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Size-selected anion photoelectron spectroscopy and theoretical calculations were used to investigate
the structural evolution and bonding properties of BSin−/0 (n = 4–12) clusters. The results showed
that the B atom in BSi4–12

−/0 prefers to occupy the high coordination sites to form more B–Si bonds.
The lowest-lying isomers of BSi4–7

−/0 primarily adopt bowl-shaped based geometries, while those of
BSi8–12

−/0 are mainly dominated by prismatic based geometries. For anionic clusters, BSi11
− is the

critical size of the endohedral structure, whereas BSin neutrals form the B-endohedral structure at
n = 9. Interestingly, both anionic and neutral BSi11 have a D3h symmetric tricapped tetragonal antiprism
structure with the B atom at the center and exhibit 3D aromaticity. The BSi11

− anion possesses σ plus
π doubly delocalized bonding characters. The natural population analysis charge distributions on the
B atom are related with the structural evolution of BSin− and the B–Si interactions. Published by AIP
Publishing. https://doi.org/10.1063/1.5052559

I. INTRODUCTION

Boron is one of the important p-type dopants in sili-
con.1–4 Boron-silicon compounds have attracted tremendous
attention in the last decades owing to their potential applica-
tions in microelectronics, optoelectronics, and solar cells.5–14

First-principles calculations suggested that the Si atoms in
silicon compounds doped with boron can adopt sp2 hybridiza-
tion to form graphene-like honeycomb structures with metal-
lic properties,15 and boron doped cubic silicon can possess
superconducting properties owing to the phonon-mediated
Bardeen-Cooper-Schrieffer (BCS)-type mechanisms.16

Because of the importance of boron-silicon compounds,
silicon clusters doped with single or multiple B atoms have
received considerable attention from both experimental and
theoretical points of view. The structures and stabilities of
SiB4, SiB6, and SiB1–4

+ were studied by several theoretical
calculations.17–19 Theoretical calculations predicted that the
BSi dimer has a high-spin ground electronic state,20 which
is subsequently confirmed by the electron spin resonance
(ESR) spectroscopy.21 Density functional theory (DFT) cal-
culations suggested that BSi2, B2Si, and B2Si2 incline to
form ring-shaped structures with strong π bonding interac-
tions.22 The growth mechanisms of small BSin clusters were
investigated by time-of-flight mass spectrometry and theo-
retical calculations.23–26 Quantum chemical calculations pre-
dicted that BSi8+ has a stable cubic structure with the B atom
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at the center27 and BSi9− and BSi10
+ exhibit endohedral

structures with spherical aromaticity.28 The BSi3 monolayer
was predicted to be the c-BSi3 silicene with planar aromatic
D6h c-Si6 rings and metallic characters.29 BSi6 was identified
as a distorted pentagonal bipyramid structure with the B atom
located at an apex position by infrared-ultraviolet two-color
ionization (IR-UV2CI) spectroscopy and quantum chemical
calculations,30 while B2Si6−/0/+ were characterized as pecu-
liar structures with a Si atom hanging over a distorted bowl-
shaped B2Si5 framework by anion photoelectron spectroscopy
and theoretical calculations.31 Infrared-ultraviolet two-color
ionization spectroscopic studies of neutral B2Si3-8 and anion
photoelectron spectroscopic studies of B2Si3–12

− revealed that
the two B atoms have strong interactions.32,33 Anion photo-
electron spectroscopic and theoretical studies of B3Si4–10

−

found that the three B atoms incline to form a B3 triangle
due to the strong B–B bonds and B3Si9− is a unique super-
atom cluster.34 Very recently, an ab initio study of medium
sized boron-doped silicon clusters SinBm within n = 11–13
and m = 1–3 was reported.35 To get more detailed informa-
tion regarding the structural evolution and bonding properties
of BSin clusters, in this work, we investigated the BSin−/0

(n = 4–12) clusters by using size-selected anion photoelectron
spectroscopy and ab initio calculations.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Experimental methods

Experiments were carried out on a home-built apparatus
consisting of a laser vaporization cluster source, a time-of-
flight mass spectrometer, and a magnetic-bottle photoelectron
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spectrometer, as described elsewhere.36 BSin− cluster anions
were generated in the laser vaporization source, in which a
rotating and translating disk target compressed from a mix-
ture of boron and silicon powder (B:Si mole ratio 1:1) was
ablated by the second harmonic (532 nm) light pulses from a
nanosecond Nd:YAG laser (Continuum Surelite II-10). Helium
carrier gas with ∼0.4 MPa backing pressure was allowed to
expand through a pulsed valve (General Valve Series 9) into the
source to generate the clusters. The generated cluster anions
were mass-analyzed using the time-of-flight mass spectrome-
ter. The most abundant isotopologs in the BSi4–12

− clusters
were mass-selected and decelerated before being photode-
tached by the fourth-harmonic light (266 nm) pulses from
another Nd:YAG laser. The resulting electrons were energy-
analyzed using the magnetic-bottle photoelectron spectrome-
ter. Photoelectron spectra of BSi4–12

− were calibrated with the
spectra of Cu− and Au− taken under similar conditions. Typ-
ical instrumental resolution was about 40 meV for electrons
with kinetic energies of 1 eV.

