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ABSTRACT: Because of its low toxicity, bismuth is considered to be a
“green metal” and has received increasing attention in chemistry and
materials science. To understand the chemical bonding of bismuth,
here we report a joint experimental and theoretical study on a series of
bismuth-doped boron clusters, BiB,” (n = 6—8). Well-resolved
photoelectron spectra are obtained and are used to understand the
structures and bonding of BiB,” in conjunction with theoretical
calculations. Global minimum searches find that all three BiB,~ clusters
have planar structures with the Bi atom bonded to the edge of the
planar B, moiety via two Bi—B o bonds as well as 7 bonding by the 6p,
orbital. BiB4~ is found to consist of a double-chain By with a terminal Bi
atom. Both BiB,™ and BiBg~ are composed of a Bi atom bonded to the
planar global minima of the B,~ and By~ clusters. Chemical bonding

BiB —> BiB; —> BiBy-
Doubly antiaromatic Doubly aromatic

s

analyses reveal that BiB,~ is doubly antiaromatic, whereas BiB,” and BiBy~ are doubly aromatic. In the neutral BiB, (n = 6—8)
clusters, except BiBs which has a planar structure similar to the anion, the global minima of both BiB, and BiB; are found to be half-
sandwich-type structures due to the high stability of the doubly aromatic B>~ and Bg>~ molecular wheel ligands.

1. INTRODUCTION

The electron deficiency of boron results in a variety of bulk

molecular wheels,
lo-borophenes.

16—18 19
metallo-boronanotubes,'? and metal-

2021 The PrB,” cluster contains a half-sandwich

allotropes and compounds consisting of different three-
dimensional (3D) cages.'”* Over the past two decades,
extensive research has been conducted on size-selected boron
clusters using joint experimental and first-principle theoretical
studies.”™° Different from the bulk, small boron clusters have
been found to process predominantly two-dimensional (2D)
structures consisting of B; triangles decorated with tetragonal,
pentagonal, or hexagonal holes.”” One of the most interesting
2D boron clusters is the Cg Bss cluster with a central
hexagonal hole, providing the first experimental evidence of the
viability of atom-thin 2D boron (borophene)."’ Borophenes
have been realized on metal substrates,'>"> becoming a new
class of synthetic 2D materials. The By, cluster was found to
have a cage structure marking the discovery of the first all-
boron fullerene (borospherene),'* while the B~ cluster with a
bilayer structure was the largest bare boron cluster interrogated
experimentally up to date.”” Numerous metal-doped boron
clusters have also been produced and studied, significantly
expanding the structural diversity of nanoborons. The study on
transition-metal-doped boron clusters revealed the existence of
various structures including metal-centered borometallic
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structure featuring a B.>~ moiety,”” which was also found
recently in ByO~.”” Dilanthanide boron clusters were found to
form inverse sandwiches,””** while La,B,s~ features the first
spherical trihedral metallo-borospherene.*®

Bismuth is the heaviest stable metal element in the periodic
table, but it has low toxicity relative to its neighbors.27 In fact,
bismuth is considered a “green metal”, and it has received
increasing attention in chemistry, materials science, and
medicinal chemistry.”* " Being a heavy member of the
important III-V semiconductor family, bismuth boride has
unique electronic and optical properties with significant
potentials for industrial applications.”’™** However, bulk
bismuth borides have not been synthesized. Because of their
large size discrepancy, the bismuth—boron bond is expected to
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be weak, although very little is known. Only recently have a
series of studies focusing on the bismuth—boron bonding been
reported in BiBO~, Bi,B™, and BiB,O~, which are found to
contain a single Bi—B, double Bi=B, and triple Bi=B bond,
respectively.”””> Other than that, there have been few
experimental studies on bismuth—boron species except a
recent investigation on the dibismuth boride clusters of Bi,B,~
(n = 2—4).%¢

