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Abstract: Despite its electron deficiency, boron is versatile in
forming multiple bonds. Transition-metal–boron double bond-
ing is known, but boron–metal triple bonds have been elusive.
Two bismuth boron cluster anions, BiB2O

@ and Bi2B
@ ,

containing triple and double B@Bi bonds are presented. The
BiB2O

@ and Bi2B
@ clusters are produced by laser vaporization

of a mixed B/Bi target and characterized by photoelectron
spectroscopy and ab initio calculations. Well-resolved photo-
electron spectra are obtained and interpreted with the help of
ab initio calculations, which show that both species are linear.
Chemical bonding analyses reveal that Bi forms triple and
double bonds with boron in BiB2O

@ ([Bi/B@B/O]@) and
Bi2B

@ ([Bi=B=Bi]@), respectively. The Bi@B double and triple
bond strengths are calculated to be 3.21 and 4.70 eV, respec-
tively. This is the first experimental observation of Bi@B double
and triple bonds, opening the door to design main-group
metal–boron complexes with multiple bonding.

To compensate for its electron deficiency, boron tends to
form delocalized bonds in its compounds[1] and at the
nanoscale.[2] Despite the fact that boron has only three
valence electrons, it is capable of forming B@B triple bonds, as
well as multiple bonds with various elements. The first B@B
triple bond was observed in 2002 by Zhou et al. in OCBBCO,
which was formed in a low temperature argon matrix and
characterized by infrared spectroscopy and theoretical calcu-
lations.[3] In 2007, Li et al. studied the B4O2

@ ([OBBBBO]@)
boron oxide cluster using photoelectron spectroscopy (PES)
and ab initio calculations, and found it to be linear with a 2.5-
fold B@B bond, whereas a B/B triple bond is formed in the
closed-shell [OBBBBO]2@ species.[4] The nature of the B/B
triple bonds in these species was further studied and
confirmed by more sophisticated theoretical analyses.[5] The
first chemical compound containing a B/B triple bond was
synthesized in 2012 by Braunschweig et al. and confirmed by
X-ray crystallography and density functional theory (DFT)
studies.[6] Unlike the long-sought B/B triple bond, boron
readily forms a triple bond with O in the gaseous BO@

species,[7] which is isoelectronic to the well-known CN@ and
CO species. Neutral boronyl (CBO) can be viewed as a s radical
and has been found in a wide variety of gaseous clusters,[4,8]

including boronyl metal complexes.[9, 10] Even though CN@ and
CO are common ligands in a vast number of chemical

compounds, the first chemical compound with a boronyl unit
was synthesized and crystallized only in 2010.[11]

Metal atoms can also form multiple bonds with boron.
Using PES and ab initio calculations, the structures and
bonding of many transition metal doped boron clusters have
been characterized.[12] However, multiple M@B bonds have
not been observed in these boron-rich clusters; the transition
metal atoms in these clusters interact with neighboring boron
atoms mainly through delocalized bonds. Using matrix
isolation infrared spectroscopy and theoretical calculations,
Andrews and co-workers characterized three transition-metal
fluoride complexes FBMF2 (M = Ti, Zr, Hf) and found them
to possess an M=B double bond.[13] In condensed phase,
although transition-metal complexes of boron usually feature
two-center two-electron (2c–2e) bonds, a number of transi-
tional-metal terminal borylene complexes were characterized
to have an M=B double bond, which have been extensively
reviewed.[14]

However, to the best of our knowledge, there has been no
observation of metal–boron triple bonds, although a previous
B=Pt compound stabilized by a transition-metal base was
inferred to exhibit possible partial triple-bond character via
an electron localization function analysis.[15] There have also
been very few studies about multiple bonding between boron
and main-group metal elements. There is only one recent
computational study, which considered a Bi@B triple bond
stabilized by bulky ligands as RB/BiR.[16] A recent PES and
theoretical study on the BiBO@ species showed that it
contains a Bi@B single bond and a B/O triple bond,[10]

which is confirmed subsequently by a high-level ab initio
calculation.[17] In the current article, we report the first
observation of Bi/B triple bonding and Bi=B double bonding
in two clusters, BiB2O

@ ([Bi/B@B/O]@) and Bi2B
@ ([Bi=B=

Bi]@) using a joint PES and theoretical study.
The experiment was carried out using a magnetic-bottle