B. Theoretical methods

Theoretical calculations have been performed using the
Gaussian 09 program package.37 Full structural optimizations
and frequency analyses of BSin− anions and their neutral coun-
terparts were performed employing density functional theory
(DFT) in the context of Beck’s three-parameter and Lee–
Yang–Parr’s gradient-corrected correlation hybrid functional
(B3LYP).38–41 Pople-type all-electron 6-311+G(d) basis sets
were used for the B and Si atoms,42,43 and no symmetry con-
straint was imposed during the full geometry optimizations and
frequency analyses for both anionic and neutral clusters. The
initial structures were obtained by putting the B atom to differ-
ent adsorption or substitution sites of the low-lying isomers of
bare silicon clusters and numerous initial structures reported
in the literature were also taken into account at all possible
spin states. In addition, the crystal structure analysis by the
particle swarm optimization (CALYPSO) program44 was used
to search the global minima of BSin− anions and their corre-
sponding neutrals. The singlets, triplets, and quintuplets were
taken into account for determining the lowest energy spin state
for each of the anionic BSin− clusters. As for each of the neutral
BSin clusters, the doublets, quartets, and sextets were consid-
ered. Harmonic vibrational frequency analyses were carried
out to confirm that the obtained structures were true local min-
ima. Perdew-Burke-Ernzerhof (PBE) functional45 and HSE06
functional46 were used for testing the efficiency of B3LYP
functional. The results from the B3LYP functional are in bet-
ter agreement with the experiments than those of the PBE
functional and HSE 06 functional (see Fig. S1 in the supple-
mentary material). Therefore, here we only present the results
from the B3LYP functional. To further obtain the more accu-
rate relative energies of the low-lying isomers, the single-point
energies of BSi4–12

−/0 clusters were calculated by the coupled-
cluster methods including single, double, and perturbative
contributions of connected triple excitations (CCSD(T))47,48

based on the geometries optimized at the B3LYP level, in
which the augmented correlation-consistent polarized valence
triple-zeta (aug-cc-pVTZ) basis sets were both used for the
B and Si atoms. Natural population analysis (NPA) was

performed to gain insight into the charge distributions of
BSi4–12

− anions using the Natural Bond Orbital (NBO) ver-
sion 3.1 programs,49–56 as implemented in the Gaussian 09
program package. Theoretical vertical detachment energies
(VDEs) were defined as the energy differences between the
neutrals and anions both using the anionic geometries. The-
oretical adiabatic detachment energies (ADEs) were defined
as the energy needed to remove an electron from the anions
to states of the corresponding neutrals at their respective equi-
librium geometries. Zero-point energy (ZPE) corrections were
considered in calculating the relative stabilities and ADEs of
these clusters.

III. EXPERIMENTAL RESULTS

The photoelectron spectra of BSin− (n = 4–12) clusters
recorded with 266 nm photons are displayed in Fig. 1. The
experimental VDEs and ADEs of these clusters measured
from their photoelectron spectra are summarized in Table I.
Experimental VDEs of BSin− (n = 4–12) cluster anions were
obtained from the maxima of the first peaks, while experimen-
tal ADEs were assigned by drawing a straight line along the
leading edge of the first peaks to intersect with the baseline
of photoelectron spectra, and then the electron binding energy
(EBE) values at the intersection points plus the instrumental
resolution.

The photoelectron spectrum of BSi4− reveals five major
peaks at 2.92, 3.30, 3.59, 3.9, and 4.1 eV, respectively. In the
spectrum of BSi5−, a high-intensity broad peak at 3.58 eV
and the onset of a higher EBE peak beyond 4.4 eV can be
observed. The spectrum of BSi6− displays a low-intensity
broad peak at 3.61 eV and a roughly recognized high-intensity

FIG. 1. Photoelectron spectra of BSin− (n = 4–12) clusters recorded with
266 nm photons.
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TABLE I. Relative energies, theoretical VDEs and ADEs of the low-lying isomers of BSin� (n = 4–12) clusters, as well as the experimental VDEs and ADEs
estimated from their photoelectron spectra.

