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Metal-boron triple bonds are rare due to the electron deficiency of
boron. This study uncovers a simple electron-precise metal boryne
complex, [Bi=BHI] ", which is produced within an ion trap through
chemical reactions of the open-shell BiB~ anion with H,. Photo-
electron imaging is used to investigate the electronic structure and
chemical bonding of the BiBH™ complex. The B atom in the linear
closed-shell BiBH ™ is found to undergo sp hybridization, forming a
B—H single bond and a Bi=B triple bond. Photoelectron imaging
reveals three detachment transitions from the BiBH™ (*Z*) anion to
the neutral BiBH, including the ground state (?I15,,) and two excited
states (2X* and 2I1,,,). Strong vibronic coupling is observed between
the 2I13/, and 2X* states, evidenced by the appearance of bending
vibrations and their unique photoelectron angular distributions.
The BiBH™ complex not only stands as the simplest metal boryne
complex, but also serves as an ideal molecular system to investigate
both spin—orbit and vibronic couplings.

Transition metal carbyne complexes constitute an important
class of organometallic compounds which have wide applica-
tions as catalysts in organic chemistry and the pharmaceutical
industry."™ However, metal boryne complexes are much rarer
due to boron’s electron deficiency, despite the fact that bor-
ylene chemistry has been well developed.”® There are three
ways that boron can form a triple bond by compensating its
electron deficiency: (1) through coordination by an electron
pair of a donor ligand, (2) through back donation of a transition
metal, or (3) accepting an electron in a formal B~ center, which
is isoelectronic to the carbon atom.’ The first diboryne complex
was observed in a low temperature matrix through the coordi-
nation of two CO molecules in [OC—B=B+« CO].'° The first
stable diboryne compound synthesized in macroscopic quan-
tity was protected by two bulky carbene ligands [L—>B=B+«L]
[L = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]."* Back

Department of Chemistry, Brown University, Providence, RI 02912, USA.

E-mail: lai-sheng_wang@brown.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cc04235a

This journal is © The Royal Society of Chemistry 2023

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Observation of an electron-precise metal boryne
complex: [Bi=BH] ¥

and Lai-Sheng Wang = *

donation from a transition metal to boron has even led to
the formation of a M=B quadrupole bond in Rh=B,
(BOT)Rh=B, and B=Fe(CO); .">"* The protonation of RhB
breaks the quadrupole bond and gives rise to a simple metal
boryne cation, [Rh=BH]", which was studied computationally
to verify the quadrupole bond in Rh=B."> The boronyl-
coordinated diboryne [OB-B=B-BOJ*~ can be considered to
contain two B~ centers, which undergo sp hybridization."*
Similarly, the first metal boron triple bond in [Bi=B-BO]|"
should also be considered to contain an sp-hybridized B~
center.'” Several transition metal boryne complexes have been
produced using the similar formula [M =B-BO]~,'® as well as
[Pb=B-BOJ*~,"” which is isoelectronic to [Bi=B-BO] . In this
Communication, we report the experimental observation of the
simplest metal boryne complex [Bi=BH]~, which contains an
sp-hybridized B~ center, and its characterization using photo-
electron imaging. While the metal-boron triple bond in the
[M=B-BO] type of complexes may have conjugation effects
with the BO ligand, the simple [Bi=BH]  boryne complex
provides an opportunity to directly examine the metal-boron
triple bond.

