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Abstract

Size-selected negatively-charged boron clusters (Bn
−) have been found to be planar or 

quasi-planar in a wide size range. Even though cage structures emerged as the global minimum 

at B39
−, the global minimum of B40

− was in fact planar. Only in the neutral form did the B40 

borospherene become the global minimum. How the structures of larger boron clusters evolve is 

of immense interest. Here we report the observation of a bilayer B48
− cluster using photoelectron 

spectroscopy and first-principles calculations. The photoelectron spectra of B48
− exhibit two 

well-resolved features at low binding energies, which are used as electronic signatures to 

compare with theoretical calculations. Global minimum searches and theoretical calculations 

indicate that both the B48
− anion and the B48 neutral possess a bilayer-type structure with D2h 

symmetry. The simulated spectrum of the D2h B48
− agrees well with the experimental spectral 

features, confirming the bilayer global minimum structure. The bilayer B48
−/0 clusters are found 

to be highly stable with strong interlayer covalent bonding, revealing a new structural type for 

size-selected boron clusters. The current study shows the structural diversity of boron 

nanoclusters and provides experimental evidence for the viability of bilayer borophenes. 

†Electronic supplementary information (ESI) is available. See DOI: 10.1039/xxxx. 
‡These authors contributed equally to this work. 
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1. Introduction

To compensate for its electron deficiency, boron forms a wide variety of bulk allotropes and 

polyhedral boranes with different aggregation and three-dimensional (3D) structures.1-3 In 

contrast to bulk boron, joint experimental and theoretical investigations have revealed that 

size-selected boron clusters possess two-dimensional (2D) structures for a broad size range.4-14 

Planar boron clusters consisting of B3 triangles with tetragonal, pentagonal or hexagonal holes 

are characterized by localized peripheral two-center two-electron (2c-2e) B–B σ bonds and 

delocalized interior (nc-2e) σ and π bonds.15,16 The discovery of the planar B36 cluster with C6v 

symmetry and a central hexagonal hole provided the first experimental evidence for the viability 

of monolayer boron similar to graphene, named borophene.17 Subsequent bonding analysis 

showed that the π bonding in B36 was analogous to that in coronene.18 The B35
− cluster was also 

found to be planar, but with a double hexagonal vacancy (DHV), providing a more flexible 

structural motif to build borophenes.19 Borophenes have been successfully synthesized on 

Ag(111) substrates by two research teams,20,21 becoming a new class of synthetic 2D materials 

with novel properties.22-25 The recently reported quasi-planar B41
− and B42

− clusters with a DHV 

are the largest Bn
− clusters, whose structures have been solved using photoelectron spectroscopy 

(PES) and theoretical calculations.26 

Another major breakthrough in the investigation of boron clusters is the discovery of 

borospherene, the fullerene-like D2d B40 cage, which is composed of 48 B3 triangles, two 

hexagons, and four heptagons.27 However, while the borospherene cage is the global minimum 

for neutral B40, the global minimum of the B40
− anion was found to be a 2D structure with a 

DHV. The chiral B39
− borospherene was the only negatively-charged boron cluster found to have 

a cage-like global minimum.28 The seashell-like B28
− and B29

− were later observed as minor 

isomers, close in energy to their respective 2D global minima.29-31 There was immense interest 

about the structural evolution of larger boron clusters beyond B40
−. In particular, the question 

was if larger borospherenes would exist. Our recent study showed that the global minima of B41
− 

and B42
− are planar with a DHV.26 First-principles calculations based on high-throughput 
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screening have been used to examine the structures of larger boron clusters, revealing various 2D 

and tubular structures.32,33 Sai et al. calculated several larger boron clusters and compared the 

stability of the cage structures with that of core-shell, 2D, and bilayer structures.34 Interestingly, 

they found the bilayer structure to be the global minimum for B48 at the TPSSh/6-311G(d) level 

of theory. Bilayer-type structures have also been studied recently for several larger boron clusters 

(B54, B60, and B62) at the PBE0 level of theory.35 

PES has been one of the most powerful experimental techniques to study size-selected boron 

clusters,9 but it has become more challenging because photoelectron spectra become increasingly 

broad and featureless for larger boron clusters due to insufficient cluster cooling and/or the 

presence of multiple isomers. Beyond B42
−, which is the largest boron cluster that has been 

characterized by PES,26 the only larger Bn
− cluster displaying discernible PES features is the B48