∆Eb VDE (eV) ADE (eV)
∆Eb VDE (eV) ADE (eV)

Isomera Symmetry (eV) Theoreticalc Expt.d Theoreticalc Expt.d Isomera Symmetry (eV) Theoreticalc Expt.d Theoreticalc Expt.d

BSi4� 4A C2v 0.00 2.74 2.92 2.47 2.66 BSi9� 9A C1 0.00 3.96 3.9 3.63 3.7
4B C3v 0.11 3.26 3.30 3.07 9B D3h 0.28 3.47 3.17
4C C2 0.20 2.88 2.27 9C Cs 0.49 3.39 2.99
4D C2v 0.47 2.30 2.00 9D Cs 0.51 3.32 3.04

BSi5� 5A C4v 0.00 3.50 3.58 3.14 3.29 BSi10
� 10A Cs 0.00 3.18 3.26 2.88 3.01

5B Cs 0.47 3.18 2.95 10B C1 0.14 3.40 2.95
5C Cs 1.28 2.51 1.86 10C CS 0.17 2.90 2.67
5D C2v 2.09 2.66 2.20 10D Cs 0.19 3.30 2.98

BSi6� 6A C5v 0.00 3.51 3.61 3.36 3.31 BSi11
� 11A D3h 0.00 3.48 3.58 3.25 3.24

6B Cs 1.05 3.14 2.99 11B C1 0.08 3.48 3.22
6C C1 1.10 2.86 2.69 11C Cs 0.40 3.21 3.05
6D Cs 1.15 2.87 2.70 11D Cs 0.44 3.56 3.10

BSi7� 7A Cs 0.00 3.07 3.2 2.62 2.9 BSi12
� 12A C1 0.00 3.43 3.4 3.32 3.3

7B Cs 0.20 2.90 2.67 12B C1 0.16 3.12 3.04
7C C1 0.66 2.35 2.08 12C Cs 0.21 2.86 2.79
7D Cs 0.67 3.22 3.07 12D C1 0.23 2.92 2.75

BSi8� 8A C2v 0.00 3.18 3.29 2.95 2.97
8B Cs 0.07 3.08 2.93
8C C3 0.13 3.24 2.90
8D Cs 0.17 3.49 3.11

aThe isomers labeled in bold are the most probable isomers in the experiments.
b∆E values are calculated at the CCSD(T)/aug-cc-pVTZ level of theory.
cThe ADEs and VDEs are calculated at the B3LYP/6-311+G(d) level of theory.
dThe uncertainties of the experimental VDEs and ADEs for n = 4–6, 8, and 10–11 are ±0.08 eV, for n = 7, 9, and 12 are ±0.1 eV.

peak at 4.3 eV. The spectrum of BSi7− has two narrowly iden-
tified overlapping peaks at 3.2 and 3.4 eV, a high-intensity
peak at 3.9 eV, and a barely discernible higher EBE peak
above 4.4 eV.

Two low-intensity peaks at 3.29 and 3.58 eV, and a high-
intensity broad peak at 4.3 eV, can be observed in the spectrum
of BSi8−. The spectrum of BSi9− displays a roughly identified
shoulder peak at 3.9 eV. In the spectrum of BSi10

−, there are
two high-intensity peaks at 3.26 and 3.70 eV, followed by two
roughly discernible low-intensity peaks at 4.1 and 4.3 eV. The
spectrum of BSi11

− reveals a low-intensity peak at 3.58 eV
and a high-intensity broad peak between 3.8 and 4.3 eV. In the
spectrum of BSi12

−, we can roughly distinguish a low-intensity
shoulder peak and a high-intensity broad peak centered at 3.4
and 4.2 eV, respectively.

IV. THEORETICAL RESULTS

Figure 2 shows the typical low-lying isomers of BSin−

(n = 4–12) clusters with the lowest-lying isomers displayed on
the left. The most stable isomers of BSin− anions are in spin sin-
glet states. Theoretical VDEs and ADEs of low-lying isomers
and their relative energies (∆E) calculated at the CCSD(T)
level are summarized in Table I, and experimental VDEs and
ADEs are also included in Table I for comparison. The ∆E of
low-lying isomers calculated at the B3LYP level are summa-
rized in Table S1 of the supplementary material, which are in
reasonable agreement with those calculated at the CCSD(T)
level. Thus, in this work, we only presented the ∆E calculated
at the CCSD(T) level. Bond lengths of the most stable isomers

of BSin−/0 (n = 4–12) clusters are listed in Table II. Besides, the
photoelectron spectra of the low-lying isomers are simulated
based on the generalized Koopmans’ theorem (GKT).57,58 The
simulated spectra are named as density of states (DOS) spec-
tra, which are shown in Fig. 3, as well as the experimental
photoelectron spectra.

BSi4
−. For the BSi4− cluster, the most stable isomer (4A)

can be viewed as a distorted bowl-shaped BSi4 structure with
C2v symmetry, which is similar with the lowest-lying iso-
mers of BSi4−/0 reported in the literature.24,28,32 Isomer 4B
is a C3v symmetric trigonal bipyramidal structure with the B
atom at the apex position and is slightly higher in energy than
isomer 4A by 0.11 eV. The theoretical VDE of isomer 4A
(2.74 eV) is in reasonable agreement with the experimental
peak at 2.92 eV and that of isomer 4B (3.26 eV) is consistent
with the experimental peak at 3.30 eV. The DOS spectrum of
isomer 4A can match the experimental peaks at 2.92, 3.59, and
3.9 eV, while that of isomer 4B is in line with the experimental
peaks at 3.30 and 4.1 eV. The combination of the DOS spectra
of isomers 4A and 4B can well reproduce the peak positions
and patterns of the experimental spectrum. Isomer 4C is higher
in energy than isomer 4A by 0.20 eV, and its theoretical VDE
(2.88 eV) is close to the experimental value (2.92 eV). Iso-
mer 4D is much higher in energy than isomer 4A by 0.47 eV.
Therefore, we suggest that isomers 4A and 4B are the most
probable structures detected in the experiments and isomer 4C
may have minor contribution to the photoelectron spectrum
of BSi4−.

