Borozenes: Benzene-Like Planar Aromatic Boron Clusters
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CONSPECTUS: With three valence electrons and four
valence orbitals, boron (2s*2p!) is an electron-deficient
element, resulting in interesting chemical bonding and
structures in both borane molecules and bulk boron
materials. The electron deficiency leads to electron
sharing and delocalization in borane compounds and bulk
boron allotropes, characterized by polyhedral cages, in
particular, the ubiquitous Bi> icosahedral cage. During
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combined photoelectron spectroscopy and theoretical investigations. Unlike bulk boron materials,
finite boron clusters have been found to possess 2D structures consisting of Bs triangles, dotted
with tetragonal, pentagonal, or hexagonal holes. The discovery of the planar Bss cluster with a
central hexagonal hole provides the first experimental evidence for the viability of 2D boron
nanostructures (borophene), which have been synthesized on inert substrates. The B7", Bs™, and
Bo~ clusters were among the first few boron clusters to be investigated by joint photoelectron
spectroscopy and theoretical calculations and they were all found to possess 2D structures with a
central B atom inside a B, ring. Recently, the B~ (Csy), Bs* (D7), and By~ (Dsy) series of closed-
shell species are shown to possess similar © bonding akin to that in the CsHs~, C¢Hs, and C7H7"
series, respectively, and the name “borozene” is coined to highlight their analogy to the classical
aromatic hydrocarbon molecules. Among the borozenes, the D7, Bg? is unique for its high stability
originating from both its double aromaticity and the fact that the B7 ring has the perfect size to host
a central B atom. The Bs?>~ borozene has been realized experimentally in a variety of MBs and
M;,Bgs complexes. In particular, the Bg?~ borozene has been observed to stabilize the rare valence-
I oxidation state of lanthanides in LnBg~ complexes, as well as a Cux* species in CuzBs™. The Bg
ring in B7~ is too small to host the B atom, resulting in a slight out-of-plane distortion.
Interestingly, the bowl-shaped B7 borozene is perfect to be coordinated to a metal atom, leading to
the observation of a series of highly stable MB7 borozene complexes. On the other hand, the Bs
ring is slightly too large to host the central B atom, such that a low-lying and low-symmetry isomer
also exists for Bo~. Even though most 2D boron clusters are aromatic, the B7*~, Bs?” and Bg~
borozenes are special because of their high symmetries and their analogy to the series of CsHs,
CsHsg, and C7H7" prototypical aromatic compounds. This Account discusses recent experimental
and theoretical advances on the investigations of various borozene complexes. It is expected that
many new borozene compounds can be designed and may be eventually synthesized.
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1. INTRODUCTION

As neighbors in the periodic table, boron and carbon share some similarities. They both have
multiple allotropes with high melting temperatures and can form strong covalent bonds through
catenation. By acquiring an extra electron, boron behaves just like carbon, as revealed in the
graphene-like boron layer in MgB: or the carbyne-like boron chains in LiB solid compounds.>®
However, the apparent electron deficiency of boron results in much more complicated chemical
bonding and structures in both boron-containing molecules and bulk boron allotropes. Boron is
known as the “rule breaker” because most of the chemical rules are based on carbon chemistry and
the octet rule. The electron deficiency of boron leads to multicenter bonding and electron
delocalization in boranes and all known boron allotropes, characterized by polyhedral cages, in
particular, the Bi> icosahedral cage.”® The investigation of carbon clusters toward the end of the
twentieth century led to the discovery of a rich variety of nanostructures from the fullerenes to

carbon nanotubes and graphenes.”!!

To examine the possibility of similar nanostructures for other
elements, our lab and collaborators have embarked on a comprehensive investigation of size-

selected boron clusters at the beginning of the twenty first century using anion photoelectron



spectroscopy (PES) and computational chemistry.'>!” We have found that small boron clusters all
have planar (2D) structures, in stark contrast to the 3D polyhedral cages that are the building blocks
of bulk boron. Apparently, electron delocalization in 2D planes both in the ¢ and © frameworks is
more energetically favorable in finite boron clusters, leading to ¢ and © double aromaticity. The &t
bonding patterns in most planar boron clusters can be compared with that in polycyclic aromatic
hydrocarbons, leading to the concept of boron clusters as hydrocarbon analogs.'®2° The discovery
of the planar B3s cluster with a central hexagonal vacancy provided the first experimental evidence
for the viability of stable 2D boron with a triangular lattice dotted with hexagonal holes. A name
“borophene” was coined to designate the novel 2D boron,?! which has been synthesized on inert

2223 and is becoming a new class of synthetic 2D nanomaterials.?* The Bao cluster was

substrates
found to have a cage structure, the first all-boron fullerene (borospherene).?’