The experiment was carried out using a high-resolution
photoelectron imaging apparatus consisting of a cryogenically-
controlled Paul trap.'”® The [BiBH] complex was discovered
serendipitously during our experiment on Bi-doped boron
clusters,” which were produced using laser vaporization of a
composite target made of Bi and '°B- or 'B-enriched powders.
The laser-induced plasma was quenched by a helium carrier gas,
initiating nucleation to form Bi,B,” mixed clusters. The nascent
clusters were entrained in the carrier gas and underwent a
supersonic expansion. After passing a skimmer, the collimated
cluster beam was sent directly into a cryogenically-cooled Paul
trap operated at 4.2 K. The cluster anions were trapped and cooled
collisionally by a mixed He/H, buffer gas (4:1 by volume) for 45
ms before being pulsed into the extraction region of a time-of-
flight (TOF) mass spectrometer. In the mass region of BiB™, a very
weak BiBH  impurity mass signal was observed, most likely due
to a trace amount of water contaminant on the target surface.
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Fig. 1 Photoelectron images and spectra of cryogenically-cooled
Bil'BH™ taken at (a) 2.031 eV (610.55 nm), (b) 2.331 eV (531.89 nm), and
(c) 2.504 eV (495.21 nm). The double arrow below the image indicates the
laser polarization. The inset in (b) is intended to show the weak features a
and c.

Surprisingly, the BiBH™ mass signal was significantly enhanced
after cooling and trapping, as shown in Fig. S1 (ESIt), where the
mass spectra with and without ion trapping are compared.
Apparently, the open-shell BiB~ anion'® can react with the H,
cooling gas in the ion trap to form the closed-shell BiBH ™ anion.
We suspect that the chemical reaction takes place during the
initial ion trapping, when the cluster beam still carries a high
kinetic energy. Thus, energetic collisions between the open-shell
BiB™ and H, could overcome the expected reaction barrier to form
BiBH™, which was subsequently cooled in the ion trap. The ion
trapping slightly increases the mass resolution, as shown in
Fig. S1 (ESIT), because the ion packet upon extraction from the
ion trap is focused to a smaller volume into the extraction zone of
the TOF mass spectrometer.'® More experimental details can be
found in the ESL}

Fig. 1 displays high-resolution photoelectron images and
spectra at three photon energies (2.031, 2.331, 2.504 eV) for the
cryogenically-cooled Bi''BH . Two electronic transitions (X and
A) are observed, each with vibrational fine features labeled by
lower case letters. Fig. 2 shows the photoelectron image and
spectrum of cold Bi''BH ™ at 3.496 eV photon energy, revealing
one more detachment transition (peak B) with one vibrational
fine feature (peak g). We also conducted experiments on the
Bi'’BH ™~ isotopomer at 2.331 eV and 3.496 eV photon energies,
as displayed in Fig. 3. Because the isotopically-enriched boron
powders had a 97% isotope purity, the spectra of Bi'°BH™
always contain weak signals of Bi''B~ as a minor contaminant
(Fig. 3)."°° On the other hand, the Bi''BH ™ isotopomer does not
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Fig. 2 The photoelectron image and spectrum of cryogenically-cooled

Bi''BH™ taken at 3.496 eV (355 nm). The double arrow below the image
indicates the laser polarization.
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Fig. 3 Photoelectron images and spectra of cryogenically-cooled
Bil°BH ™ taken at (a) 2.331 eV (531.89 nm) and (b) 3.496 eV (355 nm). The
double arrow below the image indicates the laser polarization.

have any potential '°B-contaminant. Thus, we have focused on
the Bi''BH™ isotopomer, but the Bi'°BH™ data are valuable to
verify the assignment of the vibrational structures in the
Bi''BH ™ spectra.

Peak X in Fig. 1a for Bi'"'BH ™ has a clear s + d wave angular
distribution. It should be the 0-0 transition to the ground
electronic state of BiBH and defines an accurate electron
affinity (EA) of 1.988 + 0.001 eV for BiBH. In Fig. 1b, three
prominent vibrational features (peaks b, d, e) following peak X
are observed. Peaks X, b and d can be easily recognized as one
vibrational progression because they have the same energy
spacing and they have the same s + d wave angular distribution,
yielding a vibrational frequency of 613 cm™" for Bi"'BH. The
corresponding frequency for Bi'°BH is 649 cm ™', measured
from peak b in Fig. 3a. There is a weak shoulder (a) on the lower
binding energy side of peak b in Fig. 1b, but it is not well
resolved. The corresponding feature (a) is well separated from
peak b in the spectrum of Bi'°BH ™~ (Fig. 3a). It is surprising that
peak a in the spectra of both isotopomers has a p-wave angular
distribution, different from that of peak X and the other two
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vibrational peaks b and d. Following peak a, the second
quantum of this vibration is discernible (peak c, Fig. 1b), which
also carries a p-wave angular distribution. Peaks a and c yield a
vibrational frequency of 540 cm™* for Bi''BH. This frequency is
499 cm ™! for Bi'’BH, defined by peak a (Fig. 3a). Peak e with an
s + d wave angular distribution (Fig. 1b) should represent a high
frequency vibrational mode, yielding a frequency of 2621 cm ™.
Weak vibrational features are more difficult to identify in the
spectra of the Bi'°BH™ isotopomer (Fig. 3) because of the
contamination of Bi''B~, as mentioned above.