Bismuth—boron clusters are not only ideal systems to probe
the chemical bonding between Bi and B, they will also lay the
foundation to synthesize bulk bismuth borides or new
bismuth—boron nanostructures. In the current work, we report
a joint photoelectron spectroscopy (PES) and theoretical study
on a series of bismuth-doped boron clusters, BiB,” (n = 6—8).
Well-resolved photoelectron spectra are obtained for all three
clusters and are combined with theoretical calculations to
elucidate their structures and bonding. The global minima of
the BiB,” (n = 6—8) clusters are all found to have 2D
structures featuring a Bi atom bonded to the edge of a planar
B, motif. Chemical bonding analyses show that the elongated
BiBs~ cluster is doubly antiaromatic, while both BiB,~ and
BiBg~ are doubly aromatic. Interestingly, the global minima of
neutral BiB, and BiBg are three-dimensional (3D) half-
sandwich-type structures as a result of the high stability and
aromaticity of the B,>~ and Bg*~ molecular wheel motifs.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Photoelectron Spectroscopy. The experiment was
conducted by using a magnetic-bottle PES apparatus equipped
with a laser-vaporization supersonic cluster source, the details
of which have been published elsewhere.**” The BiB,” (n =
6—8) clusters were produced by laser vaporization of a disk
target prepared by mixing powders of bismuth and ''B-
enriched boron (1/1 Bi/B molar ratio). The laser-induced
plasma was cooled by a high-pressure He carrier gas seeded
with 5% Ar, initiating nucleation and cluster formation. The
nascent clusters were entrained by the carrier gas and
underwent a supersonic expansion to produce a cold cluster
beam. The cluster temperature was expected to be below room
temperature”® and could be varied slightly by controlling the
resident time of the cluster in the nozzle.” The Ar-seeded
helium carrier was found to be better for cooling heavier
clusters, as demonstrated previously by the observation of Ar-
tagged Au,” clusters.”” After passing a skimmer, anionic
clusters were extracted from the collimated cluster beam and
analyzed by time-of-flight mass spectrometry. The clusters of
interest were mass-selected and decelerated before photo-
detachment by a laser beam from the fourth harmonic of a
Nd:YAG laser at 266 nm (4.661 eV). Photoelectrons were
collected at nearly 100% efficiency by the magnetic bottle and
analyzed in a 3.5 m long electron flight tube. The
photoelectron kinetic energy (E,) was calibrated by using the
known spectrum of Bi~. The resolution of the magnetic-bottle
photoelectron analyzer was AE,/E, = 2.5%, that is, ~25 meV
for 1 eV electrons.

2.2. Theoretical Methods. Global minimum searches
were performed by using the AFFCK code, which was an
efficient global optimization method through the introduction
of an intermediate step where structures were optimized by
using a classical force field generated on the fly within the
algorithm.”® About 1300 starting geometries were generated
for BiBs~ and ~2000 for BiB,” and BiBg . After the initial
optimization at the PBEO/LANL2DZ level,*" the low-lying
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isomers were reoptimized at the PBEO/aug-cc-pVTZlevel of
theory (with the effective core potential for Bi)* as
implemented in Gaussian-16.*’ Both singlet and triplet states
for BiB4~ and BiBg~, and doublet and quartet states for BiB,~,
were tested for each generated structure. The one-determinant
character of the global minimum wave functions was examined
by the wave function stability test (stable = opt).

Vertical detachment energies (VDEs) and adiabatic detach-
ment energies (ADEs) were calculated by using two
approaches: (1) time-dependent DFT (TD-DFT) at the
PBEO/aug-cc-pVTZ level of theory and (2) CCSD(T)/def2-
TZVP.**™ The first vertical detachment energy (VDE,) was
calculated as the energy difference between the neutral and
anion at the optimized anion geometry. The ADE was
computed by using the optimized anion and the optimized
neutral for the corresponding anion structure. Spin—orbit
effects were not treated explicitly in the current work, which
might affect the accuracy of the computed detachment
energies. However, the overall agreement between the
theoretical VDEs and the experimental spectral patterns is
quite good, as shown below.

The adaptive natural density partitioning (AdNDP)
method*®"” was used for the chemical bonding analyses as a
time-proven probe for deciphering delocalized bonding in
various chemical systems.”* > The algorithm works within a
concept of occupation numbers (ONs), such that the closer an
ON of a certain bond is to 2.0 (1.0 for single-electron bonds),
the more reliable the bonding picture is.

3. PHOTOELECTRON SPECTRA OF BIB,” (n = 6—8)

The photoelectron spectra of BiB,” at 266 nm are shown in
Figures 1—-3 for n = 6—8, respectively. The observed PES

A
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Figure 1. Photoelectron spectrum of BiB,~ at 266 nm (4.661 eV).
The vertical bars correspond to computed VDEs at the PBEO/aug-cc-
pVTZ level of theory.

bands are labeled with letters (X, A, B, ...), and the detailed
VDEs are shown in Tables 1—3, along with their theoretical
VDEs and electron configurations. In each spectrum, band X

Table 1. Experimental VDEs and Comparison with the
Calculated Values for the Global Minimum of BiB4~

final state and electron VDE (theor) PBEO/

band VDE (exptl) configuration aug-cc-pVIZ
X 2.62 + 003 A {..(252)%(26a)*(272)'} 2.29
A 3.65+002 2A {.(252)%(26a)'(272)%} 3.78
B 426 + 003 A {..(252)"(26a)*(27a)%} 4.20
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represents the transition from the anionic ground state to the
electronic ground state of the corresponding neutral, while
bands A, B, .. indicate transitions from the anionic ground
state to excited states of the corresponding neutral species.
3.1. BiBg~. The photoelectron spectrum of BiB4~ displays
three well-resolved bands, as shown in Figure 1. Band X gives
rise to the first VDE at 2.62 eV. The ADE is estimated to be
246 + 0.04 eV from its onset, which also represents the
electron affinity (EA) of the corresponding neutral BiBy.
Following a large energy gap, band A at 3.6 eV is intense and
sharp with a short vibrational progression and a vibrational
spacing of ~1120 cm™". A broad band B is observed at 4.26 eV.
3.2. BiB;™. The photoelectron spectrum of BiB,~ (Figure 2)
is congested with more complicated features because it is