The first boron cluster that was investigated by joint PES and theoretical study was Bs~,2¢
followed by Bs,2” Bs~ and Bo~,?® and B, (n = 10-15).!8 The global minimum of By~ was found to
have a beautiful Ds;, closed-shell structure with a central B atom inside a Bg ring. The Bg ring was
shown to be bonded by eight 2-center 2-electron (2c-2¢) bonds, whereas the bonding between the
central B atom and the Bg ring was via three delocalized 9¢c-2e ¢ bonds and three delocalized 9c-
2e m bonds, giving rise to double aromaticity for By . Despite the fact that the neutral Bg cluster
has an even number of electrons, the PES of Bg™ did not reveal a HOMO-LUMO gap, because the
neutral Bg cluster was found to have a high symmetry open-shell D7, structure with two unpaired
electrons in a doubly degenerate orbital (1e;").?® The Bs~ anion was found to have a planar C,
structure due to the Jahn-Teller effect, whereas the Bg>~ species (D7;) was shown to be closed shell
with a bonding situation similar to that in Bo~ and it was subsequently observed in the form of
LiBs™ (Li"[Bs*>7]).2° The PES of B;~ was observed to be quite complicated and it took more than
two years to be solved.*° It turned out that there were two low-lying isomers present and the global
minimum of B7~ was open-shell with a Cs, (*A1) structure. In a recent study on lanthanide-doped
octaboron clusters (LnBs"),! it was recognized that the closed-shell molecular wheels, B7*~, Bg?",
and By~ all have similar structures and bonding, and their © bonds are all similar to benzene, as
shown in Figure 1. In fact, the trends of charge and molecular size from B7*~ to Bg* to Bo ™ are
analogous to the cyclic aromatic CsHs™, CsHs, C7H7", respectively. A name “borozene” was coined
for the three closed-shell and highly symmetric boron clusters to underline their similarity with the

classical aromatic hydrocarbons.
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Figure 1. Comparison of the 7 orbitals of borozenes, B7*~, Bs>", and By~ with those of benzene. Only one
molecular orbital is shown for the degenerate m orbitals. The dots denote the m electrons. Adapted with
permission from ref. 1. Copyright 2021 Springer Nature Limited.

While transition metal doping may change the structures of the planar boron clusters,!3!-33
dopants with low electronegativity or the right electronic properties can form borozene complexes.
A number of borozene complexes have been observed experimentally and studied computationally.
This Account will discuss these advances and in particular the recent experimental observations of
B7*~ and Bs?” borozene complexes. The By ring is perfect in size in the Bs?>~ borozene, resulting in
highly stable borozene complexes, such as the stabilization of the rare Ln(I) oxidation state in the
LnBs~ complexes.! The Bg ring in the B7*~ borozene is too small, squeezing the central B atom
slightly out of plane. The bowl-shaped B borozene is conducive to n’-coordination to another
atom, resulting in the surprising umbrella structure in BoO™ (17-B7-B-BO").2 The Bs ring in the
By~ borozene is slightly too large to host the central B atom, leading to a low-lying isomer for
By .3 No MBy~ type borozene complexes have been observed experimentally, which would
require a valence zero M atom. However, neutral MBy complexes should be viable for valence-I