BSi5
−. The most stable isomer (5A) of BSi5− can be

regarded as a Si atom hanging over a distorted bowl-shaped

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-049841
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FIG. 2. Optimized geometries of the
typical low-lying isomers of anionic
BSin− (n = 4–12). The ∆Es are cal-
culated at the CCSD(T)/aug-cc-pVTZ
level of theory. Red and yellow balls
stand for the B and Si atoms, respec-
tively.

BSi4 framework with C4v symmetry, which is similar with
the lowest-lying isomers of BSi5−/0 reported in the litera-
ture.24,28,32 The theoretical VDE of isomer 5A (3.50 eV) is
close to the experimental value (3.58 eV), and its DOS spec-
trum fits the peak positions and patterns of the experimental
spectrum very well. The existence of isomers 5B, 5C, and
5D can be excluded because they are much higher in energy
than isomer 5A by at least 0.47 eV. Thus, we suggest iso-
mer 5A to be the most probable structure detected in the
experiments.

BSi6
−. The most stable isomer (6A) of BSi6− can be

described as a Si atom hanging over a distorted bowl-shaped
BSi5 framework with C5v symmetry, similar with the lowest-
lying isomers of BSi6−/0 reported in the literature.24,28,30,32

The theoretical VDE of isomer 6A (3.51 eV) is in reasonable

agreement with the experimental value (3.61 eV), and its DOS
spectrum can reproduce the peak positions and patterns of the
experimental spectrum very well. The existence of isomers 6B,
6C, and 6D can be ruled out because they are much higher in
energy than isomer 6A by at least 1.05 eV. Thus, we suggest
isomer 6A to be the most likely structure contributing to the
photoelectron spectrum of BSi6−.

BSi7
−. In the lowest-lying isomer (7A) of BSi7−, the

B atom and six Si atoms form a Si atom hanging over a
bowl-shaped BSi5 structure and then the remaining Si atom
caps the Si3 triangular face, which is in line with the lowest-
lying isomers of BSi7−/0 reported in the literature.28,32 The
theoretical VDE of isomer 7A (3.07 eV) is in reasonable
agreement with the experimental value (3.2 eV), and its DOS
spectrum agrees well with the experimental spectrum. The
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TABLE II. Bond lengths of the most stable isomers of BSin�/0 (n = 4–12)
clusters.

Isomer (anions) Bond length (Å) Isomer (neutrals) Bond length (Å)

4A B–Si = 1.95–2.00 4A′ B–Si = 1.95
Si–Si = 2.49 Si–Si = 2.53

5A B–Si = 1.98 5A′ B–Si = 1.96–2.04
Si–Si = 2.49–2.58 Si–Si = 2.38–2.77

6A B–Si = 2.10 6A′ B–Si = 2.08–2.10
Si–Si = 2.39–2.66 Si–Si = 2.30–2.78

7A B–Si = 1.96–2.14 7A′ B–Si = 2.03–2.10
Si–Si = 2.30–2.65 Si–Si = 2.39–2.62

8A B–Si = 2.17–2.27 8A′ B–Si = 2.17–2.29
Si–Si = 2.30–2.59 Si–Si = 2.37–2.59

9A B–Si = 2.00–2.07 9A′ B–Si = 2.16–2.33
Si–Si = 2.44–2.65 Si–Si = 2.42–2.76

10A B–Si = 2.02–2.15 10A′ B–Si = 2.12–2.26
Si–Si = 2.38–2.63 Si–Si = 2.38–2.62

11A B–Si = 2.16–2.28 11A′ B–Si = 2.15–2.24
Si–Si = 2.42–2.55 Si–Si = 2.45–2.56

12A B–Si = 2.06–2.17 12A′ B–Si = 2.12–2.28
Si–Si = 2.33–2.59 Si–Si = 2.35–2.60

theoretical VDE of isomer 7B (2.90 eV) is much smaller than
the experimental value, and isomers 7C and 7D are much
higher in energy than isomer 7A by at least 0.66 eV. Therefore,
isomer 7A is suggested to be the most likely structure detected
in the experiments.

