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ABSTRACT: Elemental boron is electron-deficient and
cannot form graphene-like structures. Instead, triangular
boron lattices with hexagonal vacancies have been
predicted to be stable. A recent experimental and
computational study showed that the B4 cluster has a
planar Cg, structure with a central hexagonal hole,
providing the first experimental evidence for the viability
of atom-thin boron sheets with hexagonal vacancies,
dubbed borophene. Here we report a boron cluster with
a double-hexagonal vacancy as a new and more flexible
structural motif for borophene. Photoelectron spectrum of
B, displays a simple pattern with certain similarity to that
of B;4~. Global minimum searches find that both B~ and
B, possess planar hexagonal structures, similar to that of
B¢, except a missing interior B atom that creates a double-
hexagonal vacancy. The closed-shell B;s~ is found to
exhibit triple 7 aromaticity with 11 delocalized 7 bonds,
analogous to benzo(gh,i)perylene (C,,H;,). The B
cluster can be used to build atom-thin boron sheets with
various hexagonal hole densities, providing further
experimental evidence for the viability of borophene.

wo-dimensional (2D) atom-thin boron sheets have

attracted increasing attention. Early theoretical investiga-
tions showed that graphene-like boron sheets with a honeycomb
lattice are unstable; instead, boron tends to form buckled all-
triangular lattices.'~* More recent theoretical studies predicted a
new type of planar boron sheets, consisting of triangular lattices
with hexagonal vacancies, to be more stable and suitable to form
boron nanotubes.>® The role of the hexagonal hole has been
rationalized in term of chemical bonding.” Various forms of
monolayer boron structures have been considered with different
vacancy densities and arrangements.s_13 However, it was not
clear if such extended 2D boron nanostructures can be realized
experimentally, even though possible methods have been
proposed theoretically.'*"*

Opver the past decade, combined experimental and theoretical
studies have allowed the structures and chemical bonding of
small boron clusters to be systematically elucidated.’®">* The
structural, electronic, and chemical bonding properties of size-
selected boron clusters are fascinating and help lay the
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foundation for the rational design of new boron nanostructures.
In contrast to bulk boron, which consists of various 3D cage
motifs, small boron clusters have been found to be planar or
quasi-planar. Negatively charged boron clusters (B, ) have been
characterized systematically via joint photoelectron spectroscopy
(PES) and quantum chemistry calculations to be planar at least
up to n =25."°7>* Cationic boron clusters (B,") have been shown
to be planar up to n = 16 on the basis of ion mobility
experiment.”* Neutral boron clusters are more challenging
experimentally. An UV-IR double-resonance experiment did not
detect the double-ring B,o,”> which was suggested to be the first
3D neutral boron cluster.'® Chemical bonding in the 2D boron
clusters is dominated by o and 7 delocalization, giving rise to the
concepts of aromaticity, antiaromaticity, and multiple aroma-
ticity. *>***"2% Some boron clusters have been shown to have
intriguing fluxional behaviors that have inspired the proposal of
molecular Wankel motors.>® 3!

A major breakthrough in the investigation of boron clusters
has occurred recently, where B34~ and B;4 have been discovered
to possess 2D structures with a central hexagonal hole.*” The B
cluster can be viewed as the embryo for the formation of
extended 2D boron sheets with hexagonal vacancies, providing
the first experimental evidence for the potential viability of such
boron nanostructures. A name, borophene, was coined to
designate the putative atom-thin boron sheets, in analogy to
graphene.’” The hexagonal vacancy seems to be the defining
structural feature of medium-sized boron clusters above n = 30. A
subsequent investigation found that B;,™ is chiral, possessing a
pair of quasiplanar enantiomers with a hexagonal hole.** Most
recently, it has been found that the B,,~ cluster consists of two
nearly degenerate structures, a planar structure featuring two
adjacent hexagonal holes and a 3D cage structure, the first all-
boron fullerene, dubbed borospherene.*

Here we report a PES and theoretical study on the B35~ and B
clusters, which are found to be the smallest planar boron clusters
containing a double-hexagonal vacancy (DHV) with two
adjacent hexagonal holes. This structure is similar to the
hexagonal B¢ cluster with a missing interior B atom. Chemical
bonding analyses reveal a triple 7 aromatic system for the closed-
shell By;~, analogous to the benzo(gh,i)perylene (C,,H;,)
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molecule. Most significantly, the Bs; cluster can be viewed as a
new and more flexible motif to construct various types of
borophene, containing DHVs or mixed hexagonal holes and
DHVs.