BiB7
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2.0 2.5 3.0
Binding Energy, eV

| H || ‘I
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3.5 4

1.5 .0 4.5

Figure 2. Photoelectron spectrum of BiB,™ at 266 nm (4.661 eV).
The vertical bars correspond to computed VDEs at the PBEO/aug-cc-
pVTZ level of theory. The longer bars correspond to transitions to
triplet final states; the shorter bars correspond to transitions to singlet
final states.

open-shell. The strong band X is broad, yielding a VDE of 3.21
eV and an estimated ADE of 3.03 + 0.06 eV. A broad band A
with an unresolved shoulder closely follows band X at a VDE
of 3.42 eV. Band B at 3.81 €V is sharp, and it contains a short
vibrational progression with a spacing of ~490 cm™'. A weaker
and broad band C is observed with a VDE of 4.04 eV. At the
high binding energy side, two closely spaced bands, D and E,
are observed at 4.39 and 4.47 eV, respectively. The weak band
X' on the low binding energy side at 2.84 eV is likely from a
low-lying isomer.

3.3. BiBg™. The photoelectron spectrum of BiBg~ displays a
relatively simple spectral pattern with three well-resolved
bands, as shown in Figure 3. The sharp band X yields a VDE of

Table 2. Experimental VDEs and Comparison with the
Calculated Values for the Global Minimum of BiB,~

VDE (theor)
final state and electron PBEO/aug-
band  VDE (exptl) configuration cc-pVIZ
X 321 + 003  'A, {..(15a,)%(9b,)*(4b,)*(2a,)%} 3.33
A 342 + 003 B, {..(152,)%(9b,)*(4b,)'(2a,)"} 3.52
~3.5° 3B, {..(15a,)%(9b,)' (4b,)*(22,)"} 3.63
B 3.81 + 002  'B; {..(152,)%(9b,)*(4b,)"(2a,)"} 3.90
C 404 +0.03 "B, {...(15a,)*(9b,)'(4b,)*(2a,)"} 4.07
D 439 +0.02  3A; {..(152,)'(9b,)*(4b,)*(22,)'} 4.46
E 447 +0.02 A, {..(15a,)"(9b,)*(4b,)*(2a,)"} 4.48
“The unresolved shoulder of band A (see Figure 2).
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Figure 3. Photoelectron spectrum of BiBg~ at 266 nm (4.661 eV).
The vertical bars correspond to computed VDEs at the PBE0/aug-cc-
pVTZ level of theory.

3.13 eV and an ADE of 3.07 + 0.03 eV. The shoulder on the
high binding energy side of band X is likely an unresolved
vibrational peak. A relatively broad band A is observed at 3.64
eV. The intense and sharp band B gives a VDE of 4.18 eV and
a vibrational progression with a frequency of 570 cm™". There
were very weak signals at the low binding energy side around
~2.7 eV (not labeled), which could be due to a low-lying
isomer.

4. THEORETICAL RESULTS

The global minima of BiB,~ (n = 6—8) along with several low-
lying isomers are displayed in Figure 4. More low-lying
structures are given in Figure S1.
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Figure 4. Global minima and low-lying isomers of (A) BiB,~, (B)
BiB,”, and (C) BiBy™. Relative energies are given in kcal/mol at the
PBEO/aug-cc-pVTZ + ZPE level and the CCSD(T)/def2-TZVP level
[in brackets].

4.1. BiBg~. The global minimum of BiB4~ was found to be a
closed-shell 2D structure with C; symmetry ('A, Figure 4A) at
the PBEO level. The B4 motif is similar to the global minimum
of the bare By cluster with some in-plane distortions.’® The
valence MOs for the C; BiB¢™ are displayed in Figure S2. The
HOMO-LUMO gap is computed to be 2 eV at the PBEO/
aug-cc-pVTZ level, indicating the global minimum of BiB4™ is a
stable electronic system. The first low-lying isomer (Isol) can
be considered as the triplet excited state of the global

https://doi.org/10.1021/acs.jpca.1c05846
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minimum. It is almost degenerate with the global minimum at
the PBEO level but is much higher in energy at the CCSD(T)
level. The second low-lying isomer (Iso2) is a 3D half-