BSi8
−. The lowest-lying isomer (8A) of BSi8− adopts a

C2v symmetric tetragonal antiprism or boat-shaped structure
with the B atom at the center and the opening of cage remains
unclosed. The theoretical VDEs of isomers 8A and 8B (3.18
and 3.08 eV) are both in reasonable agreement with the exper-
imental value (3.29 eV) and isomer 8B is higher in energy
than isomer 8A by only 0.07 eV. The combination of the DOS
spectra of isomers 8A and 8B is in line with the peak positions
and patterns of the experimental spectrum. Isomers 8C and
8D are higher in energy than isomer 8A by 0.13 and 0.17 eV,
respectively. Thus, we suggest that isomers 8A and 8B are
the most likely structures detected in the experiments. It is
worth mentioning that isomer 8A is different from the lowest-
lying isomer of BSi8− reported in the literature,28 which is
higher in energy than isomer 8A by 0.23 eV, calculated at the
CCSD(T) level of theory. Isomer 8C resembles well with the
cubic structure of BSi8+.27

BSi9
−. The most stable isomer (9A) of BSi9− can be

viewed as the B atom substituting the vertex Si atom of Si10

bicapped tetragonal antiprism. Isomer 9B adopts a D3h sym-
metric capped tetragonal antiprism or boat-shaped structure
with the B atom at the center, which can also be obtained by
an additional Si atom capping the top of isomer 8A. Isomers
9A and 9B are in reasonable agreement with the low-lying iso-
mers of BSi9− obtained at the B3LYP level by Tam et al.28 The
theoretical VDE of isomer 9A (3.96 eV) is close to the exper-
imental value (3.9 eV), and its DOS spectrum is in reasonable
agreement with the experimental spectrum. The theoretical
VDE of isomer 9B (3.47 eV) is much smaller than the exper-
imental value, and isomers 9C and 9D are much higher in
energy than isomer 9A by at least 0.49 eV. Therefore, isomer

9A is suggested to be the most likely structure contributing to
the photoelectron spectrum of BSi9−.

BSi10
−. The most stable isomer (10A) of BSi10

− can be
regarded as a Si4 rhombus hanging over the bowl-shaped BSi5
structure with the remaining Si atom capping the BSi3 rhombic
face, which is in reasonable agreement with the lowest-lying
isomer of BSi10

− obtained at the G4 approach by Tam et al.28

In isomer 10B, the B atom is encapsulated into the Si10 pen-
tagonal prismatic cage, which is stabilized by two B atoms
in our previous studies of B2Si10

−/0.33 It is interesting that,
in this work, two Si5 five-membered rings can be stabilized
by only one B atom. The theoretical VDEs of isomers 10A
and 10B (3.18 and 3.40 eV) are both in reasonable agreement
with the experimental value (3.26 eV). The DOS spectrum of
isomer 10A is in line with the experimental peak at 3.26 eV,
while that of isomer 10B is consistent with the experimental
peaks at 3.70, 4.1, and 4.3 eV. The combination of the DOS
spectra of isomers 10A and 10B resembles well with the peak
positions and patterns of the experimental spectrum. The the-
oretical VDE of isomer 10C (2.90 eV) is much deviated from
the experimental value. Isomer 10D is higher in energy than
isomer 10A by 0.19 eV. Therefore, isomers 10A and 10B are
suggested to be the most probable structures contributing to
the photoelectron spectrum of BSi10

−.
BSi11

−. The lowest-lying isomer (11A) of BSi11
− adopts a

D3h symmetric tricapped tetragonal antiprism with the B atom
at the center. Isomer 11A can also be obtained by three addi-
tional Si atoms face-capping the tetragonal antiprism structure
of BSi8−. Isomer 11B is nearly isoenergetic with isomer 11A,
which is higher in energy than isomer 11A by only 0.08 eV. The
theoretical VDEs of isomers 11A and 11B (3.48 and 3.48 eV)
are both in reasonable agreement with the experimental value
(3.58 eV). The combination of the DOS spectra of isomers
11A and 11B can well reproduce the peak positions and pat-
terns of the experimental spectrum. Isomers 11C and 11D are
much higher in energy than isomer 11A by at least 0.40 eV.
Therefore, we suggest that isomers 11A and 11B are the most
probable isomers contributing to the photoelectron spectrum
of BSi11

−.
BSi12

−. The lowest-lying isomer (12A) of BSi12
− can be

described as four additional Si atoms face-capping the Si8
tetragonal prism with the B atom at the center. The theoretical
VDE of isomer 12A (3.43 eV) is very close to the experimental
value (3.4 eV), and its DOS spectrum fits the peak positions
and patterns of the experimental spectrum very well. The the-
oretical VDEs of isomers 12B, 12C, and 12D (3.12, 2.86, and
2.92 eV) are much smaller than the experimental value, indi-
cating that their existence in the cluster beams can be ruled out.
Therefore, we suggest that isomer 12A is the most probable
structure observed in the experiments.

