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Inspired by the experimentally observed bilayer Bss™’® and theoretically predicted bilayer Bsp—B7, and
based on extensive density functional theory calculations, we report herein a series of novel medium-
sized bilayer boron nanoclusters C; Bgy (I), Cp, Bgg (), C1 Bgg (lll), C; Bgg (IV), C; Bgy (V), Cy Bgy (VI),
Cyy, Bog (VII), and C; Bog (VIII) which are the most stable isomers of the systems reported to date effec-
tively stabilized by optimum numbers of interlayer B—B ¢ bonds between the inward-buckled atoms on
top and bottom layers. Detailed bonding analyses indicate that these bilayer species follow the universal
bonding pattern of 6 + n double delocalization, rendering three-dimensional aromaticity in the systems.
More interestingly, the AA-stacked bilayer structural motif in Bgg (VII) with a B, bilayer hexagonal prism at
the center can be extended to form bilayer C, Biog (IX), Dop Boig (X), Coy, Bogo (X1), Doy Bzyn (XI), and D,
Bgog (XII) which contain one or multiple conjoined B, bilayer hexagonal prisms sharing interwoven zig-
zag boron triple chains between them. Such bilayer species or their close-lying AB isomers can be viewed
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as embryos of the newly reported most stable freestanding BL-a* bilayer borophenes and quasi-free-
standing bilayer borophenes on Ag(111) which are composed of interwoven zig-zag boron triple chains
shared by conjoined BL B;, hexagonal prisms, presenting a bottom-up approach from medium-sized
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1. Introduction

Clusters are aggregates of atoms or molecules which start to
exhibit the structural and bonding characteristics of bulk
materials in certain size ranges. Boron clusters as a special
case with prototypical electron deficiency exhibit great diversity
in size-dependent structural motifs and bonding patterns,
which are much different from those of their carbon
counterparts.'™ Persistent joint photoelectron spectroscopy
(PES) and first-principles theory investigations in the past two
decades by Wang and coworkers’™* show that size-selected
boron clusters B, in an unexpectedly wide size range (n =
3-42, 48) possess planar or quasi-planar (B3™-Bsg™, B41 , and
Bs, "), seashell-like (C, B,s"° and C, B,y ™), cage-like (Dyg By "°
and Cs/C, B3y "), or bilayer (D, B,g™) structures featuring o +
double delocalization bonding patterns. The experimentally
observed cage-like B,,'°/B;s~ have been extended to the BI
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bilayer boron nanoclusters to two-dimensional bilayer borophene nanomaterials.

borospherene family (n = 36-42, g = n-40)">""">7'° at the first-

principles theory level and are all composed of twelve interwo-
ven boron double chains with six hexagonal or heptagonal
faces. In the quasi-planar boron cluster series, the dual
n-aromatic Ce, B3¢ '”'® with a Bg hexagonal hole at the center
surrounded by three co-centric boron rings as the boron
analog of coronene Dgj; C,4H;, was firstly used as a building
block to form the two-dimensional (2D) monolayer (ML)
a-sheet,'® dubbed borophene. Various supported 2D ML boro-
phenes including a-sheets on the Ag(111) substrate have been
synthesized later in MBE experiments.”>*' The bilayer (BL)
structural motif firstly observed in B,s°'*?? has been
extended recently to a series of novel BL boron clusters by our
group at the density functional theory (DFT) level in the size
range between Bs, and B, including C; Bsg, Csj, Bsy, Cy Bsy, Cy
Bss, Cay Bssy Can Beo, C1 Beay Ca Bea, D2 Besy D2 Bes, C1 Byo, and
C: B;,**?® which are all the global minima (GMs) of the
systems effectively stabilized by interlayer B-B o-bonds
between inward-buckled boron atoms on the top and bottom
layers. These BL species follow the universal bonding pattern
of 6 + © double delocalization, making them three-dimension-
ally (3D) aromatic in nature. Using the experimentally observed
dually m-aromatic Cs, B3¢ as building blocks and based on

Nanoscale, 2022, 14, 1443-11451 | 11443


http://rsc.li/nanoscale
http://orcid.org/0000-0002-0162-5091
http://orcid.org/0000-0001-5666-0591
https://doi.org/10.1039/d2nr02950b
https://doi.org/10.1039/d2nr02950b
https://doi.org/10.1039/d2nr02950b
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr02950b&domain=pdf&date_stamp=2022-08-05
https://doi.org/10.1039/d2nr02950b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014031

Published on 19 July 2022. Downloaded by Shanxi University on 9/22/2022 2:56:04 PM.