Table 3. Experimental VDEs and Comparison with the
Calculated Values for the Global Minimum of BiBg~

final state and electron VDE (theor) PBE0/

band VDE (exptl) configuration aug-cc-pVTZ
X 3.13 +£ 002 %A, {..(4b,)*(10b,)*(2a,)"} 3.01
A 3.64 + 003 B, {..(4b,)*(10b,)"'(2a,)*} 3.78
B 418 + 0.02  *B; {..(4b,)'(10b,)*(2a,)*} 4.10

sandwich type structure, which is 5.0 kcal/mol higher in energy
at the PBEO level but becomes even lower in energy than the
C, 2D global minimum. Clearly, the true global minimum can
only be determined by comparison with the experimental data.
The ADE and VDE;, for the global minimum of BiB4~, as well
as the VDE, for Isol and Iso2, are calculated at two different
levels of theory, as shown in Table 4. Higher VDE:s at the TD-
DFT level for the C; 2D global minimum are given in Table 1,
where they are compared with the experimental data.

4.2. BiB;". The global minimum of BiB,™ is a doublet C,,
(*A,) planar structure with the Bi atom bonded to the
periphery of a hexagonal B, cluster (Figure 4B). The B, motif
is similar to the global minimum of the bare B, except that the
latter is only quasi-planar.”” The valence MOs of the global
minimum are shown in Figure S3. The HOMO—SOMO (beta
MOs) gap was computed to be 2.6 eV, and the SOMO—
LUMO gap (alpha MOs) was 3.2 eV. The next low-lying
isomer (Isol) is 15.1 kcal/mol higher in energy at the
CCSD(T) level (C,, B, Figure 4B), and its structure is
similar to the global minimum except that the B, moiety
undergoes some in-plane distortions. In fact, Isol can be
viewed as replacing a B atom with the Bi atom on the
periphery of the By~ cluster.”® Clearly, the insertion of the Bi
atom is too disruptive to the B—B bonding, resulting in a much
higher energy Isol. The second low-lying isomer has an
elongated double-chain structure, similar to the global
minimum of BiB4~, but it is significantly higher in energy in
comparison to the C,, global minimum. The computed ADE
and VDE, for the global minimum and the VDE), for Isol of
BiB,™ at both PBEO and CCSD(T) are also given in Table 4.
The higher VDEs of the global minimum at the TD-DFT level
are compared with the experimental data in Table 2.

4.3. BiBg™. The global minimum of BiBg~ consists of a By
wheel and a Bi atom bonded to its edge with C,, symmetry
(Figure 4C). The Bg motif is similar to the global minimum of
the bare By cluster.”® The valence MOs for the global
minimum are shown in Figure S4. The HOMO-LUMO gap
was computed to be 2.37 eV. The first low-lying isomer (Isol)
is a 3D bipyramidal structure with a triplet state and Cg,
symmetry. It is 13.7 kcal/mol higher in energy than the planar
global minimum at the PBEO level and 18.2 kcal/mol higher at
the CCSD(T) level. The second low-lying isomer is a triplet C,
structure with the Bi atom bent out of the Bg plane. Another
3D bipyramidal structure (Iso3) is close in energy to Iso2. The
computed ADE and VDE, for the global minimum as well as
the computed VDE, for the three low-lying isomers of BiBg~
are also given in Table 4. The higher VDEs of the global
minimum at the TD-DFT level are compared with the
experimental data in Table 3.

4.4. Neutral BiB, (n = 6—8). We also performed global
minimum searches for neutral BiB, (n = 6—8), as shown in
Figure S. The potential energy surfaces of the neutral clusters
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Figure 5. Low-lying isomers of (A) BiB,, (B) BiB,, and (C) BiBs.
Relative energies are given in kcal/mol at the PBEO/aug-cc-pVIZ +
ZPE level of theory.

are found to be quite different from those of the anions. While
the global minimum of neutral BiBy is similar to that of the

Table 4. Comparison of the Experimental ADE and VDE,; with Calculated Values at the PBEO/aug-cc-pVTZ and CCSD(T)/
def2-TZVP Levels of Theory for the Global Minima (GM) of BiB,” (n = 6—8) and the VDE, for Low-Lying Isomers

ADE (theor)
final state PBEO CCSD(T)
BiBs~, C, (GM) A 2.15 2.34
C, (Isol) A
C,, (Iso2) ’B,
BiB,", C,, (GM) A 2.86 2.75
C,, (Isol) 'B,
BiBy~, C,, (GM) A, 2.94 3.13
Cq, (Isol) ’E,
C, (Is02) A
C, (Iso3) 27"

“The weak low-binding energy feature in Figure 3.
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VDE, (theor)

PBEO CCSD(T) ADE (exptl) VDE, (exptl)
2.29 2.53 2.46 2.62
2.21 2.07

2.61 3.02

3.33 3.18 3.03 321
2.77 2.83 2.71 2.84
3.01 3.19 3.07 3.13
3.65 3.78

2.78 2.74 ~2.7¢
2.78 2.88
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anion, the Isol and Iso2 of the neutral are not present as low-
lying isomers in the anion (Figure 4). More remarkably, the
global minima of BiB, and BiBg are 3D half-sandwich type
structures, in which the B, and Bg motifs are similar to the
global minima of the respective bare clusters.””>® The planar
global minimum structures of the anions become Isol for both
neutral BiB, and BiB,. It is interesting to see that detachment
of a single electron can significantly alter the relative stability of
the different isomers of these clusters. The coordinates of the
global minima of the BiB,” (n = 6—8) anions and the BiB,
neutrals at the PBEO level are given in Tables SI—-S6.