PES apparatus equipped with a laser vaporization supersonic
cluster source, details of which have been published else-
where.[2a,18] The BiB2O

@ and Bi2B
@ cluster anions were

produced by laser vaporization of a Bi/11B mixed target,
which was used to produce small bare boron clusters (Bn

@).[2a]

The BiB2O
@ and Bi2B

@ clusters were observed to be
particularly prominent in the mass spectra, indicating their
unusual thermodynamic stability. The BiB2O

@ species was
produced due to trace amount of oxide impurity on the target
surface. Clusters formed in the nozzle were entrained by a He
carrier gas seeded with 5% Ar and cooled by a supersonic
expansion. Negatively charged species were extracted from
the collimated cluster beam after a skimmer and analyzed by
a time-of-flight mass spectrometer. The BiB2O

@ and Bi2B
@

clusters of current interest were each mass-selected and
photodetached by a pulsed laser beam. Three detachment
photon energies were used in the current experiment: 193 nm
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(6.424 eV) from an ArF excimer laser, and 266 nm (4.661 eV)
and 355 nm (3.496 eV) from an Nd:YAG laser. The photo-
electron spectra were calibrated by the known spectra of Bi@ .
The resolution of the PES apparatus was DEk/Ek& 2.5%, that
is, about 25 meV for 1 eV kinetic energy electrons. The PE
spectra of BiB2O

@ and Bi2B
@ are shown in Figures 1 and 2,

respectively.

The 355 nm spectrum of BiB2O
@ (Figure 1a) exhibits an

intense ground-state band X, which displays two short
vibrational progressions with frequencies of 1010 cm@1 and
1935 cm@1, respectively. The sharp 0–0 transition at 2.80 eV
defines the first vertical detachment energy (VDE) and
adiabatic detachment energy (ADE) of BiB2O

@ , which is also
the electron affinity (EA) of neutral BiB2O. The 355 nm
spectrum also shows a weak band A near threshold at 3.36 eV,
with a short 300 cm@1 vibrational progression. The band A was
clearly cut off in the 355 nm spectrum, because the 266 nm
spectrum (Figure 1 b) shows that band A has similar intensity
as band X, also with two similar high-frequency vibrational
progressions at 1010 cm@1 and 1935 cm@1. Bands X and A
have similar intensities and the same vibrational features,
suggesting that they may have the same electronic origin.
Following a large energy gap from band A, another sharp
band B is observed at a VDE of 5.35 eV in the 193 nm
spectrum (Figure 1c). The short vibrational progressions and
sharp PES bands observed for BiB2O

@ suggest that there is
little geometry change from the anion ground state to the
neutral states. The 355 nm spectrum of Bi2B

@ (Figure 2 a)
displays three sharp and closely-spaced bands (X, A, B) at
VDEs of 2.62, 2.76, and 3.02 eV. Since no vibrational features
are resolved for band X, the first ADE is estimated from the
onset of band X to be 2.55 eV, which also represents the EA of

neutral Bi2B. The 266 nm spectrum (Figure 2b) shows three
more bands C, D, and E. The weak bands C and D at VDEs of
3.74 eV and 3.83 eV are closely spaced. The band E at a VDE
of 4.30 eV becomes significantly more intense at 193 nm
(Figure 2c), which shows a weak and broad band F at 4.99 eV,
as well as a very weak band G at 5.42 eV. The observed
spectroscopic constants for both BiB2O

@ and Bi2B
@ are

summarized in Table 1, where they are compared with the
theoretical data.

To understand the observed PE spectra, the structures and
bonding of BiB2O

@ and Bi2B
@ , we performed ab initio

calculations at different levels of theory. Several initial
structures were optimized using the PBE0 and CCSD
methods with different spin multiplicities.[19] The lowest
energy structures of BiB2O

@ and Bi2B
@ were both found to

be linear with a singlet ground state and a triplet ground state,
respectively. For BiB2O

@ (1S+), the first VDE (VDE1) was
calculated as the energy difference between the anion ground
state and the neutral ground state at the anion geometry. For
Bi2B