Paper

extensive global searches augmented with DFT calculations, Li
and Zhang’s groups®®®’ recently reported the most stable
semiconducting freestanding 2D BL-a' borophenes in a
vacuum and quasi-freestanding BL-o" borophenes on Ag(111)
in both close-lying AA and AB modes which proved to be
obviously more stable than both their ML counterparts*®>*2®
and the previously proposed BL-a borophene.** More impor-
tantly, such BL-o* borophenes®® composed of interwoven zig-
zag boron triple chains (BTCs) shared by conjoined BL B, hex-
agonal prisms proved to well reproduce the experimentally
measured STM images and Moire patterns of the supported BL
borophenes on Ag(111),*° evidencing their existence in
experiments.

Locating the most stable structures of medium-sized boron
clusters beyond Bg, has been proved to be a challenging task
in chemistry and materials science. The first fullerene-like
boron cluster I, Bg, theoretically proposed in 2007 was later
proved to be much less stable than its amorphous core-shell
C; Bgo counterparts obtained via extensive global minimum
(GM) searches at the DFT level.’** Similarly, extensive
CALYPSO searches showed that an incomplete core-shell C;
Bgy was much more favored in thermodynamics over its pre-
viously reported quasi-planar, core-shell, cage-like, and
tubular counterparts.>*™*° Icosahedral-B,, stuffing appeared to
effectively improve the stabilities of fullerene-like Bg;—Bi16,
with a core-shell C; B;j,, recently predicted to be the most
stable core-shell boron cluster in the size range with an icosa-
hedral B;, core at the center.*"**> However, there have been no
BL boron species proposed or reported to date in this size
range in the literature, with medium-sized BL B,, nanoclusters
containing one or multiple conjoined B, BL hexagonal prisms
at the center as BL stacks of the experimentally observed
quasi-planar Cg, B3 remaining unknown in both experiments
and theory.

Based on extensive global searches and manual structural
constructions augmented with DFT calculations, we report in
this work a series of medium-sized 3D aromatic BL boron clus-
ters Bgy;—Bog (I-VIII) which appear to be the most stable
isomers of the systems reported to date, with effective inter-
layer B-B ¢ bonds formed as “nails” to bind the top and
bottom layers together. The BL structural motif in Boe (VII)
with a B;, BL hexagonal prism at the center can be employed
to construct the AA-stacked bilayer B1yg (IX), By14 (X), Baso (XI),
Bs,, (XII), and Bg,g (XII) which can be viewed as embryos or
fragments of the recently reported most stable semiconducting
freestanding BL-o" bilayer borophenes and quasi-freestanding
bilayer borophenes on Ag(111) consisting of conjoined B,, BL
hexagonal prisms in either AA or AB mode, indicating a viable
bottom-up approach from medium-sized bilayer boron nano-
clusters to 2D bilayer borophene nanomaterials.

2. Theoretical procedure

Global searches on Bg,, Bgs, Bgs, Boo, Boz, Bos, Bos, and Bgg
were performed using both the TGMin2 program®® and
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Minima Hopping algorithms,** in conjunction with extensive
manual structural constructions based on the previously pre-
dicted BL Byg-B;,.">**7>® Low-lying isomers were firstly re-opti-
mized at the PBE0/6-31G(d) level, with vibrational frequencies
being checked to ensure that all isomers obtained were true
minima of the systems. The relative energies were further
refined for the first two lowest-lying isomers at both PBE0/6-
311+G(d)***® and TPSSh/6-311+G(d).”” Detailed chemical
bonding analyses were performed using the adaptive natural
density partitioning (AANDP) approach.**>° Iso-chemical
shielding surfaces (ICSSs)>'** of the concerned species were
generated employing the Multiwfn 3.7 code® and visualized
using the visual molecular dynamics (VMD) software.”* The IR
and Raman spectra of the high-symmetry C,, Bge (II) and C,
Bos (VII) were simulated at PBE0/6-31G(d) and their UV-vis
absorption spectra were calculated using the time-dependent
density functional method (TD-DFT-PBE0).>>>® All the above
calculations were performed using the Gaussian09 package.’”
Nucleus-independent chemical shifts (NICS)**”° were calcu-
lated at the geometrical centers of the concerned BL systems.
Born-Oppenheimer molecular dynamics (BOMD) simulations
were performed on Bgs (II) and By (VII) at 1000 K and 700 K
for 30 ps, respectively, using the software suite CP2K*® with
the GTH-PBE pseudopotential and DZVP-MOLOPT-SR-GTH
basis set for boron. The cohesive energies per atom of the BL
clusters and 2D BL borophenes in Fig. 5 were calculated using
the Vienna ab initio simulation package (VASP)®*"®* within the
framework of the projector-augmented wave (PAW) pseudopo-
tential method®*®* and PBE generalized gradient approxi-
mation (GGA),®® with their band structures and projected den-
sities of states (PDOS) obtained at the more reliable Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional level.®®