5. DISCUSSION

5.1. Comparison between Experiment and Theory.
The experimental PES data are essential for the verification
and determination of the global minima and low-lying isomers
of size-selected clusters. The computed ADE/VDE, for the
global minima of BiB,” (n = 6—8) and VDE, for low-lying
isomers are compared with the experimental results in Table 4.
The calculated VDEs for all the detachment channels of the
global minima within the experimentally observed spectral
range are compared with the PES data in Tables 1-3 and
indicated in Figures 1-3.

5.1.1. BiBs~. The calculated ADE/VDE, of 2.34/2.53 eV for
the global minimum of BiB~ at the CCSD(T) level agrees well
with the experimental data of 2.46/2.62 eV, while the values
calculated at the PBEO level (2.15/2.29 eV) are under-
estimated (Table 4). Isol is almost degenerate with the global
minimum at the PBEO level, though it is higher in energy by
8.8 kcal/mol at the CCSD(T) level. The calculated VDE, for
Isol is 2.07 €V at the CCSD(T) level. There are no discernible
PES signals in the low binding energy range, which rules out
the presence of Isol in the cluster beam. The 3D Iso2 is 5.0
kcal/mol higher in energy than the global minimum, but it
becomes degenerate with the global minimum at the
CCSD(T) level. The computed VDE, of Iso2 is 3.02 eV at
the CCSD(T) level. Careful examination of the photoelectron
spectrum of BiBs~ (Figure 1) indicates very weak signals
around ~3.3 eV between bands X and A. This weak feature
could suggest the presence of Iso2 in the cluster beam as a
minor component.

The calculated VDEs at the PBEO level for higher binding
energy detachment channels of the C, global minimum are
given in Table 1 and marked in Figure 1 by the vertical bars.
The first PES band (X) is due to detachment of an electron
from the HOMO (27a), which is an in-plane ¢ MO on the By
moiety (Figure S2). The removal of an electron from the 27a
orbital results in a structural change from the quasi-planar
anion (C,) to a perfect planar neutral BiB, (C,). The spectral
width of band X is consistent with the geometry change
between the ground state of the anion and that of the neutral.
Electron detachment from the HOMO-1 (26a) gives a
computed VDE of 3.78 eV, in good agreement with the
measured VDE of band A at 3.65 eV. The 26a orbital is a 7
MO (Figure S2), consistent with the observed vibrational
progression, which is likely due to a symmetric B—B vibrational
mode. Electron detachment from the HOMO—2 (25a) results
in a theoretical VDE of 4.20 eV, again in good agreement with
the measured VDE of band B at 4.26 eV. The 25a orbital is an
in-plane 6 MO, involving in B—B bonding and Bi—B bonding.
Significant structural changes are expected upon detachment of
a 25a electron, consistent with the broad B band in the
photoelectron spectrum (Figure 1). The theoretical results for
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the elongated C,; structure are in excellent agreement with the
experimental observations, providing considerable credence for
it to be the global minimum of BiB4".

5.1.2. BiB;”. The computed ADE/VDE, for the global
minimum of BiB,™ are 2.75/3.18 eV at the CCSD(T) level
(Table 4). Even though the computed ADE seems to be
underestimated in comparison to the experimental value (3.03
eV), the computed VDE, is in good agreement with the
experimental value of 3.21 eV. The calculated VDE, of 2.83 eV
for Isol at the CCSD(T) level is in good agreement with the
minor feature at 2.84 eV. Higher binding energy detachment
features from the minor isomer are likely buried in the spectral
features of the global minimum.