− 

cluster. Well-resolved PES features are critical to be used to compare with theoretical 

calculations. In this article, we report a combined PES and first-principles investigation on the 

B48
−/0 clusters. Our global minimum search led to a bilayer global minimum for B48

− with D2h 

symmetry, similar to that of neutral B48.34 More importantly, the simulated spectrum of the D2h 

B48
− agrees well with the experimental data. The confirmation of the bilayer B48

−/0 clusters 

provides experimental evidence for the viability of bilayer borophenes. The B48 cluster is used as 

a structural motif to construct different bilayer borophenes with various hole densities (η). 

2. Methods

2.1 Photoelectron spectroscopy

The experiment was done using a magnetic-bottle PES apparatus equipped with a laser 

vaporization supersonic cluster source, details of which can be found elsewhere.9,36 The B48
− 

cluster was produced by laser vaporization of a hot-pressed 11B-enriched disk target. Clusters 

formed inside the large waiting-room nozzle were entrained by a He carrier gas seeded with 5% 

Ar and cooled by a supersonic expansion. After passing through a skimmer, negatively-charged 

clusters were extracted perpendicularly from the collimated cluster beam and analyzed using a 
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time-of-flight mass spectrometer. The B48
− clusters were mass-selected and decelerated before 

photodetachment. Two different photon energies were used in the PES experiment, 266 nm 

(4.661 eV) from a Nd:YAG laser and 193 nm (6.424 eV) from an ArF excimer laser. 

Photoelectrons were collected at nearly 100% efficiency and analyzed in a 3.5 m long electron 

flight tube. The photoelectron spectra were calibrated using the known spectrum of Bi−. The 

kinetic energy (Ek) resolution of the magnetic-bottle PES analyzer was about 2.5% (ΔEk/Ek), that 

is, ∼25 meV for photoelectrons with 1 eV kinetic energy.

2.2 Computational methods

Global minimum searches for B48
− and B48 were performed using the TGMin2 program37-39, 

in conjunction with manual structural constructions based on the known 2D, cage-like, 

core-shell, and tubular structures. More than 2,500 trial structures were explored for each species 

on their respective potential energy surfaces. The resulting low-lying isomers for B48
− and B48 

were first optimized at the PBE0/6-31G(d) level, and their vibrational frequencies were checked 

to ensure that all isomers obtained were true minima. The thirty lowest-lying isomers of B48
− 

were further optimized using the PBE0 40 and TPSSh 41 methods with the 6-311+G(d) basis set.42 

The relative energies of the two lowest-lying isomers were further refined by single-point 

coupled cluster CCSD(T) 43-45 calculations with the 6-31G(d) basis set at the PBE0/6-311+G(d) 

geometries. Unrestricted theoretical methods were used for systems in doublet or triplet states. 

The first vertical detachment energy (VDE) for B48
− was calculated as the energy difference 

between the anionic ground state and the neutral ground state at the optimized anion geometry. 

Higher binding energy VDEs were calculated using the time-dependent DFT method 

(TD-DFT)46,47 at the PBE0/6-311+G(d) level. All the DFT calculations in this work were 

performed using the Gaussian 09 program,48 whereas the CCSD(T) calculations were done using 

MOLPRO 2012.49 Bonding analyses were done using the canonical molecular orbitals (CMOs), 

the electron localization function (ELF),50 and the adaptive natural density partitioning (AdNDP) 

method.51,52 The AdNDP results were visualized using the VMD 1.9.3 program.53 

Born-Oppenheimer molecular dynamics (BOMD) simulations were performed on the global 
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minima of B48
− and B48 at 1000 K, using the CP2K software suite 54 with the GTH-PBE 

pseudopotential and the DZVP-MOLOPT-SR-GTH basis set. Bilayer borophenes were designed 

using the global minimum bilayer B48 clusters as structural motifs and optimized using DFT 

within the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional of the generalized 

gradient approximation (GGA) 55 and projector-augmented wave (PAW) method,56,57 as 

implemented in the Vienna Ab initio Simulation Package (VASP) code.58,59 

3. Results

3.1 Photoelectron spectroscopy

The photoelectron spectra of B48
− at 266 nm and 193 nm are shown in Fig. 1. The 193 nm 

spectrum (Fig. 1b) revealed two well-resolved bands (X and A) in the low binding energy range 

and nearly continuous signals beyond ~4.5 eV. The bands X and A were slightly better resolved 

in the 266 nm spectrum (Fig. 1a), and the tail on the low binding energy side of band X was 

probably due to vibrational hot bands. Band X yields a ground state VDE of 3.56 eV. Since no 

vibrational structures were resolved for band X, the ADE was estimated by drawing a straight 

line along its leading edge and then adding the instrumental resolution to the intersection with 