As the photon energy increases to 2.504 eV (Fig. 1c), the
stronger peak A with a p-wave angular distribution should be
the first excited state of Bi''BH. Peak f should represent a
vibrational progression of peak A, yielding a vibrational fre-
quency of 675 cm ‘. However, peak f carries an s + d wave
angular distribution, different from that of peak A. No other
vibrational progression is observed off peak A. The highest
photon energy spectrum at 3.496 eV (Fig. 2) reveals an intense
peak B, which should be the second excited state of Bi''BH. A
vibrational feature (peak g) is also observed, yielding a vibra-
tional frequency of 573 cm™'. Both peaks B and g carry s + d
wave angular distributions. The different angular distributions
of peaks a and f from their respective electronic states are
intriguing, suggesting that they have different symmetries from
the parent electronic states. They should be due to the bending
modes, which are not symmetry-allowed if both BiBH™  and
BiBH are linear. Their appearance can also be due to strong
vibronic coupling between the ground state and the first excited
state mediated by the bending mode. Hence, the 540 cm™*
frequency for the ground state from Fig. 1b should be due to
the bending mode; and the 613 cm™* and 2621 cm™ " frequen-
cies should be due to the Bi-B and B-H stretching modes for
Bi''BH, respectively. The binding energies of the observed
photoelectron features, their B parameters (see ESIf), and
assignments are given in Table S1 (ESIf).

We optimized the structure of BiBH ™ using density func-
tional theory (DFT) at the PBEO/aug-cc-pVIZ level®® using
Gaussian 09! and found that the ground state of BiBH ™ is
linear with C.., symmetry (Fig. 4a) and a closed-shell electron
configuration (*=*). The triplet state was found to be at least

(a)
2.049 1.197
%J_ J
BiBH(C_,, 194
(b)
wi X LXK FX _
HOMO, 1w HOMO-1, 30 HOMO-2, 20 HOMO-3, 10

Fig. 4 The structure (a) and valence molecular orbitals (b) of BiBH™ at the
PBEO/aug-cc-pVTZ level.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

2 eV higher in energy. The valence molecular orbitals (MOs) of
BiBH™ are shown in Fig. 4b. The highest occupied MO (HOMO)
is a m bonding orbital between Bi and B. The HOMO—1 is
mainly a ¢ bonding orbital between Bi and B, whereas the
HOMO-2 is mainly a ¢ bonding orbital between B and H. The
HOMO-3 is mainly the Bi 6s lone pair. Electron detachment
from the HOMO results in the open-shell ground state of BiBH,
36°17° (*Il)5, T1y5). Large spin-orbit coupling is expected and
the ground state of BiBH should be 15,5, corresponding to the
X band in the photoelectron spectra. The s + d wave angular
distribution of the X band is consistent with electron detach-
ment from a m orbital. On the basis of its s + d wave angular
distribution, the B band should correspond to the *IT,, state,
giving rise to a large spin-orbit splitting of 0.622 eV (Table S1,
ESIt). The A band then must correspond to the *X* (3c'1n?)
excited state of BiBH, derived from detachment of a 3¢ elec-
tron, consistent with the p-wave angular distribution. The
strong spin-orbit coupling should suppress the Renner-Teller
effect in the *I1 state of BiBH.?> However, the observation of the
bending modes in the *Il;, and *X* states and their unique
angular distributions (peaks a, c, f in Fig. 1 and Table S1, ESIt)
suggest vibronic coupling between the *I1;,, and *X* states. The
small energy difference between these two states makes vibro-
nic coupling possible.

