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Flat boron has recently emerged as a fascinating concept in cluster science. Here we present computational

evidence for the quasi-planar all-boron aromatic Bsg (Ce,, *A)) and Bz~ (Cay, 2A)) clusters, established as the

global-minimum structures on the basis of Stochastic Surface Walking (SSW) searches. The energetics for low-

lying isomeric structures are evaluated using the validated density-functional method at the PBEQ/6-311+G* level.

Our global-minimum structures are in line with a recent report (Z. A. Piazza et al, Nat. Commun., 2014, 5, 3113).
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These structures consist of two-dimensional close-packing boron with a perfect hexagonal hole at the center,
which may serve as molecular models for the monolayer boron o sheet. Chemical bonding analysis indicates that
Bsg and Bzg~ are all-boron analogues of coronene (C4H12), featuring concentric dual © aromaticity with an inner

sextet and an outer n sextet. The hydrogenated BzgHg (Cey, 1Al) model cluster shows similar bonding properties,

www.rsc.org/pccp

1. Introduction

Over the past decade, elemental boron clusters'™ and relevant low-
dimensional nanostructures (fullerenes, monolayer-sheets, nano-
tubes, etc.)'®® have been intriguing molecular and/or nanoscale
systems of interest, for which the elucidation of structures and
bonding is a central focus. In particular, recent combined experi-
mental and theoretical studies have led to a systematic under-
standing of the structural and bonding properties of small boron
clusters,”® uncovering a flat land of boron that is in stark contrast to
bulk boron and boron alloys, in which three-dimensional (3D)
structural units dominate. Planar (2D) or quasi-planar boron
clusters were established up to n = 16 for cationic B," clusters."
For B,, anion clusters, the 2D structures were shown to exist at least
up to n = 24, with the upper limit remaining open.” The critical size
of 2D-to-3D transition for neutral B, clusters is generally believed to
be at around 7 = 20, hinting that it is quite unlikely to observe 2D
neutral B, clusters at n > 20. The planarity or quasi-planarity of
boron clusters is attributed to their nature of electron deficiency,
which leads to (r and &) aromaticity and antiaromaticity.>**'¢2
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which possesses concentric triple aromaticity with inner &, outer mr, and outer ¢ sextets.

However, definitive structural information on B,'/B,/B, clusters
beyond n = 24 has remained rather elusive.”**

In the current contribution, we report on computational
evidence for the quasi-planar all-boron aromatic clusters: Bsg
(Cev, A1) and Bz~ (Cay, *A;). These global-minimum clusters were
obtained via Stochastic Surface Walking (SSW) structural
searches®® and the energetics evaluated using the validated
density-functional theory (DFT) method at the PBE0/6-311+G*
level.>>” The Bsg and B¢ clusters feature 2D close-packing of
boron with a perfect hexagonal hole at the center, which should
serve as valuable molecular models for the monolayer boron o
sheet."”"® Bonding analysis indicates that they possess con-
centric dual m aromaticity, where one set of six n electrons is
delocalized around the inner Bs ring and another sextet is globally
delocalized in the outer B;, double-chain ribbon. This © bonding
pattern is in close analogy to that of coronene (C,,H;,), the latter
being developed in the pioneering work reported by Boldyrev and
coworkers.?® The B, and Bsg~ species represent a record size
for free-standing, planar or quasi-planar atomic clusters. During
the preparation of this manuscript, a paper on the similar topic by
Li, Wang, and coworkers®> appeared, which reached the same
global-minimum structures for B3 and Bz~ using the Cartesian
Walking and Basin Hopping structural searches. The current
work and that of ref. 22 are independent of each other.

2. Computational methods

Global-minimum structural searches were carried out using
the SSW algorithm, aided with extensive manual structural
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constructions as well. The SSW method has been previously
utilized to search for the global minimum of clusters with
complex potential energy surfaces, such as short-ranged Morse
clusters and carbon clusters up to 100 atoms.** Subsequently,
the relative energies of the identified low-lying structures were
fully optimized using DFT at the hybrid PBE0/6-311+G* level,>>™’
which was lately benchmarked as a reliable DFT method for
the boron system, in particular in terms of energetics.'>*! The
lowest-lying ten isomers are also optimized at the meta-
generalized TPSSh level.*® Frequency calculations were performed
to ensure that the reported structures are true minima. All PBEO
and TPSSh structural optimizations, frequency analyses, and
electronic structure calculations were accomplished using the
Gaussian 09 package.*?