@ (3Sg
@), the first two VDEs were calculated as the energy

differences between the anion triplet ground state and the
lowest neutral doublet and quartet states at the anion
geometry, respectively. To compute the energies of the
neutral excited states, we used the complete active space
self-consistent field (CASSCF) method.[20] We chose an active
space with 15 electrons and 8 orbitals for BiB2O and 13
electrons and 10 orbitals for Bi2B. The state-averaged (SA)-
CASSCF method was employed to study the low-lying
electronic states of the neutral species simultaneously. The
2P and 2S+ states were included in the SA3-CASSCF(15,8)
calculations of BiB2O. For Bi2B, we performed two separate
CASSCF calculations. While the 2Pg ground state was
calculated alone at the SA2-CASSCF(13,10) level, the 4Pu,
2Pu,

4Su
@ , 2Su

@ , 4Sg
@ , and 2Sg

@ excited states were included in

Figure 1. Photoelectron spectra of BiB2O
@ at a) 355 nm (3.496 eV),

b) 266 nm (4.661 eV), and c) 193 nm (6.424 eV). The resolved vibra-
tional structures are labeled for bands X and A in (a) and (b).

Figure 2. Photoelectron spectra of Bi2B
@ at a) 355 nm, b) 266 nm, and

c) 193 nm.
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the SA8-CASSCF(13,10) calculations, both followed by
multi-reference configuration interaction (MRCI) calcula-
tions to account for the dynamic electron correlation effect.[21]

As shown previously for BiBO,[17] spin–orbit (SO) coupling is
expected to be important for BiB2O and Bi2B, as well. We
carried out the SO coupling calculations using the state-
interaction method based on the MRCI wavefunctions
(MRCI + SO).[22] For all the calculations, we employed the
aug-cc-pVTZ-pp basis set with the relativistic effective core
potential (ECP60MDF) for Bi[23]

and the aug-cc-pVTZ basis set for
B and O[24] (hereafter denoted as
AVTZ). All of the DFT calcula-
tions were performed using Gaus-
sian09.[25] The CCSD, CASSCF,
and MRCI calculations were per-
formed using Molpro2012.[26]

The optimized structures of
BiB2O

@ and Bi2B
@ at the PBE0/

AVTZ and CCSD/AVTZ levels are
shown in Figure 3. The two levels of
theory give almost identical bond

lengths. The linear BiB2O
@ (C1v,

1S+) and Bi2B
@ (D1h,

3Sg
@)

structures are significantly more stable than any bent or cyclic
arrangements. The molecular orbital (MO) pictures for
BiB2O

@ and Bi2B
@ are given in the Supporting Information,

Figure S1. The calculated VDE1 for the linear BiB2O
@ and

Bi2B
@ (both doublet and quartet final states) are compared

with the experimental values in Table 2. The calculated VDE1

for BiB2O
@ , derived from electron detachment from the 2p

HOMO, is slightly overestimated at both levels of theory

compared to the experimental value of 2.80 eV. We also
computed the vibrational frequencies for the neutral ground
state of BiB2O at the PBE0/AVTZ level. The three observed
frequencies, 1935, 1010, and 300 cm@1 are in excellent agree-
ment with the calculated frequencies for the B@O, B@B, and
Bi@B stretching vibrations, respectively. For Bi2B

@ , the
calculated VDE1 to the 2Pg neutral ground state at the
PBE0/AVTZ and CCSD/AVTZ levels is 2.58 eV and 2.60 eV,
respectively, both agreeing well with the experimental VDE1

at 2.62 eV. The calculated VDE from the lowest 4Pu quartet
state at the PBE0/AVTZ level (2.77 eV) is in perfect agree-
ment with the experimental VDE at 2.76 eV, while CCSD
seems to underestimate the VDE by 0.08 eV.

Table 1: All of the observed VDEs, term values, their assignments, and comparison with theoretical results for BiB2O
@ and Bi2B

@ . All energies are in eV.