atoms, such as the alkali elements.>



2. B~ BOROZENE COMPLEXES
2.1. MB7 Borozene Complexes for M = Valence I1I Elements

2.1.1. AIB7™ and AlB;. The Cs, global minimum of B7 has a triplet (A1) ground state with
two unpaired electrons in a doubly degenerate HOMO (3e1).*° Filling the 3e; HOMO with two
more electrons would yield the closed-shell B7*~ borozene (Figure 1). Thus, valence III elements
are expected to form highly stable MB7 borozene complexes. The first B>~ borozene complex
observed was AlB7, which was investigated by PES and theoretical calculations.*® It was found
to have a C, structure with a doublet (*A) spin state, where the unpaired electron occupied an
MO mainly of Al 3s character. However, neutral AIB7 was found to have a C», structure with a
triplet electronic state (°Bi), because the first electron detachment occurred from the degenerate
3e1 MO on the B7 motif. Consequently, the AIB7 cluster did not form the expected AI**[B7*7]
borozene complex. Instead, it should be viewed as Al*'[B7*7]; apparently it is energetically
unfavorable to transfer the second 3s electron of Al to the B7 motif. Interestingly, a recent study
on CuB7 shows that, though its global minimum involves a double chain B7 motif with a terminal
Cu atom, the borozene complex (C», Cu[B7*7]) is very close in energy, which was observed
experimentally to coexist with the global minimum.? The B7*~ borozene in both cases is open-shell
with five delocalized & electrons and there is a Jahn-Teller distortion to Cz, symmetry.

2.1.2. PrB7 and PrBs,. The favorite oxidation state of lanthanides is +I1I, which gives rise to
the first B7>~ borozene complex in PrB7.3” The PES of PrB7 revealed a large HOMO-LUMO gap
(the X—A gap in Figure 2), suggesting a highly stable neutral PrB7. Theoretical calculations showed

that PrB7™ has a perfect C, structure with three unpaired electrons (one in the Pr 6s orbital and two
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Figure 2. The photoelectron spectrum of PrB; ™ at 193 nm. The inset shows the structure and symmetry of PrB;".
The vertical bars indicate the computed detachment channels from the Ce, PrB7". Adapted with permission from
ref. 37. Copyright 2017 Wiley-VCH.



in the localized Pr 4f orbitals). Detachment of the 6s electron results in the perfect PrB7 borozene
complex (Pr**[B7*7]), as borne out by the AANDP chemical bonding analysis (Figure 3).3® The
AdNDP results revealed the six 2c-2e bonds on the peripheral Be ring of the B7 motif, the three
delocalized 6 bonds and the three delocalized © bonds on the B7*~ borozene. The © bonds embody
d-r interactions between Pr and B7. A previous computational study indicated that the isovalent
ScB7 cluster has a closed-shell Cs, structure, which was shown to be highly stable with a large

HOMO-LUMO gap.* All rare-earth and lanthanide elements should form stable borozene
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complexes of the M**[B7*] type.

Figure 3. The AANDP bonding analysis for PrB;. The two localized 4f electrons on Pr are not shown. Note the
three bonding components on the Bs*~ borozene: 1) the six 2c-2e ¢ bonds on the peripheral B ring, 2) the three
7c-2e delocalized ¢ bonds, and 3) the three 8c-2e delocalized m bonds involving d- 7 interactions between Pr and
the borozene. The structure and symmetry of neutral PrB; are shown on the top (left). ON indicates the
occupation number. Adapted with permission from ref. 37. Copyright 2017 Wiley-VCH.

2.1.3. The BiB7 Borozene Complex, and Ionic and p-nt Covalent Bonding between the
Dopant and the B7 Borozene. The BiB; cluster has been studied recently by PES and theoretical
calculations.*® The global minimum of BiB;~ was found to be planar with the Bi atom bonded to
the side of a B7 motif, which can be viewed as substituting one peripheral B atom in Bs™ by a Bi
atom. However, the Cs, borozene complex is overwhelmingly the global minimum for neutral
BiB7, in which Bi has an oxidation state of +III with a 6s lone pair. The AANDP bonding analysis
for BiBy7 is given in Figure 4, which clearly reveals the 6s lone pair on Bi, the six 2c-2e ¢ bonds

on the Bs ring of B, the three delocalized ¢ bonds, and the three delocalized © bonds. The Bi 6p

orbitals engage in p-r interactions with the borozene, giving rise to an extremely stable BiB;



complex. A previous computational study suggested that the isovalent PB cluster also has a similar
Cev structure.*! A recent computational study on GeB7 also showed a C7, global minimum

structure.*?

s-lone pair Six 2c-2e c-bonds
ON =1.95 |e| ON =1.94 |e|
o YT e
Three 7¢c-2e c-bonds Three 8c-2e n-bonds
ON =1.99 |e| ON =2.00 |e|

Figure 4. The AANDP bonding analysis for BiB7. Note the 6s lone pair on Bi and the three characteristic bonding
components on the borozene: 1) the six 2¢c-2e ¢ bonds on the peripheral Bg ring, 2) the three 7c-2e delocalized
o bonds, and 3) the three 8c-2e delocalized m bonds involving p-7 interactions between Bi and the borozene.
Adapted with permission from ref. 40. Copyright 2021 American Chemical Society.