3. Results and discussion
3.1. Structures

The global-minimum and representative low-lying structures of
Bse (1-4) and B, (5-8) at the PBE0/6-311+G* level are depicted
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in Fig. 1, along with their hydrogenated Bz;cHs (9) and BsgHe
(10) model clusters. Alternative optimized structures of B¢ and
B3s are shown in Fig. S1 and S2 in the ESI;} detailed structural
information on 1, 5, 9, and 10, including their bond distances, is
shown in Fig. S3 and S4 in the ESL.{ The energetics at the PBEO
and TPSSh levels are highly consistent with each other, and only
PBEO data will be discussed below. It is immediately apparent
that the quasi-planar, circular 1 and 5 species are the global-
minimum structures, which are independent of and confirm
those of Li, Wang, and coworkers.>” The neutral B;4 (1, Coy, ‘A;)
global minimum is particularly well defined on the potential
energy surface, with alternative structures being at least ~1.1 eV
higher in energy. The much sought low-dimensional boron
nanostructures,’®” such as tubular triple-rings (2 and 6),
double-rings (3 and 7), and cage-like fullerenes (4 and 8), are
also true minima on the potential energy surfaces, but these are
energetically unfavorable. Note that prior computational studies
have proposed candidate structures for the B;¢ cluster, including
structure 1,>* but no global-minimum searches have been
performed except for ref. 22, to our knowledge.
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Fig. 1 Selected optimized structures at the PBE0/6-311+G* level for Bzg (1-4), Bsg~ (5—8), and their hydrogenated clusters BzgHg (9) and BzgHg ™ (10).
The Bsg (1) and Bz~ (5) structures are established as the global minima. Relative energies are shown in eV at the PBEO and TPSSh (in italic) levels.
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Structures 1 and 5 adopt a quasi-planar and circular shape,
with a hexagonal hole positioning at the center. These may be
viewed alternatively as composed of three concentric B rings:
the inner Bg ring, the middle By, ring, and the outer B, ring.
The B atoms are in-plane tri-, tetra-, penta-, or hexacoordinated,
leading to electron deficiency for the systems, in particular for
the middle B;, ring with pure hexacoordinate B centers. Nota-
bly, the configurational energy spectra of B;s and B are
dominated by 2D structures (Fig. S1 and S2 in ESIY). For
example, eight out of thirteen low-lying B;s structures within
~2 eV above the global minimum are 2D, whereas thirteen out
of twenty low-lying B3¢~ structures within ~2 eV are 2D. This
potency to adopt 2D geometries at such a large size is probably
unique to boron clusters.

3.2. Chemical bonding: concentric dual n aromaticity and
analogy to coronene

The chemical bonding pattern in the global-minimum 1 and 5
clusters, as revealed from the adaptive natural density parti-
tioning (AANDP) analysis,* is intriguing. AANDP represents the
bonding of a molecule in terms of n-center two-electron (nc-2e)
bonds, with n ranging from one to the total number of atoms in
the molecule. The AANDP analysis thus recovers the classical
Lewis bonding elements (lone pairs and 2c¢-2e bonds), as well as
the nonclassical, delocalized nc-2e bonds. As depicted in
Fig. 2a, of the 54 pairs of valence electrons in Bse (1), there
are 18 peripheral 2c-2e ¢ bonds for the outer ring, as well as
six delocalized 3c-2e ¢ bonds around the inner ring. The ¢
bonding between the inner and outer rings is accomplished by
eighteen delocalized 4c-2e ¢ bonds, among which twelve link
the outer and middle rings and six link the middle and inner
rings. Note that, although only delocalized over small B; or B,
“islands”, the 3c-2e and 4c-2e ¢ bonds cover the whole boron
sheet almost evenly. Overall, the c framework consumes 42
pairs of electrons.