VDE (expt.) Term value Spin-free states State Composition of
SO coupled state

MRCI DE [eV]

BiB2O
@ (C1v,

1S+)
X 2.80(2) 0 2P (1s22s23s24s21p45s22p3)

2P3/2 100%2P 0
A 3.36(3) 0.56(3) 2P1/2 94.2%2P +5.8%2S+ 0.54
B 5.35(3) 2.55(3) 2S+ (1s22s23s24s21p45s12p4) 2S+

1/2 94.2%2S+ + 5.8% 2P 2.74

Bi2B
@ (D1h,

3Sg
@)

X 2.62(2) 0 2Pg (1sg
21su

22sg
22su

21pu
41pg

1) 2Pg, 1/2 100%2Pg 0[a]

2Pg, 3/2 100%2Pg 1.02[a]

A 2.76(2) 0[b]

4Pu (1sg
21su

22sg
22su

21pu
31pg

2)

4Pu, 3/2 69.6%4Pu +29.9%2Pu +0.5%4Su
- 0

B 3.02(2) 0.26(2)

4Pu, 1/2 74.9%4Pu +19.5%2Pu +4.9%4Su
- +0.8%2Su

- 0.14
4Pu, 5/2 100%4Pu 0.15
4Pu, @1/2 80.3%4Pu +9.7%2Su

@+9.4%4Su
@+0.6%2Pu 0.38

C 3.74(3) 0.98(3) 2Pu (1sg
21su

22sg
22su

21pu
31pg

2)
2Pu, 3/2 49.9%2Pu + 32.8%4Su

@+ 17.3%4Pu 0.64
D 3.83(3) 1.07(3) 2Pu, 1/2 60.3%2Pu + 24.4%4Su

@+ 7.64%4Pu + 7.61%2Su
@ 0.86

E 4.30(3) 1.54(3) 4Su
@ (1sg

21su
22sg

22su
11pu

41pg
2)

4Su
@

, 3/2 66.7%4Su
@+ 20.1%2Pu + 13.2%4Pu 1.55

4Su
@

, 1/2 61.2%4Su
@+ 22.6%4Pu + 14.6%2Pu + 1.6%2Su

@ 1.62
F 4.99(4) 2.23(4) 2Su

@ (1sg
21su

22sg
22su

11pu
41pg

2) 2Su
@

, 1/2 80.3%2Su
@+ 14.5%4Pu + 5%2Pu 1.97

G 5.42(5) 2.66(5) 2Sg
@ (1sg

21su
22sg

12su
21pu

41pg
2) 2Sg

@
, 1/2 100%2Sg

@ 2.59

[a] These first two DE of Bi2B are with respect to the 2Pg ground state, while the others are with respect to 4Pu. [b] The term values of band B–G in Bi2B
@

are with respect to band A to facilitate comparison with the theoretical data.

Figure 3. The optimized structures of BiB2O
@ and Bi2B

@ at the PBE0/
AVTZ and CCSD/AVTZ levels of theory. Bond lengths are given in b
and the values in parentheses are from the CCSD/AVTZ level.

Table 2: The experimental first vertical detachment energies (VDE) for BiB2O
@ and Bi2B

@ in comparison
with the calculated VDEs at PBE0/AVTZ and CCSD/AVTZ levels.

Transition VDE [eV] Frequency [cm@1]
Expt. PBE0 CCSD Expt. PBE0[a]

BiB2O
@ 1S+!2P 2.80 2.96 2.95 1935, 1010, 300 1991, 1043, 321

Bi2B
@[b]

3Sg
@!2Pg 2.62 2.58 2.60 – –

3Sg
@!4Pu 2.76 2.77 2.68 – –

[a] Vibrational frequencies were calculated at the PBE0/AVTZ level. The listed frequencies are for the B@
O (1991 cm@1), B@B (1043 cm@1), and Bi@B (321 cm@1) stretching modes. [b] The first and second VDEs
represent the transitions to the lowest doublet and quartet states of neutral Bi2B, respectively.
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The higher binding energy PES bands correspond to
detachment transitions to excited states of the neutral species.
To understand these detachment transitions, we calculated
the DE (or the term values) of the neutral excited states with
respect to the neutral ground state using MRCI + SO to
include the SO coupling effects, as shown in Table 1. For
BiB2O, the two calculated DE term values are in excellent
agreement with the observed values from bands A and B. The
X and A bands are due to SO splitting of the 2P state (2P3/2

and 2P1/2) from removal of an electron from the 2p HOMO,
which explains why these two bands have similar intensities
and identical vibrational structures (Figure 1). The calculated
SO splitting of 0.54 eV is in excellent agreement with the
experimental value of 0.56 eV, which is large enough to
quench the Renner–Teller effect so that the neutral linear
BiB2O does not undergo bending distortions.[27] Band B at
5.35 eV corresponds to the removal of an electron from the 5s