BSin (n = 4–12) Neutrals. The geometric structures of
BSin (n = 4–12) neutrals were also optimized at the B3LYP
level and displayed in Fig. 4. The most stable isomers of BSin
neutrals are in spin doublet states. We found that the most
stable isomers of BSin (n = 9, 10, and 12) neutrals have dif-
ferent geometric structures with their corresponding anions,
whereas those of the remaining neutral clusters are similar to
their corresponding anions with the bond lengths being slightly
different, as shown in Table II. The lowest-lying isomer (9A′)
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FIG. 3. Comparison between the experimental photoelectron spectra and the simulated DOS spectra of the low-lying isomers of BSin− (n = 4–12) clusters is
shown. The simulated spectra were obtained by fitting the distribution of the transition lines with unit area Gaussian functions of 0.25 eV full widths at half
maximum.

of BSi9 is a capped tetragonal antiprism with the B atom at
the center, analogous to isomer 9B of BSi9−, that (10A′) of
BSi10 is a pentagonal prismatic structure with the B atom at
the center, similar to isomer 10B of BSi10

−, and that (12A′) of
BSi12 resembles with isomer 12D of BSi12

−. As for BSin neu-
trals, the critical size of the forming B-endohedral structure
is n = 9, whereas BSi11

− is the critical size of the endohedral

structure for BSin− anions. These indicate that the structural
evolution between BSin neutrals and anions is different. We
would like to point out that the most stable structure (8A′) of
BSi8 is different from that reported by Tam et al.28 The most
stable structure of BSi8 in the literature is similar to the isomer
8B′ in this work, which is slightly higher in energy than isomer
8A′ by 0.07 eV, calculated at the CCSD(T) level.
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FIG. 4. Optimized geometries of the typical low-lying isomers of neutral BSin (n = 4–12). The ∆Es are calculated at the CCSD(T)/aug-cc-pVTZ level of theory.
Red and yellow balls stand for the B and Si atoms, respectively.

V. DISCUSSION

The experimental and theoretical VDEs of the most sta-
ble isomers of BSi4–12

− anions versus the number of Si atoms
are shown in Fig. 5. One can see that the calculated VDEs
are in good agreement with the experimental VDEs with aver-
age derivations of ∼0.09 eV, indicating that the theoretical

methods used in this work are reliable. It is found that the
B atom in BSin−/0 prefers to occupy the high coordination
sites to form more B–Si bonds. For BSi4–7

−/0, the dominant
geometries are bowl-shaped structures, whereas BSi8–12

−/0 pri-
marily adopt prismatic based geometries. It appears that the
changes of the photoelectron spectra of BSi4–12

− are related
to their structural evolution. As shown in Fig. 5, the VDEs
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FIG. 5. Experimental and theoretical VDEs of BSin− (n = 4–12) clusters
versus n, the number of Si atoms.

of BSi5− and BSi6− are larger than those of the neighbor
cluster sizes, which is more likely attributed to BSi5− and
BSi6− having more highly symmetrical bowl-shaped struc-
tures. Also, BSi11

− has larger VDEs than the neighbor cluster
sizes because it adopts a D3h symmetric tricapped tetragonal
antiprism with the B atom at the center. It is worth noting
that BSi9− has the maximum VDE among the BSin− clusters,
which is probably due to its special electronic structure. The
total number of effective valence electrons of BSi9− adds up
to 40 electrons including 3 valence electrons of B atom, 36
valence electrons of nine Si atoms, and the excess electron.
Therefore, BSi9− has a shell-closing electronic structure and
can be termed as a superatom according to the jellium model
(1S21P61D102S21F142P6), which was first proposed by Mar-
tins et al.59 and verified experimentally by Knight et al.60 The
special electronic structure and superatom feature of BSi9−

were also revealed in previous work.28 Interestingly, our pho-
toelectron experimental data show that the BSi9− cluster has

a large VDE of 3.9 eV, which is slightly higher than the elec-
tronic affinities (EAs) of the Cl atom (3.61 eV)61 and Al13

(3.57 eV).62 Thus, BSi9− can be viewed as a superhalogen
anion, similar to Al13

− and AuGe12
−,63,64 and may have poten-

tial applications as building blocks for novel nanostructured
materials.65 Our calculations found that the most stable struc-
ture of neutral BSi9 is an endohedral structure with the B atom
at the center, different from that of BSi9−. This finding is in
agreement with the previously theoretical results of BSi9.28

Another possible reason for the high VDE of BSi9− is that
the neutral structure corresponding to the most stable anionic
structure is very high in energy. Indeed, our calculations show
that the neutral structure (9D′ in Fig. 4) similar to 9A is higher
in energy than the most stable neutral structure by 0.18 eV,
calculated at the CCSD(T) level. This indicates that the excess
electron has an obvious effect on the structures of BSi9− anion
and BSi9 neutral. In addition, the BSi9− cluster implies that the
species with a large VDE do not always mean that they adopt
a highly symmetric structure because the special electronic
structure has also significant influence on the VDE value. The
opposite could be true that the species with a highly symmetric
structure not always have a large VDE. This conclusion can
be supported by the case of BSi8− cluster, in which it adopts
a C2v symmetric tetragonal antiprism but has a lower VDE
value (3.29 eV) in comparison with that (3.9 eV) of BSi9−.