The remaining 12 pairs of electrons in 1 are responsible for
the n bonding, in which the six 4c-2e © bonds form islands
around the six corners on the sheet. Of the more delocalized
n bonds, three are 12c-2e bonds mainly delocalized around the
central Be ring; while three 36¢-2e bonds are responsible for ©
bonding between the middle and outer rings, being mainly
delocalized on the B3, double-chain ribbon. Remarkably, these
three 12c-2e and three 36c-2e © bonds are responsible for the
global, delocalized n bonding in the boron sheet, forming a
concentric dual © aromatic system, whose inner and outer sets
of bonds both conform to the (4n + 2) Hiickel rule for aroma-
ticity. The bonding nature of 5 is essentially the same, except
that an extra electron occupies the lowest unoccupied molecular
orbital of 1. We believe that concentric dual © aromaticity holds
the key to understanding the structure and stability of quasi-
planar 1 and 5 clusters. It is noted that our understanding of the
nature of the global n bonding in 1 and 5 differs somewhat from
that in ref. 22.%°

Since a rhombic 4c-2e bond (and to a less extent, a 3c-2e or
5c-2e bond), either n or o, in the double-chain boron nano-
ribbon systems is basically equivalent to a 2c-2e C-C bond in
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Fig. 2 Bonding patterns as revealed from the adaptive natural density
partitioning (AdNDP) analyses of (a) Bzg (1) and (b) BzgHg (9), as compared
to (c) coronene (C4H12). The occupation numbers (ONs) are indicated.

the hydrocarbons,*'?”*? a close connection between 1 (Fig. 2a)

and coronene (C,4Hy,; Fig. 2¢)* is readily established, making
1 an all-boron analog of coronene.>® To be specific, the three
12c-2e © bonds associated with the inner Bg ring in 1 (Fig. 2a;
the third row) show exact one-to-one correspondence to the
three 6¢c-2e m bonds in coronene (Fig. 2c). The three 36-2e =
bonds in 1 (Fig. 2a; the second row) are identical to the three
24c-2e © bonds in coronene, whereas the six 4c-2e island =«
bonds in 1 (Fig. 2a; the second row) are equivalent to the six
2c¢-2e C-C © bonds in coronene. This analogy can also be revealed
from the n canonical molecular orbitals (CMOs). As shown in
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Fig. S5 in the ESI, T the twelve 1 CMOs of B4 (1) show a one-to-one
correspondence with those of Dg Ca4H;,. Inorganic molecular
systems with concentric n aromaticity have been very rare and
only a few examples (By;*, Big , and C;Bo>"/CsBy;")%***! are
known, among which C;Bs*>*/CsB;;" are pure model clusters
and experimentally not viable because they are not the global
minima.*"

Herein it is also of interest to comment on the cage-like
fullerene structures: Bzs (4) and Bss~ (8). These can be con-
structed from eight triangular, quasi-planar Be units, each
sharing a corner with three neighboring Be units. As a conse-
quence, six hexagonal holes are generated on the surface of a
spherical cage: one on top, one at the bottom, and four on the
waist. Alternatively, 4 and 8 can be built upon twelve interwoven
By double-chain ribbons, which have been recognized lately
as robust building blocks for low-dimensional boron nano-
materials. Every B atom is on the edge of a hexagonal hole.
Two of the B atoms around a hexagonal hole are tetracoordi-
nated, as compared to four that are pentacoordinated. Overall,
twelve B atoms in 4 or 8 are tetracoordinated and twenty-four
are pentacoordinated, where the former atoms pop out slightly
from the sphere. Structurally, these appear to be ideal candi-
dates for all-boron fullerenes. However, they turn out to be at
least ~2 eV above the quasi-planar global minima 1 and 5
(Fig. 1). Strains due to the curvature of the cage may partly
account for the instability of 4 or 8. However, we believe that
the electron counting also plays a key role. Preliminary bonding
analysis of 4 suggests that, of the 54 pairs of valence electrons,
44 pairs can be located as 3c-2e o bonds, one for every B;
triangles on the sphere. The o framework in 4 thus appears
to be perfect. On the other hand, the n framework possesses
10 pairs of electrons, which is clearly less than ideal. Considering
the cluster geometry, either 8 or 12 pairs of n electrons would
better cover the cage, smoothly and evenly. This understanding
should help design appropriate all-boron fullerenes.

3.3. Chemical bonding in hydrogenated B;sHs and B3;sHg
model clusters

As a preliminary exploration, we also constructed the hydro-
genated BigHe (9, Cey, "A1) and BigHe (10, C,,, *A;) model
clusters, as shown in Fig. 1c. These structures represent true
minima on their potential energy surfaces. Interestingly, hydro-
genation appears to enhance the planarity of the boron sheet in
9 with respect to 1, which can be attributed to the slightly
expanded size of the outer B,g ring upon hydrogenation.