HOMO@1, which is mainly a nonbonding MO (Supporting
Information, Figure S1). For Bi2B, two different reference
states were employed to compute the DE term values
according to their different electronic natures. The SOMOs
(1pg) are basically degenerate nonbonding MOs consisting of
Bi 6p orbitals (Supporting Information, Figure S1b). The
removal of one electron from the 1pg orbital results in the
2Pg final state, which gives rise to two SO-coupled states, 2Pg1/2

and 2Pg3/2. The calculated splitting of these two states is
1.02 eV, indicating that the 2Pg3/2 state may account for the
observed bands C or D. Again, the Renner–Teller effect can
be quenched by such a large spin–orbit splitting to avoid
bending distortion in the linear neutral Bi2B.[27] All the other
excited states result from the removal of an electron from the
deeper fully occupied MOs with two unpaired electrons in the
1pg orbitals, resulting in both doublet and quartet excited
states for the neutral. Thus, the DE term values of these
excited states were calculated with respect to the lowest
quartet state, corresponding to band A. As expected, very
complicated electronic states are derived because of the
unpaired electrons and the SO coupling. Overall, the
theoretical calculations allow the PE spectra to be qualita-
tively understood, as shown in Table 1.

Apart from the MO analyses, we also performed bonding
analyses for BiB2O

@ and Bi2B
@ using the adaptive natural

density partitioning (AdNDP) method at the PBE0/AVTZ
level,[28] as shown in Figure 4. The AdNDP analysis for

BiB2O
@ clearly identifies a Bi 6s and an O sp lone pair, a Bi/B

triple bond, a B@B single bond, and a B/O triple bond
(Figure 4a). Thus, the structures of BiB2O

@ can be expressed
as [Bi/B@B/O]@ , which is an electron-precise molecule and
underscores its high stability. The BiB2O

@ species is the first
molecule to be observed experimentally to contain a Bi/B
triple bond. A valent isoelectronic NB2O

@ species was
observed previously in a low-temperature matrix.[29] How-
ever, a [B/N@B/O]@ Lewis structure was assigned on the
basis of infrared spectroscopy. It is possible that the more
electronegative N atom disfavors the terminal position,
although a [N/B@B/O]@ Lewis structure would fulfill the
octet rule better. The AdNDP analysis for Bi2B

@ reveals two
2c–1e bonds on Bi (essentially nonbonding 6p electrons), two
6s lone pairs, two Bi@B s bonds, and two 3c–2e Bi@B@Bi
p bonds. Hence, the bonding in Bi2B

@ can be described as two
Bi=B double bonds, that is, [Bi=B=Bi]@ , which is para-
magnetic. The Bi2B

@ species is the first molecule to feature
a Bi=B double bond. Together with the Bi@B single bond
observed in Bi-B/O@ previously,[10] we now have the full
range of bonds between boron and bismuth. The calculated
Bi@B single, double, and triple bond lengths in BiBO@ , Bi2B

@ ,
and BiB2O

@ at the PBE0/AVTZ level are 2.256 c, 2.138 c,
and 2.036 c, respectively. These bond lengths compare
favorably with those obtained from PyykkoQs self-consistent
atomic covalent radii,[30] that is, 2.36 c, 2.19 c, and 2.08 c, for
Bi@B, Bi=B, and Bi/B, respectively. We also evaluated the
Bi@B triple, double, and single bond strengths by the
following equations: BiB2O

@!Bi + B2O
@ (4.70 eV),

Bi2B
@!Bi + BBi@ (3.21 eV), and BiBO@!Bi + BO@

(2.34 eV) at the PBE0/AVTZ level. We see a good correlation
between the bond lengths/bond orders and the bond
strengths. The B@Bi multiple bonds in BiB2O

@ and Bi2B
@

are reminiscent of the well-known B@N multiple bonds in the
[LnM@B/N@R] and [(CO)5M=B=N(SiME3)2] compounds.[31]

Even though the B@Bi multiple bonds are slightly weaker
than their B@N counterparts, the current study suggests the
possibility of synthesizing chemical compounds with bismuth–
boron multiple bonds and other boron–metal triple bonds.
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