As shown in Figure §, the global minimum of neutral BiB; is
a half-sandwich 3D structure, and it cannot be reached from
photodetachment of the planar anion global minimum. The
final states of the photodetachment should be those involving
Isol of neutral BiB, (Figure SB), which is a 2D structure but
nonplanar. The substantial geometry change from the global
minimum of BiB,™ to Isol of BiB, is consistent with the broad
spectral width of band X (Figure 2). Band X is derived from
electron detachment of the 2a, SOMO (Figure S3), which is a
bonding 7 orbital. As will be shown below, the removal of the
7 electron in the 2a, orbital makes the neutral 2D BiB, an
antiaromatic system, consistent with the large geometry change
and the fact that it is no longer the global minimum on the
neutral potential energy surface. The next detachment channel
takes place from the 4b; HOMO, which gives rise to a high-
spin (°B;) and a low-spin ('B;) final state. The calculated
VDE:s for these two final states, 3.52 and 3.90 eV (Table 2), are
in good agreement with the measured VDEs of band A (3.42
eV) and band B (3.81 eV). Detachment from the 9b,
HOMO-1 also results in a high-spin (°B,) and a low-spin
('B,) final state. The calculated VDE for the °B, final state
(3.63 eV) is consistent with the unresolved shoulder at ~3.5
eV of the A band, whereas that for the 'B, (4.07 eV) agrees
well with band C (4.04 eV). Finally, the detachment from the
15a; HOMO-2 leads to two final states with different spins
(*A, and 'A,) and similar VDEs (4.46 and 4.48 eV), which are
in good accord with the experimental VDEs of band D at 4.39
eV and band E at 4.47 eV, respectively. Hence, the congested
photoelectron spectrum of BiB,~ is a direct consequence of the
open-shell nature of its global minimum. The good agreement
between experiment and theory provides strong evidence for
the C,, (*A,) global minimum of BiB,.

Even though Isol is a relatively high energy isomer for
BiB,”, it is apparently present as a minor component
experimentally. The geometry of the global minimum and
that of Isol are in fact very similar. The major difference is the
much larger separation between the two B atoms that are
bonded to the Bi atom or the B—Bi—B bond angle in Isol. As
shown in Figure S3, the SOMO (2a,) of the global minimum is
a 7 orbital on the B, moiety, while the HOMO (4b,) is a 7
orbital involving B—Bi—B bonding. Isol can be viewed as a
consequence of promoting an electron from the 4b, orbital to
the 2a; orbital, thus weakening the B—Bi—B bond and
resulting in a large B—Bi—B bond angle.

5.1.3. BiBg~. The calculated ADE/VDE, for the global
minimum of BiBg~ are 3.13/3.19 eV at the CCSD(T) level of
theory (Table 4), in excellent agreement with the experimental
values of 3.07/3.13 eV. The global minimum of neutral BiBg is
also a 3D half-sandwich type structure similar to that of BiB.,
except that the Bi atom is off center and only interacts with
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part of the By plane (Figure SC). Isol of BiBy is similar to the
global minimum of BiBg~ and should be the final state of
photodetachment from the 2a, HOMO (Figure S4). There is
very little structure change between the C,, BiBg~ global
minimum and the C,, Isol of BiBg, consistent with the sharp X
band observed in the photoelectron spectrum (Figure 3). The
next detachment channel from the 10b, HOMO-—1 gives a
computed VDE of 3.78 eV, in good agreement with the broad
band A at 3.64 eV (Table 3). The 10b, orbital is an in-plane o
MO. Electron detachment from this orbital is expected to
induce structural changes in the Bg moiety, consistent with the
broad band A. The next detachment channel is from the 4b,
HOMO-2 with a computed VDE of 4.10 eV, in excellent
agreement with the measured VDE of band B at 4.18 eV. The
4b, orbital is a #£ MO. Electron detachment from the 4b,
orbital is expected to activate the totally symmetric mode
involving the Bi atom, in agreement with the simple vibrational
progression observed for band B. Overall, the theoretical
results are in excellent agreement with the experimental data,
confirming the closed-shell planar C,, global minimum of
BiB,~.

The lowest-lying isomer of BiBg™ is a 3D structure with a
triplet state and Cg, symmetry (Figure SC). The computed
VDE, for the Cg, isomer is 3.78 eV (Table 4), which would be
buried under band A of the global minimum (Figure 3) if it
was present in the cluster beam. Iso2 of BiBg™ is also a triplet
state with C, symmetry. The calculated VDE1 of 2.74 eV at the
CCSD(T) level is in good agreement with the weak PES
feature at ~2.7 eV in the photoelectron spectrum of BiBg~
(Table 4). However, Iso3, which is close in energy to Iso2, also
gives a computed VDE,; (2.88 eV) that could correspond to
the weak feature at ~2.7 eV. Regardless, the low binding
energy feature in the spectrum of BiBg~ (Figure 3) is very
weak, and the minor isomer in the cluster beam is almost
negligible, in accord with their relatively high energies (Figure
5C).

5.2. Chemical Bonding in BiB,” (n = 6—8). Because of
the relativistic effects,”” the 6s* electrons of Bi are significantly
stabilized and do not actively participate in chemical bonding.
Thus, only the 6p orbitals are involved in bonding in Bi
compounds without sp hybridization. A 6s* lone pair is found
in all Bi—B binary clusters reported previously.** >® We have
analyzed the bonding in BiB,” (n = 6—8) using AANDP, as
shown in Figures 6—8, respectively. A 6s* lone pair is found in
each case, whereas the 6p, and 6p, orbitals form two Bi—B o
bonds and the 6p, orbital participates in 7 bonding with the B,
moiety.