3. Results and discussion
3.1. Structures and stabilities

We started from Bg,, which is one of the most concerned
neutral boron clusters extensively studied in the literature.
Yang et al.*® reported in 2010 an amorphous core-shell C; By,
with a partially encapsulated icosahedral B;, core which
appeared to be much more stable than its previously reported
“inner” I, (B;,@B1,@Beo),">*” “outer” I, (B;,@Bgo@B12), two-,
three-, and four-ring tubular isomers,>® and D,, cage-like
counterparts. Kumar et al.*® proposed in 2015 a quasi-planar
C,, a-Bgy with four evenly distributed hexagonal holes which
was found to be more favored in energy over its previously
reported core-shell C, isomer. More recently, based on global
searches using the particle swarm optimization algorithm
implemented in the CALYPSO package, Ma et al.*® proposed in
2018 an amorphous core-shell C; Bg, as the putative global
minimum of Bg, which appeared to be more stable than quasi-
planar C,, o-Bg,. Surprisingly and encouragingly, extensive
TGmin and Minima Hopping global searches starting from
manually constructed BL Bg, “seeds” based on the previously
originated BL Byg-B,, '*?** performed in this work indicate

This journal is © The Royal Society of Chemistry 2022
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that the bilayer C; Bg, (I) (*A) with two staggered B, hexagonal
holes on the top and bottom layers is much more stable in
thermodynamics than its previously reported isomers in other
structural motifs. With five effective interlayer B-B c-bonds
formed between inward-bulked boron atoms on the top and
bottom layers around the Bs hexagonal holes, Bg, (I) lies 2.92
eV, 3.40 eV, 3.78 eV, and 4.44 eV lower in energy than the pre-
viously reported core-shell C; Bgy,*® core-shell C; Bgy,*® quasi-
planar ML C,, Bgs,>® and tubular C,, Bg,>° at the PBE0/6-
311+G(d) level, respectively (Fig. 1 and Fig. Slaf). We also
notice that the twelve lowest-lying isomers of Bg, within 2.58
eV with or without B¢ hexagonal holes all possess BL struc-
tures, with the second lowest-lying BL C; Bg, with two eclipsed
hexagonal holes lying only 0.15 eV and 0.15 eV higher than Bg,
(I) at PBE0/6-311+G(d) and TPSSh/6-311+G(d), respectively. Bgy
(D) is the first medium-sized boron cluster reported to date
which contains a B3¢ BL hexagonal prism (BLHP) at the center
(Fig. 1) with two staggered B, hexagonal holes on the top and
bottom layers."***"*® The formations of five interlayer B-B o-
bonds between the top and bottom layers and two staggered
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Bs hexagonal holes on the top and bottom layers effectively
help to stabilize the system.

Adding two B atoms to fill in the two staggered Bs hexag-
onal holes on the top and bottom layers of Bg, (I) generates
high-symmetry BL C,, Bge (II) (*A;) which well inherits the five
interlayer B-B o-bonds from its parent cluster (Fig. 1 and
Fig. S1bt). Bge (II) is 0.66 eV and 0.66 eV more stable than the
second lowest-lying BL isomer C; Bges with two staggered Bg
hexagonal holes at PBE0/6-311+G(d) and TPSSh/6-311+G(d),
respectively (Fig. S1bt). It contains a B;g BLHP at the center,
without B hexagonal holes on either the top or the bottom
layer. The remaining eleven low-lying BL isomers obtained
within 1.71 eV all contain one or two hexagonal holes on the
top or bottom layers (Fig. S1bt).

With two more boron atoms being added to the right
bottom corner of Bgg (II), BL C; Bgg (II) is produced which con-
tains a B;g BLHP at the center lying only 0.01 eV and 0.01 eV
higher than the second lowest-lying BL isomer with one hexag-
onal hole on the top at PBE0/6-311+G(d) and TPSSh/6-311+G
(d), respectively (Fig. 1 and Fig. S1ct). The first two BL isomers

Xl Cav B2so
(‘A1) ('Ag)

Flg 1 TOp and side views of the optimized BL C1 Bg4 (l), C2v Bgs ("), Cl Bsg (l"), C1 Bgo (IV), C1 Bgz (V), C1 Bg4 (Vl), sz Bgs (V"), Cl Bgs (V"I), C2 8128
(IX), D2y, B214 (X), Cay Bago (XI), and Dy, Bzz, (X11), with the inward-buckled B atoms interconnected by interlayer B—B ¢ bonds colored in blue, Bzg or
Bsg BL hexagonal prisms at the center of I-VIII highlighted in black dotted circles, B;, BL hexagonal prisms at the center of VIl and IX=XIl sur-
rounded in purple dotted circles, and the hexagonal holes on the bottom layers highlighted in green dotted circles.