We analyzed the chemical bonding of BiBH™ using the
AdNDP method,* as shown in Fig. S2 (ESI). We can clearly
see the two © bonds and the ¢ bond between Bi and B, and the
c bond between B and H. Because of the relativistic
stabilization,?* the 6s electrons of Bi are known to be inert
and form a lone pair, found in all Bi-containing boron
clusters.’>'%?° The B atom undergoes sp hybridization, where
one of the sp hybridized orbitals forms the ¢ bond with the
H 1s orbital and the other forms a ¢ bond with the 6p, orbital of
Bi. The 2p, and 2p, orbitals of B form the © bonds with the 6p,
and 6p, orbitals of Bi, giving rise to the Bi=B triple bond. We
performed Wiberg bond order analyses and found that the bond
order between Bi and B is 2.89, which agrees well with the triple
bond. The calculated Bi-B bond length of 2.049 A agrees well with
that (2.08 A) estimated using the triple bond covalent radii from
Pyykko.>® The Bi-B triple bond length in BiBH ™ is similar to the
Bi-B triple bond length of 2.036 A computed for [Bi=B-B=0]"
at the same level of theory (PBEO/aug-cc-pVTZ)."

In the BiBH neutral, one = electron is removed, weakening
the Bi-B bond and leaving a bond order of 2.5 for Bi-B. Thus,
the measured Bi-B stretching frequency of 613 cm™* for Bi''BH
(649 cm ™" for Bi'’BH) is expected to be lower than that of the
anions. The contribution of the Bi 6p orbitals to the = bonding
in BiBH can be estimated using the measured spin-orbit
splitting between °Il;,, and *I1y,,,>” as are shown in the ESLf
We found that the Bi 6p orbitals contribute about 50% to the n
bonds. We also calculated the atomic compositions of the &
orbitals and found that the Bi 6p orbitals contribute about 60%
to the m bonds, consistent with the estimation using the
measured spin-orbit splitting. Both methods provide strong
evidence for the covalent nature of the bonding between Bi and
B. Our computed Bi-B stretching frequency for the Bi''BH™
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anion is 710 cm ™" (739 cm ™" for the Bi'°BH™ isotopomer),
indicating a relatively strong bond. This Bi-'°B stretching
frequency is slightly larger than that for Au-'°B (710 cm ™),
which is known to contain an Au=B triple bond.?® It should
be noted that a previous computational study considered the
substituent effects on the Bi=B triple bond in R-Bi=B-R
type neutral complexes.>® However, in these complexes the
Bi 6s electrons are needed in the chemical bonding. In
light of the inertness of the 6s electron pair, we think that
[Bi=B-R]™ type anionic complexes may be more promising
targets for syntheses if suitable R groups and counter ions
can be found.

In conclusion, we report the formation of an electron-precise
metal boryne complex [Bi=BH]~ through chemical reactions
of BiB~ with H, in a cryogenically-cooled ion trap. The electro-
nic structure and chemical bonding of the closed-shell
[Bi=BH] are investigated using high-resolution photoelec-
tron imaging. The electron affinity of neutral BiBH (*TI3,) is
measured to be 1.988(1) eV, along with two excited states, >Z" at
an excitation energy of 0.355 eV and ’[1,,, at an excitation
energy of 0.622 eV. Vibronic coupling between the I1;,, ground
state and the *Z* excited state is observed. Chemical bonding
analysis reveals a Bi=B triple bond in the electron-precise
[Bi=BH] ", in which the B atom undergoes sp hybridization.
The [Bi=BH]™ anionic species represents the simplest metal
boryne complex characterized experimentally. The current
study demonstrates the intriguing possibility that the ion trap
can be used to form other metal boryne complexes or other
hydrogen stabilized clusters.
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