The group IIA element Mg has been shown computationally to form a stable MgB7~ borozene
complex, Mg?*[B7*"].#* It is safe to say that all valence II elements, both ITA and IIB, are expected
to form stable MB7™ type borozene complexes. Interestingly, MoB7™ type clusters with group I1A
and IIB elements have also been predicted computationally to form borozene complexes involving
an M>?* dimer bond, [M2**][B7*"].***° The group IIA and IIB elements are closed shell and their
dimers cannot form stable covalent bonds. However, ligan-protected L-M(I)-M(I)-L type
compounds have been synthesized with a single M(I)-M(I) o bond for group IIA and IIB
elements.**® It is remarkable that the B~ borozene can stabilize the M(I)-M(I) bonds in
[M2**][B7*"] primarily through ionic interactions. In fact, binary NagB; and NasB7" clusters have
even been predicted to contain the B7*~ borozene sandwiched by two Na clusters, i.e.,
[Na3*][B7* ][Na3*] and [Nas*"][B7*][Na4>*], respectively.*” Apparently, the high charge state of

the B7*~ borozene provides tremendous flexibility to design novel borozene complexes.

2.2. ByO~: A Surprising B7 Borozene Complex, [n’-B7-B-BO]-

The B7 borozene complexes do not always require a charge transfer to form the B7*~ species, such
as in the alkali-B7 complexes, where ionic interactions dominate. The B7*~ borozene electronic
structure in MB7 complexes can also be fulfilled through covalent interactions between M and By,

as seen above for BiB7. There is strong covalent interaction in the BiB7 borozene complex between



the 6p orbitals of Bi and the & orbitals on B7 (Figure 4), because the electronegativities of B and
Bi are similar. The most surprising B7 borozene complex was observed in the BoO™ cluster, which

contains a MB7 motif with M = B (1 in Figure 5).
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Figure 5. The photoelectron spectra of BoO™ at (a) 266 nm and (b) 193 nm. The inset shows the two isomers of
B9O™ responsible for the observed spectra. The observed spectral features, X, A, B, come from the global
minimum isomer 1; the features, X', A', B', C', come from the close-lying isomer 2. Adapted with permission
from ref. 2. Copyright 2021 Royal Society of Chemistry.

The photoelectron spectra of BoO™ (Figure 5) were fairly complicated for a closed shell species.
Temperature-dependent PES revealed that the observed photoelectron spectra contained
contributions from two isomers. Structure searches led to two close-lying isomers (inset in Figure
5). Structure 2 consisting of a planar Bg motif bonded to a BO unit on the periphery was expected,
but it was not the global minimum. The umbrella-shaped structure 1 turned out to be the global
minimum, which was a complete surprise. Structure 1 consists of a central B atom sandwiched by
a B7 motif and a BO unit. The more intense spectral features (X, A, B) in Figure 5 came from the
global minimum structure 1. The AANDP analysis (Figure 6) clearly revealed the B7 borozene
bonding motif for structure 1, through covalent bonding existed between the p orbitals on the
central B atom and the 7 orbitals on the B7 motif. The central B atom is coordinated by the B=O
boronyl unit on the other side.