5.2.1. BiBs~. The AANDP results for BiBs~ are shown in
Figure 6. In addition to the expected 1c—2e 6s” lone pair on Bi,
we found seven 2c—2e ¢ bonds (five B—B and two Bi—B
bonds) on the periphery of the 2D BiB,~ cluster, two 3c—2e
delocalized o bonds, and two delocalized 7 bonds. Each of the
delocalized ¢ and 7z systems fulfills the 4N electron counting
rule for antiaromaticity, making BiB¢~ doubly antiaromatic.
The elongated shape and nonplanarity of BiBs~ are consistent
with the double antiaromaticity.

5.2.2. BiB;~. The AANDP results for the global minimum of
BiB,” (Figure 7) reveal the expected 6s* lone pair on Bi, seven
2c—2e peripheral ¢ bonds (five B—B and two Bi—B bonds),
three delocalized ¢ bonds, and three delocalized 7 bonds.
However, one of the 7 bonds is a single-electron bond because
BiB,” is open-shell. The six delocalized o electrons render
BiB,” o aromatic. Even though there are only five delocalized 7
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electrons, BiB,” should still be considered # aromatic on the
basis of its planarity. Upon removing the SOMO 7 electron in
BiB,”, the resulting BiB, neutral becomes antiaromatic,
consistent with its out-of-plane distortion (Isol, Figure SB).
The relatively large electron binding energy of BiB,™ is also
consistent with the 7z aromatic interpretation. The ADE of
BiB,™ is almost the same as that of BiBg~ (Table 4), both
derived from removing a 7 electron (SOMO for BiB,” and
HOMO for BiB,"). Adding an electron to BiB,” would make a
perfectly doubly aromatic BiB,*~ species. However, removing a
7 electron from BiB,*~ probably weakens the 7 aromaticity in
BiB;” but does not seem to destroy it. This is also confirmed
by the electron detachment from the # HOMO of BiBg™.
There is little structural change in the resulting BiBg neutral
(Isol in Figure SC).

5.2.3. BiBg™. The bonding picture of BiBg™ is similar to that
of BiB,” but more straightforward because it is a closed-shell
system. The AANDP analyses (Figure 8) reveal the 6s* lone
pair of the Bi atom, eight 2c—2e peripheral ¢ bonds (six B—B
and two Bi—B bonds), three delocalized ¢ bonds, and three
delocalized 7 bonds. Each of the delocalized ¢ and 7 systems
satisfies the 4N + 2 Hiickel rule for aromaticity, rendering
BiBg~ doubly aromatic. The double aromaticity in BiBg~ is
reminiscent of that in the bare closed-shell B>~ system.”” In
fact, the Bg moiety in BiBg~ is very similar to the bare boron
cluster with little structural distortion.”®

5.3. Chemical Bonding in the Global Minima of
Neutral BiB; and BiBg. In all the global minimum planar
structures of BiB,” (n = 6—8), the Bi atom can be viewed as a
trivalent “big nitrogen”, engaging in covalent bonding with the
planar boron moiety by using its three 6p orbitals while the 6s
electrons are inert and remain as a lone pair. In each case, Bi
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Figure 8. AANDP bonding analysis of BiBg~. ON stands for
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forms two localized Bi—B 2c—2e ¢ bonds by using its 6p, and
6p, orbitals and participates in multicenter 7-bonding with its
6p, orbital. The large atomic radius of the Bi atom hinders its
insertion into the periphery of the planar boron clusters, in
contrast to that observed in carbon- or Al-doped boron
clusters.® = Thus, in all cases the Bi atom is side-bonded to
the planar boron moiety with relatively small perturbation to
their structures compared to the respective bare boron
clusters.>*™>® However, except for neutral BiBg4, the global
minima of neutral BiB, and BiBg become 3D half-sandwich-
type structures, while the planar structures derived from the
anions become higher energy isomers, as shown in Figure 5. In
these cases, the electronic stability and aromaticity of the
respective boron clusters seem to dictate the structures and
stability of neutral BiB, and BiBg, in which the metallic
bonding property of Bi is revealed.

5.3.1. Half-Sandwich BiB;. The global minimum of neutral
BiB, is closed-shell with a Cy, (*A,) half-sandwich structure
(Figure SB). As shown in Figure 9, chemical bonding analyses

Ry

s-lone pair
ON =1.95

®hd

Six 2c-2e o-bonds
ON =1.94

AN

Three 9c-2e Tr-aromatic bonds
ON =2.00

Three 8c-2e g-aromatic bonds
ON

Figure 9. AANDP bonding analysis for the half-sandwich global
minimum of neutral BiB,. ON stands for the occupation number.

using AANDP reveal that the Cg, BiB, possesses a 6s” lone pair,
six 2c—2e o bonds on the periphery of the B, moiety, three
delocalized ¢ bonds, and three delocalized 7 bonds. The global
minimum of B, is a triplet with two unpaired electrons and a
Cg, structure.”” The closed-shell B,>~ species is known to be
doubly aromatic and forms half-sandwich l’y};e clusters, first
observed in PrB, and recently in B,—~B—BO~."** It has been
used to design several binary clusters computationally.®®™**
Thus, the stability of the Cg, BiB- is a consequence of the high
stability of the doubly aromatic B>~ species; the three 6p
electrons participate in the z bonding with the B, moiety to
fulfill the 7 aromaticity. Thus, the C4, BiB, can be viewed as
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[n”-B,*][Bi**], where the metallic bonding property of Bi is
manifested.