Fig. 1 The photoelectron spectra of B48
− at (a) 266 nm (4.661 eV) and (b) 193 nm (6.424 eV). 
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the binding energy axis. The ADE so obtained was 3.3 eV, which also represents the electron 

affinity of neutral B48 and corresponds to the detachment transition from the ground state of B48
− 

to that of neutral B48. The sharper and more intense band A gave a VDE of 3.87 eV. Following 

an energy gap, the higher binding energy part of the 193 nm spectrum was nearly continuous, 

likely due to multiple detachment transitions, as expected for such a large system. For the sake of 

discussion, we tentatively labeled the two broad spectral regions as B and C, centered around 

~5.1 eV and ~5.9 eV, respectively. Despite the complexity of the photoelectron spectra, the 

well-resolved bands X and A followed by an energy gap provide critical spectral signatures, 

which can be used to compare with theoretical results. 

3.2 The structures of B48
− and B48 

The six low-lying isomers emerged from our global minimum searches are depicted in Fig. 2 

for B48
− (I-VI) and B48 (VII-XII). All isomers located within 4 eV of the global minima at the 

PBE0 level are given in Fig. S1 for B48
− and Fig. S2 for B48. 

Fig. 2 The six lowest-lying isomers of B48
– (a) and B48 (b). Relative energies are given in eV at the PBE0/6-311+G*, 

TPSSh/6-311+G(d) (in parentheses), and CCSD(T) (in square brackets) levels. The bilayer B38 hexagonal prism in I 
and VII are marked by the blue dashed lines. 

The global minimum D2h B48 (VII, 1Ag) bilayer structure in the current work is similar to that 

reported previously by Sai et al.34 As shown in Fig. 2(b), the bilayer D2h structure lies 1.31 eV 
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lower in energy than the second lowest-lying core-shell C2 B48 (VIII, 1A) at the CCSD(T) level. 

Sai et al. compared the stability of the bilayer structure with the core-shell structure VIII (+1.35 

eV), a 2D structure with a DHV (+1.59 eV), and the borospherene structure XII (+1.77 eV) at 

the TPSSh/6-311G(d) level.34 In a more recent study, Wu et al. also reported a triple-ring tubular 

structure which is only 0.5 eV higher in energy than the bilayer global minimum at the 

TPSSh/6-311+G* level.60 In the current study, we found that the triple-ring tubular structure (IX) 

of B48 is 1.80 eV higher in energy than the bilayer global minimum at the CCSD(T) level. We 

also found two more low-lying isomers, the C2v structure (X) at 1.45 eV and the 2D structure 

with a single hexagonal hole (XI) at 1.47 eV above the global minimum at the 

TPSSh/6-311-G(d) level, suggesting a more complicated potential energy landscape. 

The global minimum of B48
− (I, 2Au) shown in Fig. 1a is similar to that of neutral B48. The 

triple-ring tubular B48
− (II, 2B) was found to be closer in energy to the global minimum at the 

PBE0 and TPSSh levels of theory, but much higher in energy (by 1.62 eV) at the CCSD(T) level 

of theory. Three 2D isomers (III, IV, V) and the core-shell isomer VI were found to be more 

than 1 eV higher in energy at the PBE0 level and more than 0.9 eV higher in energy at the 

TPSSh level than the bilayer B48
− global minimum. The D2h bilayer structure is overwhelmingly 

the global minimum for both the B48
− anion and the B48 neutral cluster at our highest level of 

theory. The D2h symmetry of the bilayer structure makes it relatively easy to visualize it. The 

bilayer structure of B48
− basically consists of a bilayer B38 hexagonal prism with two identical 

B19 layers (B@B6@B12) (marked by the blue dashed lines in Fig. 2), which are joined together 

by two V-shaped B5 chains on the waist at the two ends. The two B19 layers display significant 

inward buckling and form two interlayer B−B bonds in addition to the interlayer B−B bonds on 

the periphery. In fact, the bilayer structure can be viewed as a squashed cage-like or seashell-like 

structure. 