Not only was the umbrella structure for BoO™ a surprise, the bonding modes of the central B

atom were also highly unusual. The half-sandwich coordination by borozene to the central B atom
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Figure 6. The AANDP bonding analysis for the global minimum umbrella structure 1 of BoO™. Note the bonding
features for the borozene: the six 2¢-2e ¢ bonds (b), the three 7c-2¢ delocalized o bonds (¢), and the three 8c-2¢
delocalized © bonds (e). The BO unit (a) is bonded to the central B atom via a 2c-2e ¢ bond (d). Adapted with
permission from ref. 2. Copyright 2021 Royal Society of Chemistry.
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Figure 7. The ANDP bonding analysis for the n’-B+-Zn-CO™ complex for comparison with that of BoO™ in
Figure 6. Adapted with permission from ref. 2. Copyright 2021 Royal Society of Chemistry.

is reminiscent of coordination by arenes to a transition metal center. Since the BO™ unit is

isoelectronic to CO,>® the BO coordination to the central B atom also imitates the bonding mode



between a transition metal with a CO ligand. Thus, the central B atom in the umbrella structure
really behaves like a transition metal. To illustrate the metallomimetic properties of the central B
atom, Figure 7 displays the chemical bonding of a model Zn-borozene and CO complex, [1’-B7-
Zn-CO7]. Since the 3d electrons of Zn do not participate in bonding, the Zn complex can be
considered to be isoelectronic to the umbrella BoO™. Their bonding is nearly identical (Figures 6
and 7). The bonding in [’-B7-Fe(CO)3~] was also analyzed to compare with that of the Cg, BoO™.2
It was found that the bonding between the B7 borozene and Fe is similar to that between the B
borozene and the central B atom in [n7-B7-B-BO™]. Thus, the central B atom has two of the most
important bonding properties of a transition metal, i.e., the ability to form carbonyl complexes and
sandwich complexes with arenes. The metallomimetic chemistry of boron has been well

recognized in boron chemistry and has been harnessed to synthesize novel boron compounds.”!

3. Bs> BOROZENE COMPLEXES

3.1. LnBg™: Stabilization of the Rare Ln(I) Oxidation State

The lack of a HOMO-LUMO gap in the photoelectron spectra of Bs~ was confirmed by theoretical
calculations that revealed a highly symmetric disk-like neutral Bg (D7;) with a half-filled lei"
HOMO.?® Thus, adding two electrons to Bg resulted in the closed-shell and highly stable D7, Bg?*
(Figure 1), which is doubly aromatic with six delocalized ¢ and six delocalized & electrons. The
Bg?~ species was first observed in LiBg~, whose photoelectron spectrum was much simpler and
bore similarities to that of Bs .2’ The first B>~ complex was observed in AlBs~, which can be
viewed as an Al'[Bs? ] complex with a 3s lone pair on AL¢ In fact, the AlBs neutral also has C7,

symmetry with a single 3s electron on Al, i.e., an AI*[Bs®> ] complex.
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Figure 8. The 193 nm photoelectron spectrum of YbBs™. The vertical lines represent the computed vertical
detachment energies. The gray bar denotes detachment from the 4f-based MOs, which have weak detachment
cross sections. Adapted with permission from ref. 1. Copyright 2021 Springer Nature Limited.
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A remarkable series of Bg?~ borozene complexes were discovered for the lanthanide elements
(LnBs") more recently, through a joint PES and theoretical investigation.! Photoelectron spectra of
all the LnBs™ clusters displayed similar PES features, though YbBs™ gave the simplest spectrum
(Figure 8), because Yb has a filled 4f shell. Global minimum searches showed that all the LnBsg™
clusters have C7, structures (Figure 9), except for the early lanthanides for which a 3D isomer
featuring a more distorted Bs motif was found to be slightly lower in energy. The planar Bg*
borozene motif was slightly distorted to a bowl shape upon complexation to the Ln atom.

La(l): d's? Pr(l): f3s1 Th(l): fis? Tm(l): fi3s? Yh(l): fi4s?

\;\{L&

LaBg (Cr, %) PrBg (Crv. °A2) TbBg (Crv. "Ez) TmBg™ (Crv, A1) YbBg™ (Cry, 2A1)

Figure 9. The C, structures for the LnBs™ clusters, their symmetries, and the Ln(I) electron configurations. Note
that for the early lanthanides (La and Pr) a 3D structure is slightly more stable in energy. Adapted with permission
from ref. 1. Copyright 2021 Springer Nature Limited.