To probe the effective atomic charge distributions of BSin−

(n = 4–12) anions, we performed natural population analy-
sis (NPA) on the most stable structures and showed them in
Fig. 6. The NPA charges on the B atom of BSi4–12

− are all
negative values in the range of −(1.29–2.05)e, indicating that
some electrons are transferred from the Sin frameworks to the B
atom, more likely due to the stronger Pauling electronegativity
(χ = 2.04) of the B atom than that (χ = 1.90) of the Si atom.66

Especially, the NPA charges on the B atom increase signifi-
cantly at n = 8 and 11, probably related to the formation of
B atom half-endohedral or endohedral structures with a high
symmetry at these cluster sizes. It is also worth mentioning
that, for the cluster sizes of n = 4–7 and 9–10, the NPA charges

FIG. 6. The NPA charges on the B atom
of the most stable isomers of BSin−

(n = 4–12) clusters.
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FIG. 7. Constant electronic charge density surfaces of BSi11
−. (a) Charge density equals 0.04 a.u. (b) Charge density equals 0.06 a.u. (c) Charge density equals

0.08 a.u. The charge density refers to the calculating electron density from total Self-Consistent Field (SCF) surface density. The 0.04, 0.06, and 0.08 are
isosurface values for obtaining new surface density.

on the B atom are similar and carry fewer negative charges,
which is probably because the B atom in BSi4–7,9–10

− interacts
with nearly same fewer number of Si atoms, as compared to the
B atom in BSi8,11–12

−. In summary, the NPA charge distribu-
tions on the B atom are correlated with the structural evolution
of BSin− and the interactions with the Si atoms.

To gain insight into the chemical bonding in BSin− clus-
ters, the constant electronic charge densities of the most stable
isomer of BSi11

− (11A) were analyzed and are shown in Fig. 7.
One can see from Fig. 7, for constant charge density surface
of 0.04 a.u., the electronic charges are distributed uniformly
over the B–Si and Si–Si bonds with those at the center of each
Si4 rhombus being very low. For a constant charge density sur-
face of 0.06 a.u., the electronic charges are mainly observed
on the B–Si bonds. For a constant charge density surface of
0.08 a.u., the electronic charges are focused on the B atom.
These results imply that the interactions between the atoms
are in the order of B–Si > Si–Si, which can partly explain why
the B atom can be encapsulated into the Si11 cage to form a
tricapped tetragonal antiprism.

To further investigate the chemical bonding properties
of BSi11

−, the molecular orbitals of the most stable isomer
(11A, 1A1

′) were analyzed by using the natural atomic orbital
method70–72 and displayed in Fig. 8. The LUMO is primar-
ily constructed by the 3p orbitals of Si atoms. The HOMOs
are all doubly occupied, and the LUMO is higher in energy
than the HOMO by 3.27 eV, although the previous investiga-
tions have revealed that the HOMO-LUMO gap calculated
with the B3LYP functional is more overestimate than that
obtained from the other functional (BP86) by ∼1.00 eV.67–69

This indicates that the BSi11
− anion has a shell-closed elec-

tronic structure with a large HOMO-LUMO gap. The HOMO
is a Si–Si σ orbital with bonding characters, mainly composed
by the 3p orbitals of Si atoms. The HOMO-1 is degenerate in
energy with the HOMO and is also a Si–Si σ orbital with bond-
ing characters, which has components from the 3p orbitals of
Si atoms. Likewise, the HOMO-2 is a Si–Si σ orbital with
bonding characters, consisting of the 3p orbitals of Si atoms.
However, the HOMO-3 is found to possess σ plus π double
bonding characters, which involves the 2p orbital of the B atom
and the 3s and 3p orbitals of Si atoms. Overall, these molec-
ular orbitals suggest that the BSi11

− anion possesses σ plus π
double bonding characters [further identified by the Adaptive
Natural Density Partitioning (AdNDP) analysis of BSi11

−, see
Fig. S2 in the supplementary material], which play vital roles
in the enhanced stability of D3h symmetric tricapped tetrago-
nal antiprism. From the diagrams of the occupied molecular
orbitals, one can see that there are small overlaps between the

2p orbitals of the B atom and 3s3p orbitals of Si atoms, con-
firming that the B–Si interactions are not so strong, being in
reasonable agreement with the calculated Wiberg bond orders
(0.48–0.61) of B–Si in BSi11

−.
Three-dimensional (3D) aromaticity due to electron delo-

calization can remarkably enhance the chemical stability of a
molecular cluster. The negative value of nucleus-independent
chemical shift (NICS) can be used to probe the 3D aromatic-
ity for various cage structures and the more negative NICS
values represent the stronger aromaticity.73,74 We calculated
the NICS values of the most stable isomers of both BSi11

−

anion and BSi11 neutral at the B3LYP/6-311+G(d) level within
the Gaussian 09 program package. The NICS(0) and NICS(1)
refer to the NICS values calculated at the cage centers and at
points 1 Å above the cage centers, respectively. The calcula-
tions show that the NICS(0) and NICS(1) values of the BSi11

−

FIG. 8. Molecular orbitals of the D3h symmetric tricapped tetragonal
antiprism (11A, 1A1

′) of BSi11
− (isosurface value = 0.02). These in the same

row are energetically degenerate orbitals.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-049841
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anion are −141.6 and −61.6 ppm, respectively, while those of
BSi11 neutral are −52.1 and −39.5 ppm, respectively. These
large negative NICS values indicate that both BSi11

− anion
and BSi11 neutral exhibit significant 3D aromaticity.