4. Comparison between experiment and theory

To verify the global minimum of B48
−, we computed the VDEs of the two lowest-lying 
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isomers, the bilayer B48
− (I) and the tubular B48

− (II), using TD-DFT at the PBE0 level. The 

computed VDEs were fitted with unit-area Gaussians of 0.1 eV width to produce simulated PE 

spectra, as compared with the 193 nm data in Fig. 3. The computed VDEs for the bilayer D2h 

B48
− (I) along with the final electronic states and electron configurations are compared with the 

experimental data in Table 1. 

Fig. 3  Comparison of the simulated spectra of the bilayer B48
− (I) (b) and the tubular B48

− (II) (c) with the 193 nm 
spectrum (a). The theoretical VDEs were calculated at the TD-DFT/PBE0/6-311+G(d) level and plotted as vertical 
bars in (b) and (c). The longer bars are for the triplet final states and the shorter bars for the singlet final states. The 
simulated spectra were obtained by fitting the calculated VDEs with unit-area Gaussians of 0.1 eV width. 

It can be seen that the simulated spectral pattern of the bilayer global minimum D2h B48
− (I) 

agrees well with the experimental spectrum. The D2h B48
− has a doublet ground state (2Au) with 

one unpaired electron in its highest occupied molecular orbital (HOMO, 6au) (Table 1). Thus, 
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both singlet and triplet final states are possible upon one electron detachment. Detaching one 

electron from the singly occupied HOMO (6au) of B48
− (I) leads to the singlet ground state of 

neutral D2h B48 (1Ag) with a calculated VDE of 3.52 eV, in excellent agreement with the 

experimental VDE of 3.56 eV (Table 1). The calculated ADE of 3.41 eV compares well with the 

estimated experimental ADE of 3.3 eV, which carries a large uncertainty because of the tail on 

the low binding energy side of the X band due to hot band transitions (Fig. 1). Removal of one 

electron from the HOMO-1 (14ag) results in a triplet (3Au) and a singlet (1Au) final state with the 

Table 1 Comparison between the experimentally measured vertical detachment energies and calculated VDEs of 
D2h B48

− (I) at TD-PBE0/6-311+G (d) level in eV. 

band VDE
(expt.)

Final states and electron configurations VDE 
(theo.)