Chemical bonding analyses revealed that all the LnBg~ complexes can be viewed as a Bs*~
borozene complexed to a Ln(I) center, in other words, the Ln atoms are in their +I oxidation state
in the Ln*[Bs*> ] complexes. Figure 10 shows the AANDP bonding analysis for YbBs ™. In addition
to the filled 4f shell and the localized 6s electron, one can clearly see the three characteristic
bonding components of the Bs?>~ borozene: the seven 2¢c-2e ¢ bonds on the By ring, the three
delocalized 8c-2e o bonds, and the three delocalized 9c-2e © bonds. All the LnBs™ complexes show
similar bonding properties, except that the early lanthanides have unpaired 4f electrons, which do
not participate in chemical bonding with the borozene. There is relatively weak d-m interaction
between Ln and the borozene, indicating that there is strong charge transfer from Ln to Bs and that
ionic interactions are dominant in the LnBs™ complexes. Even though the favorite oxidation state
of the lanthanide elements is +III, the Bs*~ borozene has the unique capacity to stabilize the rare
+1 oxidation state for the lanthanides. It was during this study that the analogies in bonding and
trends in charge state and molecular size between B7*~, Bs>” and By~ and the cyclic aromatic CsHs,
C¢Hs, and C7H7", respectively, were recognized, leading to the coining of the word “borozene” for
the three benzene-like aromatic boron clusters.! Very recently, a computational study has shown
that the actinide (An) elements form similar AnBs~ borozene complexes, in which the Bg*

borozene is able to stabilize the rare An(I) oxidation state.>?
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7 x 1c-2e Yb 4f electrons 1c-1e Yb 6s electron
ON =2.00 |e| ON =0.97 |e]|
7 x 2c-2e B-B bonds 3 x 8c-2e ¢ bonds 3 x 9c-2e n bonds
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Figure 10. The AANDP analysis for the C7, YbBs™ cluster. Note the localized 4/ and 6s electrons on the Yb center
and the three characteristic bonding component of the Bs?~ borozene: 1) the seven 2¢-2e G bonds on the B ring,
2) the three delocalized o bonds, and 3) the three delocalized  bonds. Adapted with permission from ref. 1.
Copyright 2021 Springer Nature Limited.

3.2. CuBs™ and Cu:Bs™ Borozene Complexes

Copper is an important substrate for the growth of borophenes. Copper-boron binary clusters are
ideal systems to study the interactions between copper and boron, which may provide insight into
the underlying growth mechanisms of borophenes on copper substrates. Significant charge
transfers have been observed between the copper substrate and the borophene layer, which was
suggested to be critical for the growth of bilayer borophenes on copper substrates.>* In small Cu-
B binary clusters, both covalent and ionic interactions have been observed between copper and
boron.>**> The CuBs~ cluster gave rise to a very simple photoelectron spectrum (Figure 11),3
suggesting that it must have a high symmetry structure. Global minimum searches showed that it
is a closed-shell C7, cluster with the planar Bs motif coordinated to the Cu atom (inset of Figure

11). Comparison between the computed vertical detachment energies and the experimental data

CuBg (Cry, 'A)

1 2 3 4 5 6
Binding Energy (eV)

Figure 11. The photoelectron spectrum of CuBs™ at 193 nm, compared with the computed vertical detachment
energies of the global minimum Cy, structure (vertical lines). Adapted with permission from ref. 3. Copyright
2024 PCCP Owner Societies.
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confirmed the C7, structure. The AANDP bonding analysis (Figure 12a) shows that CuBs™ is
basically a charge transfer complex between Cu* and the Bg*~ borozene. However, because of the
strong relativistic stabilization of the 6s electron in gold,’® Au tends to form covalent bonds®” and
the isovalent AuBs™ cluster does not form a charge transfer complex. Instead, the Au atom is

covalently bonded to the edge of the planar Bs cluster.
(a) (b)

CUBg' CUng
(Cov. 'A) (Cs, 2A)
VH ’Z"j
7 x 2¢c-2e c-bonds 2c 1e c-bond 7 x 2c-2e -bonds
ON =1.93 ON = 0.99 ON=1.92
@2 NP
3 x 8c-2e o-bonds 3 x 8c-2e o-bonds
ON =1.99 ON =2.00
N ) I - » -
3 x 9¢c-2e n-bonds 3 x 10c-2e n-bonds
ON =1.99 ON =2.00

Figure 12. The AANDP bonding analyses for (a) CuBs™ and (b) Cu,Bs™. Both can be viewed as charge transfer
complexes containing the Bs>~ borozene. (a) adapted with permission from ref. 3. Copyright 2024 PCCP Owner
Societies. (b) adapted with permission from ref. 59. Copyright 2022 American Institute of Physics.