This journal is © The Royal Society of Chemistry 2022
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are practically iso-energetic species which may coexist in
experiments. Bgg (III) with five effective interlayer B-B ¢-bonds
proves to be much more stable (by 6.77 eV) than the high-sym-
metry quasi-planar ML C;, a-Bgg with three hexagonal holes at
PBE0/6-311+G(d) (Fig. Sict). The other twelve low-lying
isomers within 1.51 eV all have BL structures with a Bz or Bsg
BLHP at the center.

The most stable BL C; By, (IV) can be obtained by adding a
Bs hexagonal window to C; Bg, (4) (Fig. 1 and Fig. S1bt) on the
upper end, similar to the situation in BL C, Bs, >* which was
constructed from D,;, Byg by forming an additional Bs hexag-
onal window on the upper side. By, (IV) with a B35 BLHP at the
center and two staggered Bs hexagonal holes on the top and
bottom layers possesses six interlayer B-B c-bonds to effec-
tively stabilize the system (Fig. S1df). Followed by thirteen BL
lowest-lying isomers within 1.62 eV, C; By, (IV) is only 0.03 eV,
0.05 eV, and 0.20 eV more stable than the second, third, and
fourth lowest-lying isomers in different stacking modes at
PBE0/6-311+G(d), respectively (Fig. S1df). Remarkably, our BL
By (IV) with six interlayer B-B ¢ bonds lies much lower than
the previously reported three-ring tubular (TRT) C; Bgo,>>
quasi-planar C; Bgg, and core-shell C; Bg, obtained in this
work by 5.46 eV, 7.60 eV, and 8.44 eV at PBE0/6-311+G(d),
respectively.

The most energetically favored BL C; By, (V) originates
from By, (IV) by adding two B atoms to the system to form a Bs
pentagonal window at the right bottom corner, with six inter-
layer B-B o bonds between the top and bottom layers and two
staggered hexagonal holes on the structural surface (Fig. Stet).
It is followed by eleven lowest-lying BL species in different
stacking modes within 1.56 eV, with the second lowest-lying
isomer being only 0.2 eV and 0.1 eV higher than By, (V) at
PBE0/6-311+G(d) and TPSSh/6-311+G(d), respectively (Fig. S1et).

Ten low-lying BL isomers within 1.79 eV are obtained for
By4 at PBE0/6-31G(d) (Fig. S1ff). The most stable BL C; Bg, (VI)
with six interlayer B-B ¢ bonds can be obtained by adding a B,
rhombus over the Bs hexagonal window on the upper end of
By (2) (Fig. 1 and Fig. S1fY), with the two staggered By hexag-
onal holes being well retained on the cage surface. The first
two lowest-lying BL isomers lying within 0.04 eV at PBE0/6-
311+G(d) can be viewed as iso-energetic isomers (Fig. S1f}).

The AA-stacked C,, Boe (VII) is another high-symmetry BL
species mainly concerned in this work. It is the first B, cluster
big enough to contain a complete B,, BLHP at the center effec-
tively stabilized by seven interlayer B-B ¢ bonds between the
top and bottom layers (of which six serving as the edges of the
B3¢ inner BLHP and one going across the geometrical center in
the vertical direction), with the interlayer bonding intensity*>
of u = 1/5.29. Such an off-centered C,, bilayer structure
appears to be much more stable (by 7.78 eV) than the AA-
stacked C; Bgs (10) isomer with two hexagonal holes at the
center which possesses four interlayer B-B bonds at PBE0/6-
31G(d) (Fig. Sigt). The eight low-lying isomers of Bgg within
2.38 eV all possess BL structures with seven interlayer B-B ¢
bonds between the inward-buckled atoms on the top and
bottom layers. Remarkably, Bog (VII) is much more stable than
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the previously reported severely distorted core-shell Ij, Bqs,*?
quasi-planar C; Bos, core-shell C; Bog, cage-like C; Bos, and
triple-ring tubular C; Bog®® by 7.40, 8.55, 9.77, 10.70, and
11.44 eV at PBE0/6-31G(d), respectively (Fig. S1gT).