Electron detachment from the planar global minimum of the
BiB,” anion and subsequent optimization of the resulting
neutral BiB, give the low-lying neutral C, isomer, which is 16.3
kcal/mol higher in energy than the C4 global minimum
(Figure S). While the C, structure is still o-aromatic, it
becomes z-antiaromatic because the electron is detached from
the 7 SOMO, leaving only four electrons in the closed-shell
neutral. The out-of-plane distortion of the C; BiB, isomer is
consistent with the 7z antiaromaticity. Both the extraordinary
stability of the aromatic Cg, structure and the antiaromaticity
of the C; structure results in the large energy separation (16.3
kcal/mol) between the two structures of neutral BiB..

5.3.2. Half-Sandwich BiBg. The global minimum of neutral
BiBg is a half-sandwich-like structure with C; symmetry, in
which the Bi atom is off-center and only interacts with part of
the Bg plane (Figure SC). The AANDP bonding analysis
reveals a 6s> lone pair, a single 6p electron, seven 2c—2e o
bonds on the periphery of the Bg moiety, three delocalized o
bonds, and three delocalized 7 bonds, as shown in Figure 10.

¥Q& s\;\
s\\‘\\ s\\

s-lone pair and p-electron ~ Seven 2c-2e o-bonds

: * !
ws Ll&

Three 9c-2e T-aromatic bonds
ON =2.00

Three 8c-2e g-aromatic bonds
ON =1.99

Figure 10. ANDP bonding analysis for the half-sandwich global

minimum of neutral BiBg. ON stands for the occupation number.

The two delocalized 6 and 7 systems make BiBg doubly
aromatic. Neutral By is known to be doubly aromatic with a
triplet state and D.;, symmetry,”” whereas the closed-shell Bg*~
is also doubly aromatic and highly stable.”” Thus, similar to the
Cq, BiB,, it is the highly stable doubly aromatic Bg*~ ligand that
favors the half-sandwich-like structure for BiBg, which can be
viewed as [7>-Bg*"][Bi**] (Figure 5C). Thus, the Bi atom
transfers two electrons to the Bg moiety to fulfill its double
aromaticity, leaving it in a rare oxidation state of +II.
Electron detachment from the C,, global minimum of the
BiBg~ anion and subsequent reoptimization result in the low-
lying isomer of neutral BiBg (Isol, Figure SC), which has very
little structure distortion relative to the anion. Apparently, the
removal of a 7 electron from BiBy~ (HOMO, Figure SS) may
have weakened its aromaticity but does not destroy it, similar
to the five-7-electron situation in the planar global minimum of
BiB,". The lingering aromaticity in the five-electron C,, BiBg
can also be glimpsed by the fact that it is only 5.6 kcal/mol
higher in energy than the half-sandwich-like global minimum.
This observation also indirectly confirms the 7 aromaticity in
the five-m-electron global minimum of BiB,” and the
antiaromatic behavior of the corresponding neutral BiB,,
which is 16.3 kcal/mol higher in energy than the half-sandwich

global minimum of BiB.
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6. CONCLUSIONS

We report a combined photoelectron spectroscopy and
theoretical study of a series of Bi-doped boron clusters,
BiB,” (n = 6—8). Well-resolved photoelectron spectra are
obtained for all three clusters and are used to understand their
structures and bonding. All three clusters are found to be
planar with the Bi atom side-bonded to the boron cluster
moiety. The global minimum of BiBs~ has an elongated
double-chain boron motif with a terminal Bi atom, consistent
with its double antiaromaticity. The global minima of BiB,~
and BiBg~ consist of a wheel-like boron motif with the Bi atom
bonded to its edge, and both are doubly aromatic. The Bi atom
engages in covalent bonding by using its three 6p orbitals with
the planar boron moieties, forming two Bi—B ¢ bonds with the
6p, and 6p, orbitals while the 6p, orbital participates in
delocalized 7 bonding. In the BiB, neutrals, BiB¢ has a planar
global minimum similar to its anion, but the global minima of
both BiB, and BiBg are found to have half-sandwich-type 3D
structures as a result of the high stability of the doubly
aromatic Cg, B>~ and D, Bs®~ species, where the Bi atom
primarily engages in ionic bonding.
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