The di-cupper Cu2Bs™ cluster has also been studied by PES in conjunction with theoretical
calculations.’® Its global minimum was found to consist of a Cu, dimer above the planar Bs cluster.
The CuzBs~ cluster can be viewed as a charge transfer complex between the Bg?~ borozene and a
Cuz" unit with a single electron Cu—Cu bond, as revealed by the AANDP bonding analysis (Figure
12b). The bonding in both Cu*[Bs?> ] and [Cuz"][Bs?* ] is primarily ionic. A double chain Bg motif
with terminal Cu—B covalent bonding was found to be a higher energy isomer for both CuBg™ and
CuzBs . It is remarkable that the Bs?>~ borozene is able to stabilize a weakly bonded Cu,* dimer.
Neutral CuzBsg has no Cu—Cu bonding and it can be viewed as two Cu” ions interacting ionically
with the borozene, (Cu*)2[Bs?].%

A previous computational study showed that Mg and Mg> both form Bs?>~ borozene complexes
in MgBg~ and Mg;Bs~,* which can be viewed as Mg'[Bs?>] and [Mg>"][Bs*], respectively.
Another theoretical study suggests that the neutral Mg:Bg cluster consists of a “nanoscale
compass”,®® where the singly-bonded [Mg»]*>" dimer can almost freely rotate relative to the Bg?

borozene with a very low rotation barrier due to the nature of the ionic interactions. Similar to the
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B7*~ borozene in Mg,B7, the Bs?>~ borozene is also able to stabilize a Mg(I)-Mg(I) o bond through
ionic interactions in Mg»Bs. It is expected that all M2Bs clusters for groups I1A and IIB elements
should form similar borozene complexes with a M(I)-M(I) 6 bond,* and all MBs clusters should

form M2*[Bs?] type closed-shell borozene complexes.

3.3. Electronic Control of the Pb Atom Position on the Bs Borozene Surface

Due to the strong relativistic effects,’ the 6s electrons of the Pb atom are chemically inert and
Pb(Il) is a common oxidation state. Thus, the PbBs cluster is expected to be a highly stable
Pb?*[Bs? ] borozene complex, similar to the borozene complexes with group ITA or IIB elements.
Indeed the photoelectron spectrum of PbBg™ showed a large HOMO-LUMO gap (defined by the
separation between peaks X and A in Figure 13), evident of the high electronic stability of neutral

PbBs.* Furthermore, the ground state detachment transition (band X) was very broad, indicating a

PbBy- PbBg

Binding Energy (eV)

Figure 13. The photoelectron spectrum of PbBg™ at 266 nm. The inset shows the global minimum structures of
PbBs™ (Cy) and neutral PbBs (C7y). The vertical lines represent the computed vertical detachment energies from
the Cs PbBgs™. The shorter lines indicate singlet final states and the longer lines indicate triplet final states.
Adapted with permission from ref. 4. Copyright 2024 American Chemical Society.
large geometry change between the PbBg™ anion and the PbBsg neutral. Computational studies
found that indeed the neutral PbBs has a highly symmetric and stable C7, structure, while the PbBg™
anion has a Cy; symmetry with the Pb atom moving significantly away from the C7 axis (see inset
in Figure 13). The large geometry change between the anion and neutral is consistent with the
broad PES band X of PbBg~ and was confirmed by Franck-Condon factor calculations.* In fact,
the PbBs~ anion is isoelectronic to BiBs, and both have similar C; structures.*?

Results from the AANPD bonding analysis for PbBs revealed a clear Pb*'[Bsg?*] borozene

complex (Figure 14). In addition to the 6s lone pair, the three bonding characteristics of the Bs?”

borozene can be seen readily: the seven 2c-2e 6 bonds on the B7 ring and the three delocalized o
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and 7 bonds. The three m bonds exhibit significant p-n bonding interactions between Pb and the

borozene, similar to the p-m bonding in the BiB7 borozene complex (Figure 4).