Adding two more B atoms to C,, Bos (VII) produces BL C,
Boyg (VII) which is the first boron BL boron cluster containing
three hexagonal holes on the top and bottom layers. It is 0.07
eV and 0.10 eV more stable than the second close-lying BL
isomer C; Bgg at PBE0/6-311+G(d) and TPSSh/6-311+G(d),
respectively (Fig. S1ht), followed by seven BL isomers within
1.95 eV. More interestingly, Bog (VIII) lies 4.46 eV and 6.59 eV
lower than the previously reported distorted core-shell C;
Bog ** and quasi-planar C; a-Bog *® at PBE0/6-311+G(d), respect-
ively, demonstrating again the huge advantage of the bilayer
structures over other structural motifs in this size range.

The AA-stacked bilayer structural motif in C,, Bog (VII) with
an off-centered B,, BLHP is firstly extended to C, Bi,s (IX)
which contains a C, B, BLHP unit at the center with two hex-
agonal holes on the top and bottom layers. B;,g (IX) turns out
to be the first BL boron cluster with ten effective interlayer B-B
o bonds evenly distributed between the top and bottom layers
within the central B;, BLHP as an AA-stack of two quasi-planar
Cev Bsg.'” Lying within 0.17 eV with its nine BL counterparts,
B,,s (IX) appears to be much more stable (by 1.99 eV) than the
previously reported core-shell Cy,j, By, ** (Fig. S1it). With the
interlayer bonding intensity of u = 1/3.7, By, (IX) has exactly
the same number of interlayer B-B ¢ bonds as that in each B,
BLHP unit in both the most stable freestanding BL-o" boro-
phenes and quasi-freestanding BL-a" borophenes on Ag(111)
in AA and AB modes which are composed of interwoven zig-
zag boron triple chains shared by conjoined B,, BLHPs with
the optimum interlayer bonding intensity of u = 1/4.>*” Such
a bilayer structural “gene” can be readily “cloned” to the AA-
stacked BL Dsj, By14 (X), Cay Bago (XI), Dy, Bs7o (XII), and D, Bgyg
(XIII) which possess two, three, seven, and nineteen conjoined
B,, BLHPs at the center with nineteen, twenty-four, and thirty,
and eighty interlayer B-B ¢ bonds, respectively (Fig. 1 and
Fig. S21). The BL structural motif can be extended to infinity
in two dimensions to form two-dimensional bilayer boro-
phenes. BL Byyg (IX), Byis (X), Baso (XI), Bs7o (XI), and Bg,g
(XII) and their close-lying AB-stacked configurational isomers
with one or multiple conjoined B,, BLHPs can thus be viewed
as embryos or fragments of both the most stable freestanding
BL-a" borophenes in a vacuum and quasi-freestanding BL-o"
borophenes on the Ag(111) substrate in either AA or AB mode
confirmed by experiments, unveiling a bottom-up approach
from medium-sized bilayer boron nanoclusters to two-dimen-
sional bilayer borophene nanomaterials.

To evaluate the relative stabilities of the Bg,—Bgg Series, we
calculated their cohesive energies per atom E.,p, = (E, — nEg)/n,
second-order energy differences A’E = (Ea(n=1) + Ea(n+1)) — 2E2y
and HOMO-LUMO energy gaps AEg,, = Erymo — Enomo in
different structural motifs at PBE0/6-311+G(d) as shown in
Fig. 2 and Table 1. As clearly shown in Fig. 2a, compared with
their previously reported core-shell, planar, tubular, and cage-
like isomers, the BL species possess universally the highest

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Cohesive energies per atom of the Bgs—Bgg clusters in
different structural motifs at the PBE0/6-311+G(d) level: bilayer (red
circles), core—shell (black squares), planar (green triangles), tubular (blue
inverted triangles), and cage-like (pink rhombuses). (b) Variations of
HOMO-LUMO energy gaps (AEg,p) and (c) second-order energy differ-
ences (A2E) with cluster size in bilayer Bg4—Bog species.

Table 1 Calculated minimum vibrational frequencies Vmin (cm™),
HOMO-LUMO energy gaps AEg,, (eV), cohesive energy per atom Ecop
(eV per atom), NICS (ppm) values at the geometry centers, and numbers
of effective interlayer B-B ¢ bonds Ng_g for the bilayer Bg4—Bog series
(1=vin)

Vinin @ AEg,," Eeon? NICS®
B, (em™) (eV) (eV per atom) (ppm) Ng g
C; Bgy 126.30 1.74 —5.565 —13.03 5
Coy Bas 84.66 1.57 —5.566 —24.29 5
C, Bgg 73.45 1.27 —5.558 -23.98 5
C; By 115.36 1.47 -5.570 —18.05 6
C; Boy 108.57 1.20 —5.565 —-9.74 6
C; Boy 117.55 1.41 -5.581 -8.58 6
Cy» Bog 90.87 1.73 —5.596 -50.21 7
C; Bog 94.11 1.38 -5.597 —49.31 7

“ At the PBE0/6-31G(d) level. © At the PBE0/6-311+G(d) level.