In terms of the AANDP bonding pattern, the © framework in
B3cHs (9) (Fig. 2b; the bottom two rows) is identical to that in
Bss (1), as are the six 3c-2e and six 4c-2e ¢ bonds associated
with the inner Bg ring (Fig. 2b; top row). The 18 peripheral o
bonds in the outer ring (Fig. 2b; top row) are essentially
maintained, except that twelve of them are transformed into
3c-2e o bonds. Major changes occur with the o bonds that
connect the outer and middle rings. There are twelve such 4c-2e
o bonds in 1 that are located near the apex B atoms. In 9, only
six of these maintain as islands, but shift to edge positions and
slightly expand as 5c-2e ¢ bonds, whereas the remaining three
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o bonds become completely delocalized (Fig. 2b; second row).
It is stressed that the nine ¢ bonds associated with the middle
and outer rings in 9 are closely parallel to the nine © bonds
(Fig. 2b; the second versus third row), suggesting both © and o
aromaticity. Thus, hydrogenation produces unique clusters 9
and 10, whose inner m, outer m, and outer ¢ sextets each
conform to the (4n + 2) Hiickel rule for aromaticity, collectively
rendering concentric triple aromaticity to these hydroboron
clusters. As demonstrated in Fig. S5 in the ESL the twelve &
CMOs of B3cHg (9) are similar to those in 1 and C,,H;,, making
9 (and 10) the first boron hydride analogues of coronene.

3.4. Simulated photoelectron spectra

To aid experimental characterization of the global-minimum Bsg
(1, Ce, 'Ay) and Bsg~ (5, Cayy 2Al) clusters, we calculated the
ground-state adiabatic and vertical detachment energies (ADEs
and VDEs) of 5 at the PBE0/6-311+G* level, calculated its VDEs for
the excited-state transitions at the time-dependent DFT (TDDFT)
level,*> and simulated its photoelectron spectrum as shown in
Fig. 3a. The spectrum shows well-structured features with the
ground-state ADE/VDE values of 3.11/3.15 eV and an energy gap
of 0.84 eV, the latter being characteristic of a stable, closed-shell
neutral cluster. The simulated spectrum (Fig. 3a) agrees well with
the recent experimental data.””> For example, first two VDEs are
measured to be 3.3 + 0.1 and 4.08 £+ 0.03 €V, respectively, as
compared to the calculated values of 3.15 and 3.99 eV. We also
simulated the photoelectron spectrum of BzsHg (10) (Fig. 3b),
whose first two bands (ADE/VDE: 2.95/3.30 eV; energy gap: 0.77 €V)
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Fig. 3 Simulated photoelectron spectra of Bzg~ (5) and (b) BsgHg™ (10)
based on the PBE0/6-311+G* and TDDFT calculations. The simulations
were done by fitting the distribution of calculated vertical detachment
energies with unit-area Gaussian functions of 0.1 eV half-width.
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are remarkably similar to those of 5, consistent with their simila-
rities in frontier CMOs.

4. Conclusions

In conclusion, the structural and bonding properties of B3¢ and
Bss~ clusters are studied via extensive global-minimum
searches and density-functional calculations. Quasi-planar,
circular, close-packing structures with a central hexagonal hole
are established as the global minima for both species, in line
with the findings in a recent work reported by Li, Wang, and
coworkers.”” Chemical bonding analysis reveals concentric
dual m aromaticity in the species, akin to coronene. The current
results represent a record size to date for a planar or a quasi-
planar atomic cluster, suggesting that the notion of the 2D-to-
3D transition for B, neutral clusters occurring at around n = 20
needs to be updated” and that there appears to be much room
to explore for planar or quasi-planar B, and B,  clusters.
Furthermore, hydrogenated quasi-planar Bz;sHs and Bi;gHg
model clusters are also true minima with inner w, outer m,
and outer o sextets, collectively leading to concentric triple
aromaticity.

Note added at proof

A very recent paper by the current authors®® reported the
observation of the first all-boron fullerenes or borospherenes,
B4y~ and By, The B,,  anion cluster has a coexisting quasi-
planar isomer.
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