Xa 3.56 b 1Ag {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
29b1u

214ag
2 6au

0} 3.52

A 3.87 b
3Au {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

210b2u
211b3u

213ag
211b2u

29b1u
214ag

16au
1}

1Au {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
29b1u

214ag
16au

1}
3.82
3.90

B ~5.1

3B1g {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
29b1u

114ag
26au

1}
1B1g {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

210b2u
211b3u

213ag
211b2u

29b1u
114ag

26au
1}

3B2g {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
19b1u

214ag
26au

1}
3Au {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

210b2u
211b3u

113ag
211b2u

29b1u
214ag

26au
1}

3B3g {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

111b2u
29b1u

214ag
26au

1}
1Au {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

210b2u
211b3u

113ag
211b2u

29b1u
214ag

26au
1}

1B2g {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
19b1u

214ag
26au

1}
1B3g {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

210b2u
211b3u

213ag
111b2u

29b1u
214ag

26au
1}

3B2g {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

111b3u
213ag

211b2u
29b1u

214ag
26au

1}
3Ag {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

110b2u
211b3u

213ag
211b2u

29b1u
214ag

26au
1}

3B3u {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

15au
210b2u

211b3u
213ag

211b2u
29b1u

214ag
26au

1}
1Ag {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
25au

110b2u
211b3u

213ag
211b2u

29b1u
214ag

26au
1}

1B2g {…6b2g
212ag

28b1g
210b3u

27b2g
27b3g

25au
210b2u

111b3u
213ag

211b2u
29b1u

214ag
26au

1}
3B2u {…6b2g

212ag
28b1g

210b3u
27b2g

17b3g
25au

210b2u
211b3u

213ag
211b2u

29b1u
214ag

26au
1}

4.71
4.75
4.86
4.91
4.99
5.00
5.01
5.04
5.10
5.17
5.22
5.28
5.28
5.35

C ~5.9

3B3g {…6b2g
212ag

28b1g
210b3u

17b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
29b1u

214ag
26au

1}
1B3u {…6b2g

212ag
28b1g

210b3u
27b2g

27b3g
15au

210b2u
211b3u

213ag
211b2u

29b1u
214ag

26au
1}

3B1u {…6b2g
212ag

28b1g
110b3u

27b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
29b1u

214ag
26au

1}
1B2u {…6b2g

212ag
28b1g

210b3u
27b2g

17b3g
25au

210b2u
211b3u

213ag
211b2u

29b1u
214ag

26au
1}

1B3g {…6b2g
212ag

28b1g
210b3u

17b2g
27b3g

25au
210b2u

211b3u
213ag

211b2u
29b1u

214ag
26au

1}
3B1u {…6b2g

212ag
2 8b1g

110b3u
27b2g

27b3g
25au

210b2u
211b3u

213ag
211b2u

29b1u
214ag

26au
1}

5.62
5.91
5.91
5.96
6.01
6.14

a The ADE or the EA of B48 was estimated to be 3.3 ± 0.1 eV.    b The uncertainty was ±0.02 eV.
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computed VDEs of 3.82 eV and 3.90 eV, respectively, in excellent agreement with band A at 

3.87 eV. Following an energy gap of 0.81 eV, the next fourteen calculated VDEs originating 

from detaching one electron from the inner shells of the D2h B48
− (I) fall in the energy range 

between 4.71~5.35 eV, consistent with the broad spectral feature designated by B. The computed 

VDEs for the next six detachment channels are in the energy range of 5.62~6.14 eV and should 

correspond to the broad spectral feature designated by C. Overall, the simulated spectrum of the 

D2h B48
− (I) is in excellent agreement with the experimental data, lending considerable credence 

to the identified bilayer global minimum for B48
−. 

The calculated VDEs for the lowest-lying triple-ring tubular C2 B48
− (II) (2B) isomer are 

higher than the experimental data (Fig. 3c). The simulated spectral pattern of this isomer is 

relatively simple in the higher binding energy side, also inconsistent with the experimental data 

at 193 nm. Furthermore, the tubular isomer is significantly higher in energy than the bilayer 

global minimum and it can be ruled out as a discernible contributor to the PE spectra of B48
−. 

5. Discussion

5.1 Bonding analyses

To understand the structure and stability of the bilayer global minimum for B48
−/0, we 

performed ELF and AdNDP bonding analyses on the closed-shell D2h B48
 (VII), as shown in Fig. 

4. The ELFσ result (Fig. 4a) indicates the existence of localized B−B σ-bonds both on the 

periphery and between the top and bottom layers and delocalized in-plane σ bonds among the 

inner boron atoms, while the ELFπ pattern shows the formation of two local π-systems on both 

the top and bottom layers. The bonding picture provided by the ELF is consistent with the 

AdNDP bonding analyses, as shown in Fig. 4b. The first row of Fig. 4b presents 58 σ bonds for 

the bilayer B48, including two 2c-2e interlayer B−B σ-bonds, sixteen 2c-2e B−B σ-bonds on the 

periphery, sixteen 3c-2e σ-bonds bridging the in-plane and peripheral atoms, four 3c-2e σ-bonds 

on the periphery bridging the top and bottom layers, and twelve 3c-2e and eight 4c-2e in-plane 

σ-bonds on the top and bottom layers. The remaining 14 pairs of electrons form the π-bonding 
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system over the bilayer surface, including two 11c-2e π-bonds on the waist at the two ends in the 

second row of Fig. 4b and twelve 14c-2e π bonds symmetrically distributed on the top and 

bottom B19 layers in the third row. The twelve delocalized 14c-2e π bonds can be viewed as four

Fig. 4  Chemical bonding analyses for the global minimum bilayer structure of B48 (D2h). (a) The ELF analysis. (b) 
The AdNDP bonding patterns. ON stands for occupation numbers. 