E.on values in the whole size range between Bg, and Bog, with
E.on increasing from —5.565 eV per atom in BL C; Bg, (I) to
—5.597 eV per atom in C; Bgg (VIII) (Table 1). Fig. 2b and c col-
lectively reveal that both the HOMO-LUMO energy gaps AEg,p
and second-order energy differences A’E of Bg;~Bog show the
same variation trends, with C; Bg, (I), C; Bog (IV), and C,, B
(VII) as three local maxima with AE,,, = 1.74, 1.47, and 1.73 eV
and A®E = 0.089, 0.056, and 0.047, respectively, and C; Bgg (III)
and C; By, (V) as two local minima lying in between (Table 1),
generally in line with the E.,, ~ n curve in Fig. 2a. BL C; Bg,
(I), C1 Byg (IV), and C,, Bye (VII) may thus be tentatively viewed
as “magic number” boron clusters in the size range between
Bg, and Bgg.

This journal is © The Royal Society of Chemistry 2022
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The BL Bg,—Bogg species discussed above also turn out to be
highly dynamically stable during extensive BOMD simulations,
as demonstrated in the cases of high-symmetry C,, Bges (II)
and C,, Bos (VII) in Fig. S41 which have the small average
root-mean-square-deviations of RMSD = 0.15 and 0.12 A
and maximum bond length deviations of MAXD = 0.79 and
0.66 A at 1000 K and 700 K, respectively, similar to the situ-
ations in the previously reported BL B,s-B,, >**™>° series. No
lower-lying isomers were observed during MD simulations
in 30 ps.

3.2. Bonding pattern and 3D aromaticity analyses

To better interpret the high stability of these BL structures, we
performed detailed ANDP bonding analyses on C,, Bog (VII)
and C, Byyg (IX) as shown in Fig. 3 and C,, Bgs (II) as shown in
Fig. S3.1 As clearly indicated in Fig. 3a, the off-centered C,, Boe
(VII) possesses 117 ¢ bonds in the first row with the occu-

Y
.é_
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AVAVA
WAVAVAV;
ay * T
AVA . ‘AN
TAVAV.
AVaY

bonds
83 |e|

4x9c-2e T bonds 1x8c-2e 1 bond
4x8c-2e T bonds ON=1.90 |
ON=1.71-1.80 |e|
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4x4c-2e ¢ bonds
ON=1.80 |e|

60x2c¢-2e o bonds
ON=1.56-1.84 |¢|

12x5¢-2e  bonds
ON=1.83-1.88 |e|

8x8c-2e T bonds
ON=1.81-1.84 |e|

4x9c-2e 1 bonds
ON=1.79-1.81 |¢|

a
6x28c-2e 1T bonds
ON=1.81-1.92 |¢|

Fig. 3 AdNDP bonding patterns of (a) C,, Bgg (VII) and (b) C; Bj,g (IX).
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pation numbers between ON = 1.65 and 1.96|e|, including 7
2c-2e interlayer B-B o-bonds between fourteen inward-buckled
B atoms on the top and bottom layers, 44 2c-2e B-B o-bonds
on the periphery, 56 3c-2e in-plane o-bonds, and 10 4c-2e in-
plane o-bonds on the top and bottom layers. The remaining 27
pairs of electrons form the n-bonding system over the bilayer
surface in the second and third rows, including 12 5c-2e
n-bonds at the six corners, 4 9c-2e n-bonds on the top layer, 4
8c-2e n-bonds on the bottom layer, 1 8c-2e n-bonds on the
upper end, and 6 18c-2e = bonds with ON = 1.83|e| around the
two hexagonal holes on the top and bottom layers, with an
overall symmetry of C,,. Remarkably, the 3 18c-2e = bonds on
the top layer and 3 18c-2e = bonds on the bottom layer over
the hexagonal holes follow the 4n + 2 aromatic rule (n = 1) and
render local = aromaticities in the system, similar to the situ-
ation in dually m-aromatic ML Cg, Bsg'” which has two co-
centric w systems over the hexagonal hole at the center.