S-lone pair 7 X 2c-2e 0-bonds 3 x 8c-2e o-bonds
ON=20 ON=1.93 ON=20

S
MM g

3 x 9¢-2e 1-bonds
ON=20 ON =20 ON=20

Figure 14. The AANDP bonding analyses for PbBs. Adapted with permission from ref. 4. Copyright 2024
American Chemical Society.

The LUMO of PbBg consists of a degenerate orbital (e1). Occupation of the e; LUMO in the
PbBg™ anion induces a Jahn-Teller distortion that lowers the symmetry of the anion. However, what
is surprising is the large amplitude of the Pb distortion. It turns out that the LUMO represents anti-
bonding p-m interactions between Pb and Bs. The large shift of the Pb atom from the C7 axis
essentially reduces the anti-bonding interactions, maintaining the integrity of the Bs*>" borozene.
PbBs~ can be viewed as a Pb*[Bs?> ] complex with a Pb(I) center. Thus, the position of the Pb atom
on the surface of the Bg>* borozene is controlled by the addition or removal of an electron, which

can be viewed as a new type of molecular switch (Figure 15).
+e-
—

D ——

2D 2d) € ill*‘
Figure 15. A schematic for an electron switch, showing the change of the position of the Pb atom on the surface
of the Bg borozene upon the addition or removal of an electron.

Tonic interactions are important to stabilize the Bg?” borozene, as shown by the LnBs™ and CuBs~
or CuzBg™ complexes above. As shown in Figure 14, p-n bonding interactions can also be involved
in forming MBg borozene complexes. A previous calculation showed a C7, PBs* cluster,’! which
can be considered to be a p-n Bs borozene complex, where the P* center shares its two 3p electrons

with the Bg?>” borozene. Similar p-n borozene complexes have also been found computationally
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for C7, SiBs and GeBs.*!#262 Carbon forms strong C-B covalent bonds and C is known to be
incorporated in the peripheral position of the planar CBs cluster,®® which is in fact isoelectronic to
the By~ borozene. Apparently, the heavier group IVA elements from Si to Pb with more radially
extended valence p orbitals favor the formation of C7, type MBg borozene complexes. Similarly,
the heavier group VA cations from P* to Bi* can form C7, type MBg" borozene complexes. All
these C7» MBg or MBg* borozene complexes should exhibit similar electron switching properties

as illustrated in Figure 15, forming a new class of molecular switches.

4. SUMMARY AND OUTLOOK

This Account focuses on the concept of borozenes, a class of planar boron clusters (B7*~, Bg?", and
By") with delocalized © bonding akin to classical cyclic aromatic hydrocarbon molecules, as well
as recent advances on the experimental observation and characterization of borozene complexes,
in particular complexes of the B>~ and Bg? borozenes with elements of low electronegativity.
Valence-III elements can form highly stable borozene complexes with B~ (MB7), while valence-
II elements can form stable complexes with the Bs?>~ borozene (MBs). The high charge states of
B7*" and Bs? provide significant flexibility to design novel borozene complexes. In addition to
charge transfer complexes, d-m and p-r bonding interactions between the dopant and the borozenes
are also important to form borozene complexes. While the current Account focuses on the recent
advances in the investigation of complexes formed by the B7*~ and Bs?>* borozenes, the potential
of this field and the implication of the insight obtained thus far are huge. In addition to other novel
B7- or Bg-borozene complexes, there has been little study on the Bo~ borozene complexes
heretofore. The prospect to use borozene complexes as a new platform for molecular switches is
also intriguing. Going beyond borozenes, there are also enormous potentials to form other novel
doped boron clusters. The fresh insight obtained about the bonding properties between the dopants
and the borozenes may also help the design of new metal-doped borophenes or dopant borophene
interactions.

Planar B3 and By clusters have been synthesized as electron-deficient compounds with suitable
ligands.®*%5 With the ingenuity of the synthetic chemist, it is conceivable that borozenes or related
aromatic boron clusters may also be synthesized or incorporated into bulk compounds.®® The
electron deficiency of boron makes it highly flexible in chemical bonding and in its formation of

novel molecules with almost any element in the periodic table. Both metallabenzene analogs of
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metallaboron and Mobius aromatic metallaboron clusters have been discovered.®”-%® There is no
doubt that new structures and new chemical bonding will continue to be uncovered in the study of

size-selected boron clusters and borozene complexes.
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