The photoelectron spectrum of B;s™ at 193 nm is shown in
Figure 1 (see the Supporting Information for experimental
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Figure 1. Experimental photoelectron spectrum of By;~ at 193 nm (a),
compared to the simulated spectrum at the PBEO level (b). The
simulation was done for the global-minimum C; (*A”) structure by fitting
the calculated VDEs with unit-area Gaussian functions of 0.05 eV half-
width. The vertical lines in (b) represent the calculated VDEs.

details). The low binding energy band X, which represents the
electron detachment transition from the ground state of B;5~ to
that of neutral B;;, occurs at a vertical detachment energy (VDE)
0f 4.06 + 0.0S eV. Since no vibrational structures are resolved for
band X, the adiabatic detachment energy (ADE) is evaluated by
drawing a straight line along the leading edge and then adding the
instrumental resolution to the intersection with the binding
energy axis. The ADE thus evaluated is 3.96 + 0.05 eV, which
also represents the electron affinity of neutral By, Band A
appears at ~5.0 eV, which is separated from band X by an energy
gap of ~0.9 eV as evaluated from the VDE difference of the two
bands. Band B is prominent and broad, centering at 5.35 + 0.05
eV and hinting it may contain multiple detachment transitions. A
well-separated band C is observed at 5.93 + 0.05 eV. The overall
spectral pattern is well-structured and relatively simple, providing
a definitive electronic fingerprint for B35~ and the corresponding
neutral B;;. It is interesting to note that the spectrum of B;;™ is
somewhat similar to that of B;5~,>> except the latter contains an
extra low binding energy feature at a VDE of 3.3 eV. This
observation suggests that the structure of B;s~ may be related to
the hexagonal B3

Global minimum searches were accomplished using the
minima hopping algorithm®® and a guided basin-hopping
program called TGmin,* in combination with manual structural
constructions, as described in the Supporting Information (SI).
The global minimum of By;™ (C, 'A’) is shown in Figure 2, along
with its corresponding neutral structure (C, *A”). These
structures are quasi-planar with an overall hexagonal shape, in
which the B atoms are triangular close-packed except for the two
adjacent hexagonal holes. Alternative optimized anion and
neutral structures within 1.5 eV are given in Figures S1 and S2,

C. B, (‘A)

Figure 2. Optimized global-minimum structures of Bys~ (C, 'A’) and
neutral By (C, *A”) at the PBE0/6-311+G* level.

respectively, in the SI. The nearest competing structures are 0.52
and 027 eV higher in energy for the anion and neutral,
respectively, suggesting that the By;™ (C,, 'A’) and B;5 (C,, *A”)
structures with the DHV are quite stable species. The relative
energies at the CCSD(T) level are 0.56 and 0.38 eV for the anion
and neutral, respectively, further confirming the stability of the C,
By~ ("A’) and C, By; (PA”) (see SI). The lowest-energy 3D
structures are cage-like, being 0.85 and 0.72 eV above the global
minima, respectively, for the anion and neutral.

To confirm that the C, ('A’) structure is the true global
minimum for Bjs~, we calculated its VDEs, using the time-
dependent DFT method with the PBEO functional (TD-
PBE0),* to compare with the experimental data. The ADE
was calculated via the total energy difference (ie, ASCF
method), whereas the VDEs for the anionic clusters were
calculated using the combined ASCE-TDDFT approach.””*
PBEQ has been proved to be reliable in boron clusters in this size
r;1nge.23”3’2_34 As shown in Table S1 in the SI, the calculated
ground-state VDE is 3.99 eV, in excellent agreement with the
experimental value of 4.06 eV. The ground-state ADE is
calculated to be 3.91 eV, compared with the experimental
value of 3.96 V. The calculated VDE for the second detachment
channel (4.89 eV) is in good agreement with band A at ~5.0 eV.
The computed VDE:s for the next five detachment channels are
closely spaced ranging from 5.07 to 5.47 eV, which should
correspond to the broad and prominent band B covering the
same energy range. Following a small energy gap, the next
calculated detachment transition is at 5.87 eV, in good agreement
with band C at 5.93 eV. The simulated spectrum (Figure 1b),
obtained by fitting the calculated VDEs with unit-area Gaussians,
is almost in quantitative agreement with the experimental
spectrum, lending considerable credence to the identified global
minimum of the quasiplanar hexagonal B;;~ with the DHV.

The structure of neutral B;; is similar to the anion with little
geometry change (see Figure S4 for detailed structural
parameters). The overall structures of B~ and B resemble
closely the structures of the hexagonal B3~ and By, respectively,
except the additional hexagonal hole in the former. Both B3~ and
B;4 possess hexagonal structures with a central hexagonal hole.
They can also be viewed as consisting of three concentric
hexagonal boron rings: an inner B4 ring, a middle B, ring, and an
outer B4 ring. The structures of B35~ and B35 can be viewed as
removing a boron atom from the middle B, ring of B;s~ and By,
generating an extra hexagonal hole adjacent to the central
hexagonal hole such that the two hexagonal holes share a B—B
bond to give rise to the DHV. Amazingly, the B—B distances in
B;s™ and B;; exhibit very little change relative to their 36-atom
counter parts. In comparison to the symmetric Cg, By, the
maximum in-plane dimension in the DHV direction expands by
only 0.06 A in By~ and shrinks by only 0.09 A in the
perpendicular in-plane direction. The double holes make the
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B;;~ cluster slightly more planar with an out-of-plane distortion
of 1.12 A, slightly smaller than that in By (1.16 A)*?

