(h7-B7)-
Pr] cluster.24 This observation suggests that the central B atom
shares its valence electrons with the B7 unit to fulll double
aromaticity. Thus, it is the exceptional stability of the doubly
aromatic B7

3� system that gives rise to the extraordinary stability
of the unexpected umbrella global minimum for B9O

�. The
extremely high electron binding energy (4.19 eV) of the umbrella
structure indicates its high electronic stability. The HOMO (e1) of
the C6v B9O

� (Fig. S5†) is doubly degenerate and corresponds to
two orbitals responsible for the s aromaticity. Thus, the removal
of an electron from the HOMO not only induces a symmetry
breaking in neutral B9O (C2v) due to the Jahn–Teller effect, but
also decreases the s aromaticity in the B7 motif, which explains
why the stability of the umbrella structure in the neutral (10 in
Fig. 2) is reduced relative to isomers 20 and 30. Even though charge
transfer is not expected from the central B atom to the B7 unit, the
umbrella structure of B9O

� can be approximately viewed as an h7-
B7

3� ligand coordinated to a BII center or [(h7-B7)-B
II-BO]�.

We also analyzed the bonding in isomers 2 and 3 of B9O
�

using AdNDP, as displayed in Fig. S8 and S9,† respectively. Each
can be described as a BO unit bonded to a B8 motif. In isomer 2,
the disk-shaped B8 motif is similar to the global minimum D7h

B8.20 The B8 unit still maintains s aromaticity, but it is p anti-
aromatic with only two p bonds, consistent with its structural
distortion. Isomer 3 contains two delocalized s and two delo-
calized p bonds, which can be viewed as doubly antiaromatic in
agreement with the fact that it is not energetically competitive
relative to isomers 1 and 2.
6.2 Comparison of the bonding in C6v B9O
� with transition

metal complexes

The high stability of the doubly aromatic B7
3� unit, rst realized

in the [(h7-B7)-Pr] cluster,24 is interesting. It has been used
Chem. Sci., 2021, 12, 8157–8164 | 8161

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc00534k


Fig. 5 AdNDP bonding analyses for theC6v B7Zn(CO)� complex. ON is
the occupation number.
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recently to design binary clusters with alkali or alkali earth
elements,25 which can transfer charges more easily to the B7

motif. In particular, the B7
3� ligand has been utilized to stabi-

lize the single s bond in Mg2
2+ or Zn2

2+ in B7M2
� type clus-

ters.25a,b The bonding mode of the h7-B7 unit to the central B
atom in the C6v B9O

� cluster is reminiscent of the coordination
mode of arenes to transition metals in sandwich or half-
sandwich complexes.13,14 Thus, the C6v B9O

� cluster brings out
a newmetallomimetic property of boron. To further understand
this metallomimetic property, we compare the bonding in the
C6v B9O

� cluster with that of two model metal complexes, [(h7-
B7)-Zn-CO]

� and [(h7-B7)-Fe(CO)3]
�, as shown in Fig. 5 and S10,†

respectively.
Because the 3d electrons of Zn do not participate in bonding,

the [(h7-B7)-Zn-CO]
� complex can be considered as isoelectronic

to [(h7-B7)-B-BO]
� and their bonding is nearly identical. As

shown in Fig. S10,† the bonding between the h7-B7 motif with
Fe in [(h7-B7)-Fe(CO)3]

� is also similar to that in the C6v B9O
�

cluster (Fig. 4). In fact, the 18-electron rule is fullled in [(h7-B7)-
Fe(CO)3]

�, making it a highly stable species isoelectronic to the
well-known (h6-C6H6)–Cr(CO)3 complex.14 To further demon-
strate the analogy between the BO� and CO ligands,41 we also
analysed the bonding in [(h7-B7)-B-CO] by replacing the BO�

ligand in the C6v B9O
� cluster with CO. As shown in Fig. S12,†

the bonding in this model complex is identical to that in [(h7-
B7)-B-BO]

�. Thus, the central B atom in [(h7-B7)-B-BO]
� can be

considered to embody the two most important bonding prop-
erties of transition metals, the ability to form carbonyl
complexes and sandwich-type complexes with aromatic arenes.
While half-sandwich complexes of planar aromatic boron
8162 | Chem. Sci., 2021, 12, 8157–8164
clusters with transition metal atoms have been observed or
proposed,42,43 the discovery of the half-sandwich complex
between B7 and the B atom is unprecedented, suggesting again
the versatility of the chemical bonding of boron.

7. Conclusions

In conclusion, we have investigated the structures and bonding
of a boron monoxide cluster B9O

� using photoelectron spec-
troscopy and theoretical calculations. Temperature-dependent
experiments revealed the existence of two isomers in the
photoelectron spectra, one with an EA of 3.59(4) eV and another
with an EA of 4.19(4) eV for the corresponding B9O neutrals. The
global minimum of B9O

� is found surprisingly to have a 3D C6v

umbrella-like structure, corresponding to the high EA species,
whereas a low-lying isomer consisting of a BO unit bonded to
the periphery of a disk-like B8 motif is found to correspond to
the low EA species. The C6v global minimum can be viewed as
a half-sandwich complex with the central B atom coordinated by
a h7-B7 unit and a BO unit, i.e. [(h7-B7)-B-BO]

�. Chemical
bonding analyses showed that the central B atom shares its
valence electrons with the B7 unit to fulll double aromaticity,
which provides the exceptional stability for the unprecedented
3D global minimum of the B9O

� cluster. Comparison of the
bonding in the C6v B9O

� cluster with that in [(h7-B7)-Pr], as well
as in model complexes [(h7-B7)-Zn-CO]

�, [(h7-B7)-Fe(CO)3]
�, and

[(h7-B7)-B-CO] suggest that the central B atom in [(h7-B7)-B-BO]
�

behaves like transition metals in its bonding to the aromatic B7

unit and the BO� ligand.
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