14c-2e π systems, forming two equivalent 6π aromatic systems on each of the top and bottom 

layers. The corresponding π CMOs are presented in Fig. S3, which display similarities to the 

AdNDP results, but the AdNDP analyses provide a more succinct bonding picture. Such a 

bonding pattern renders 3D aromaticity to the D2h B48
 (VII) cluster, as evidenced by the negative 

value of the nucleus independent chemical shift (-25.87 ppm at its geometrical center).61 

5.2 On the stability of the bilayer B48 cluster 

To provide further insight into the stability of the bilayer structure of B48, we calculated its 

cohesive energy per atom (Ecoh) at the PBE0 level, as compared with other known smaller boron 

clusters (Fig. 5). The Ecoh generally increases with the cluster size from B7 to B48. Overall, 2D 

structures dominate in this size range. Even though tubular structures appear at B20, only 2D 
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structures were observed for the B20
– anion.9,62 Low-lying cage-like borospherene structures start 

to emerge at B28.29,30 The D2d B40 borospherene is known to be overwhelmingly more stable than 

its 2D counterparts.27 The bilayer B48 turns out to be more stable than the 2D isomer (XI) by 

0.031 eV/atom and more stable than the cage isomer (XII) by 0.033 eV/atom, most likely due to 

the additional interlayer covalent bonding. Clearly, the electron deficiency of boron makes its 

bonding much more promiscuous that carbon. We have also done BOMD simulations, which 

indicate that both the bilayer B48
− and B48 clusters are dynamically stable even at 1000 K with 

small average root-mean-square-deviations (RMSD) of 0.18, 0.17 Å and maximum bond length 

deviations (MAXD) of 0.80, 0.77 Å, respectively (Fig. S4). 

Fig. 5  The calculated cohesive energies per atom (Ecoh) for the neutral Bn (n = 7–48) clusters at the 
PBE0/6-311+G(d) level of theory. The lines are drawn to guide the eyes. 
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5.3 Towards the formation of 2D bilayer borophenes

Bilayer borophenes with various structures and interesting properties have been proposed 

computationally.63-69 The observation of the bilayer B48
– cluster in the gas phase provides 

experimental evidence about the viability of bilayer borophenes. Using the bilayer B48 cluster as 

a structural motif, one can construct different bilayer borophenes. Sai et al. considered the 

eclipsed B30 bilayer borophene in A-A packing (Fig. 6a).34 We have constructed the staggered 

B30 bilayer borophene in A-B packing, as shown in Fig. 6b with the hole distribution pattern 

rotated by 60° in the bottom layer. The two structures are found to have similar cohesive energies 

with Ecoh = 6.204 eV/atom and 6.178 eV/atom at the PBE level, respectively. Both the eclipsed 

and staggered bilayer borophenes contain four interlayer B–B σ-bonds involving eight 

inward-buckled atoms in each unit cell, with an inward-buckled atom density of ηinward = 4/15 

and a hole density of ηhole = 1/16. We also considered several other bilayer borophenes, as shown 

in Fig. S5. We found that the two most stable bilayer borophenes are 0.149 and 0.122 eV/atom 

more stable than the previously reported prototypical monolayer boron α-sheet (η1/9),70 

respectively, where the energy differences between the most stable monolayer borophenes are 

less than 10 meV/atom at different energy levels.71-73 Monolayer borophenes have been 

synthesized on metal substrates.20,21 However, no free-standing monolayer borophenes have been 

Fig. 6 Top and side views of (a) the eclipsed B30 bilayer borophene (A-A packing)32 and (b) staggered B30 bilayer 
borophene (A-B packing) based on the structural motif of the D2h B48, with the optimized lattice parameters (a and 
b) given at the PBE level. The inward-buckled atoms forming the interlayer B–B σ-bonds are highlighted in blue. 
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realized to date. With their higher stability, free-standing bilayer borophenes may be viable and 

should be promising targets for future experimental syntheses. 

6. Conclusions

We report a joint photoelectron spectroscopy and theoretical investigation of the structures, 

bonding and stability of the B48
−/0 clusters. Characteristic photoelectron spectral features were 

observed for B48
− and used to verify its global minimum, which was found to have a D2h bilayer 

structure similar to the B48 neutral. At our highest level of theory, we found that the bilayer 

structures of B48
−/0 are much more stable than other isomers. The bilayer structures feature 

interlayer σ and π bonding interactions, underlying its relatively high stability. The current work 

further demonstrates the structural diversity of boron nanoclusters and provides experimental 

evidence for the viability of bilayer borophenes. 
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