To understand the structure and stability of the 35-atom boron
cluster, we analyzed the bonding in the closed-shell B;5~ system.
All 7 canonical molecular orbitals (CMOs) of By~ are plotted in
Figure S3 in the SL Of the 11 CMOs, HOMO-29, HOMO-22,
HOMO-26, HOMO-13, and HOMO-15 are the bonding and
partial bonding combinations. These CMOs can be transformed
to five five-center two-electron (5c-2e) 7 bonds, as shown in
Figure 3a, using the adaptive natural density partitioning
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Figure 3. Results of AANDP analyses for (a) B35~ (C, 'A’), (b) C,,H,
(C,,y 'A;). Occupation numbers (ONs) are indicated.

(AANDP) method.*® These five bonds mainly describe 7
interactions between the outer By ring and the middle B,
ring. The remaining six # CMOs can be transformed into two sets
of 7 systems (Figure 3a): three 1lc-2e bonds primarily
responsible for 7 bonding between the inner and middle rings,
and three 35c-2e global 7 bonds delocalized over the whole
cluster. There are 42 6 CMOs in B;;~. AANDP analyses (Figure
3a) yielded 19 2c-2e B—B ¢ bonds involving the 18 peripheral
atoms and the B—B bond shared by the double-hexagonal holes,
nine 3c-2e o bonds around the DHV, and 14 4c-2e o bonds. 2¢-2e
o bonds are found for all peripheral atoms in planar boron
clusters.'®™>* However, it is rare to see a localized 2c-2e o bond in
the interior of planar boron clusters. It was only observed
previously in B,,” between a pair of boron atoms shared by two
adjacent pentagonal vacancies.*’

The 7 bonding in B;;™ is quite interesting. The 11 & bonds
from the ADNDP analyses can be viewed to form three different
systems: the five Sc-2e bonds, three 11c-2e bonds, and three 35¢-
2e bonds, each obeying the (4n + 2) Hiickel rule for aromaticity.

Thus, the B35~ cluster can be considered to be a unique triply 7
aromatic system. More interestingly, we found that the 7
bonding in B;s~ is nearly identical to that in the polycyclic
aromatic hydrocarbon, benzo(gh,i)perylene (C,,H,), as shown
in Figure 3b. AANDP analyses reveal that the 11 z bonds in
Cy,H); can also be classified into three separate 7 systems, just
like that in B;s™. Specifically, the five peripheral C—C 2c-2e 7
bonds in C,,H,, are localized, and they correspond to the five Sc-
2e m bonds in B;;~. This observation is reminiscent of previous
findings that a B, or Bs unit in boron nanoribbons, called
polyboroenes, is equivalent to a C—C unit in polyacety-
lenes.*' ™ The B;;~ cluster provides another example of the
hydrocarbon analogs of boron clusters: the 7 bonding in many
planar boron clusters has been found to resemble those of
aromatic hydrocarbons.'¢72326728

The central hexagonal hole in the Cy, By is critical for its 2D
structure. The slight out-of-plane distortion is really due to the
peripheral effect, i, the peripheral B—B bonds tend to be
stronger or slightly shorter than the interior B—B bonds.>* It is
interesting to note that the second hexagonal hole in B35~ or B
induces very little structural distortion and in fact makes the
cluster to be slightly more planar, reinforcing the importance of
hexagonal vacancies in the stabilization of borophene. The B,
cluster has been considered as a motif for borophene consisting
of isolated hexagonal holes or the a-sheet. The f-sheet refers to
boron monolayers with DHVs or adjacent hexagonal holes.”
Since the initial predictions of stable a- and f-sheets, many
monolayer boron sheets with different hexa%onal hole densities
and arrangements have been considered.® "> We find that the
planar B, cluster is in fact a more flexible motif to construct
borophenes with DHVs or mixed hexagonal holes and DHVs.
Figure 4 shows schematically two such arrangements. Other
arrangements of the B;s clusters are possible, allowing the
creation of borophenes with different hole densities.

In conclusion, we report the structures and bonding of the
B;s~ and B;s clusters, which are found to be quasi-planar
structures with a double-hexagonal vacancy or DHV. The
structures of Bss can be viewed as removing an interior boron
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Figure 4. Schematic drawings of borophenes constructed from two
different arrangements of the planar hexagonal Bss motif. The blue
shaded areas represent a single B;; unit and the green shaded areas in (a)
indicate monohexagonal vacancies as a result of the arrangement of the
B units.
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atom from the hexagonal B;4 cluster. Chemical bonding analyses
show that the closed-shell B35~ cluster possesses three distinct 7
systems and can be considered to be triply aromatic. The #
bonding in B;s~ is shown to be analogous to the polycyclic
aromatic hydrocarbon, benzo(gh,i) perylene (C,,Hj,). The B,
cluster with the DHV is shown to be a new and flexible structural
motif, which can be used to construct borophenes related to the
P-sheet with DHVs or mixed hexagonal holes and DHVs. The
unique structure of By5 and its relationship to the f-sheet provide
further evidence for the viability of borophene.
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