The slightly distorted C, Biys (IX) exhibits a similar
bonding pattern (Fig. 3b). It contains the first row 10 2c-2e
interlayer B-B c-bonds, 45 2c-2e B-B o-bonds on the periph-
ery, and 88 3c-2e in-plane o-bonds and 4 4c-2e in-plane o-
bonds on the top and bottom layers. The corresponding =
system in the second and third rows includes 12 5c-2e
n-bonds at the six corners, 8 8c-2e n-bonds on the left and
right, 4 9c-2e n-bonds on the upper and down ends, and 6
28c-2e n bonds with ON = 1.81-1.92|e| on the top and bottom
layers around two B hexagonal holes. Similar to the situation
in By (VII), the 3 28c-2e © bonds on the top layer and 3 28c-
2e n bonds on the bottom layer follow the 4n + 2 aromatic
rule (n = 1) and render local © aromaticities in B;,g (IX) on
both the top and bottom layers. As shown in Fig. S3,f a
similar bonding pattern exists in C,, Bge (II) which also exhi-
bits local & aromaticities over the two central B-filled B, hexa-
gons on both the top and bottom layers. The delocalized
m-aromatic bonding patterns in these BL nanoclusters are in
line with the z-bonding models of both the AA- and AB-
stacked aromatic freestanding BL-a' borophenes which
possess one delocalized 12c-2e n bond over each Bg hexagonal
hole in 2D periodicity.>®

The ¢ + n double delocalization bonding patterns unveiled
above render 3D aromaticity in the BL medium-sized boron
clusters concerned in this work, as evidenced by their calcu-
lated negative NICS values of NICS = -50.21 to —8.58 ppm at
the geometrical centers (Table 1). The iso-chemical shielding
surfaces (ICSSs) based on the calculated NICS-ZZ
components®*? of (b) Cs, Bge (II), (¢) Cay Bog (VII), and (d) C,
By, (IX) are collectively shown in Fig. 4, in comparison with
those of the experimentally known 3D aromatic D, Bys.'> As
clearly indicated in Fig. 4, the chemical shielding areas with
negative NICS-ZZ values cover the whole space inside the BL
cages and areas within about 1.0 A above the cage surface in
the vertical direction, while the chemical de-shielding areas
with positive NICS-ZZ values are mainly distributed in belt-like
areas on the waist of the BL cages in the horizontal direction,
well indicating that these medium-sized BL boron clusters are
3D aromatic in nature.
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Fig. 4 Calculated iso—chemical shielding surfaces (ICSSs) of (b) C,, Bgg
(1), (c) Cu, Bge (VII), and (d) C, Bi,g (IX) compared with that of (a) D,y
B4g, with the corresponding NICS-ZZ components being indicated.
Yellow regions stand for chemical shielding areas, while green areas rep-
resent chemical de—shielding areas.

3.3. Simulated IR, Raman, and UV-Vis spectra

We computationally simulate the IR, Raman, and UV-Vis
spectra of C,, Bge (II) and C,, Bgs (VII) at the PBE0/6-31G(d)
level to facilitate their future spectral characterization. As
shown in Fig. S5, Bge (II) exhibits four major IR active peaks
at 984 (b,), 1160 (b,), 1185 (b,), and 1286 (b,) cm™", while By
(VII) exhibits three strong IR peaks at 925 (b,), 997 (b,), and
1455 (a,), respectively. The major Raman active peaks of Bgg
(II) appear at 231 (a;), 306 (a;), 395 (a;), 708 (a;), 1142 (a,),
1168 (a;), and 1287 (a;) cm™', while Bog (VII) shows three
strong Raman peaks at 328 (a;), 1176 (a,), and 1233 (a;) cm™",
respectively. The low wavenumber vibrational peaks at 272.2
(a;) em™" in Bgg (II) and 249.3 (a;) cm™" in Bog (VII) represent
typical radial breathing modes (RBMs) of the two BL cages.
The simulated UV-Vis spectrum of C,, Bge (II) exhibits strong
absorption peaks at 384 ('B;), 385 (*A;), 471 ('B,), and 582
(*B;) nm, while C,, Bgs (VII) shows major UV-vis absorptions at
360 (*A4), 439 ('By), 617 (*B,), and 692 (*A,) nm, respectively.

3.4. The bottom-up approach from bilayer boron
nanoclusters and bilayer borophenes

To further rationalize the bottom-up approach from BL boron
nanoclusters to BL borophenes, we compare the calculated
cohesive energies per atom Ep, of all the reported BL B, clus-
ters at PBE in the size range between B,s and Bg;, with the
corresponding values of the most stable freestanding ML
a-sheet,™ close-lying AA- and AB-stacked BL-a" borophenes,*®
and the thermodynamically most stable o and
B-rhombohedral boron allotropes® at the same theoretical
level. As clearly shown in Fig. 5, the cohesive energies per
atom of BL B, clusters increase almost monotonously with
cluster size, from E.,, = —5.820 eV in D,; B,g with one Bgg
BLHP at the center to E.n = —5.984, —6.051, —6.064, and
—6.116 eV per atom in C, Byyg (IX), Cyy Baso (XI), Dy Bsyo (XII),
and D, Bg,s (XIII) with one, three, seven, and nineteen con-
joined B, BLHPs, respectively. Among the large BL boron clus-
ters, Bygo (XI) with E.on, = —6.051 €V per atom has almost the
same cohesive energy as that of the most stable ML a-sheet

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Variation of the cohesive energies per atom of bilayer B4g—Bgzo
clusters (I-XIII) (red) at the PBE level, compared with the corresponding
values of the most stable ML a-sheet (blue), AA-stacked (black) and AB-
stacked (purple) freestanding BL-a* borophenes, and 3D a-(green) and
B-rhombohedral (orange) boron allotropes at the PBE level.

(Econ = —6.055 eV per atom), while both bilayer B;,, (XII) and
Bgyg (XIII) which have exceeded the ML a-sheet in cohesive
energies lie between the ML a-sheet and the close-lying AA-
stacked (E.on = —6.234 €V per atom) and AB-stacked (Econ =
—6.237 eV per atom) BL-a' borophenes, indicating a continu-
ing increasing trend of BL B, clusters in stabilities with
increasing cluster sizes to approach the up-limit of BL-o"
bilayer borophenes. As anticipated, both bilayer boron nano-
clusters and 2D bilayer borophenes are obviously less stable
than 3D a- and f-rhombohedral bulk boron allotropes with
E.on = —6.573 and —6.533 eV per atom, respectively.

The calculated projected density of states (PDOS) of the (a)
C; Bgy (I), (b) Cyy Bge (IT), and (c) C,, Bog (VII) BL clusters are
compared with that of (d) the most stable freestanding AA-
stacked BL-a* borophene® in Fig. 6 at the HSE06 level to show
their relationship with electronic properties. The overall PDOS
feature of these BL clusters resembles that of the BL-a" boro-
phene closely, with their HOMO-LUMO energy gaps (AEqap =
0.929-1.042) falling within the vicinity of the indirect band
gap (0.952 eV) of the AA-stacked BL-a" borophene near the
Fermi level and the total DOSs primarily contributed by B 2p,
orbitals as a result of the interlayer B-B ¢ bonds originated
mainly from p,-p, overlapping. The valence bands of the 2D
BL-o" borophenes correspond to the occupied delocalized =
orbitals of the conjoined B,, BLHPs, while their conducting
bands mainly originate from the unoccupied delocalized n
systems of the conjoined B;, BLHPs composed of B 2p,
contributions.

4. Conclusions

In summary, extensive DFT calculations performed in this
work indicate that BL Bgs,—Bog (I-VIII) are the most stable
isomers of the systems reported to date in comparison with
their previously reported isomers in other structural motifs.
The high stability of these BL species mainly originates from
their effective interlayer B-B o-bonds and universal ¢ + =
double delocalization bonding pattern. The BL structural

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Calculated projected densities of states (PDOS) of (a) C; Bgy (1),
(b) C», Bgg (1), (c) C», Bgg (VII), and (d) A—A stacked BL-a™ borophene at
the HSEO6 level, with the HOMO-LUMO energy gaps of the BL clusters
and the band gap of AA-stacked BL-a* borophene indicated in eV.

motif in C,, Bgs (VII) can be readily extended to BL B,,g (IX),
Bs14 (X), Baeo (XI), and Bs,, (XII) with one or multiple con-
joined B, BLHPs at the center which are the embryos of the
most stable semiconducting freestanding BL-a" borophenes
and quasi-freestanding BL-o" borophenes on Ag(111) consist-
ing of infinite conjoined B,, BLHPs. The bottom-up approach
achieved in this work presents a rational structural growth
pattern from medium-sized BL boron nanoclusters to BL-a
borophenes which are semiconducting in nature due to the
formation of optimum interlayer B-B c-bonding interactions.
How such a 2D bilayer bottom-up approach transfers to 3D
bottom-up mechanisms based on icosahedral-B;, cages to
form bulk boron allotropes remains an open question to
answer in boron chemistry.
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