VI. CONCLUSIONS

The structural evolution and bonding properties of B
atom doped silicon clusters, BSin−/0 (n = 4–12), were investi-
gated by size-selected anion photoelectron spectroscopy com-
bined with theoretical calculations. The B atom in BSi4–12

−/0

inclines to occupy the high coordination sites to interact with
more Si atoms. The lowest-lying isomers of BSi4–7

−/0 are
dominated by bowl-shaped based structures, while those of
BSi8–12

−/0 primarily adopt prismatic based geometries. BSi11
−

is the critical size of the forming B-endohedral structure for
anionic clusters, whereas the B-endohedral structure appears at
n = 9 for neutral clusters. Interestingly, BSi11

−/0 have D3h sym-
metric tricapped tetragonal antiprism structures with the B
atom at the center and exhibit significant three-dimensional
aromaticity. Moreover, BSi11

− has σ plus π doubly delo-
calized bonding characters. The NPA charge distributions
on the B atom are associated with the structural evolu-
tion of BSin− and the interactions with the Si atoms. The
results might be useful for giving insight into the microscopic
mechanisms of forming new boron-silicon compounds and
for the development of novel boron-silicon based functional
nanomaterials.

SUPPLEMENTARY MATERIAL

See supplementary material for the Cartesian coordinates
of the low-lying isomers of BSin− (n = 4–12) clusters, the rel-
ative energies of low-lying isomers calculated at the B3LYP
level, comparing the experimental VDEs to those of the low-
est energy structures of BSin− (n = 4–12) clusters calculated
by different functionals, and the Adaptive Natural Density
Partitioning (AdNDP) analysis of BSi11

−.
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and O. Dopfer, J. Phys. Chem. C 121(17), 9560–9571 (2017).
33S.-J. Lu, X.-l. Xu, G.-J. Cao, H.-G. Xu, and W.-J. Zheng, J. Phys. Chem. C

122, 2391–2401 (2018).
34X. Wu, S. J. Lu, X. Liang, X. Huang, Y. Qin, M. Chen, J. Zhao, H. G. Xu,

R. B. King, and W. Zheng, J. Chem. Phys. 146, 044306 (2017).
35E. N. Koukaras, Phys. Chem. Chem. Phys. 20, 18556–18570 (2018).
36H. G. Xu, Z. G. Zhang, Y. Feng, and W. J. Zheng, Chem. Phys. Lett. 498,

22–26 (2010).
37M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,

J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, K. A. Peterson,
H. Nakatsuji, M. Caricato, and X. Li, gaussian 09, Revision A.02, Gaussian,
Inc., Wallingford, CT, 2009.

38A. D. Becke, J. Chem. Phys. 98, 5648–5652 (1993).
39C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785–789 (1988).
40A. D. Becke, Phys. Rev. A 38(6), 3098–3100 (1988).
41P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, J. Phys.

Chem. 98(45), 11623–11627 (1994).
42M. M. Francl, W. J. Pietro, W. J. Hehre, J. S. Binkley, M. S. Gordon,

D. J. DeFrees, and J. A. Pople, J. Chem. Phys. 77, 3654–3665 (1982).
43J. D. Dill and J. A. Pople, J. Chem. Phys. 62, 2921–2923 (1975).
44J. Lv, Y. C. Wang, L. Zhu, and Y. M. Ma, J. Chem. Phys. 137, 084104

(2012).
45J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865–3868

(1996).
46A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria, J. Chem.

Phys. 125, 224106 (2006).
47G. D. Purvis and R. J. Bartlett, J. Chem. Phys. 76, 1910–1918 (1982).

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-049841
https://doi.org/10.1021/jp0009305
https://doi.org/10.1103/physrevb.72.113303
https://doi.org/10.1063/1.2119424
https://doi.org/10.1016/j.spmi.2007.09.002
https://doi.org/10.1016/0022-5088(76)90088-6
https://doi.org/10.1063/1.107577
https://doi.org/10.1063/1.1342041
https://doi.org/10.1116/1.2781760
https://doi.org/10.1016/j.solmat.2008.10.017
https://doi.org/10.1063/1.4915350
https://doi.org/10.1021/acs.jpcc.5b09453
https://doi.org/10.1021/acs.jpcc.8b05759
https://doi.org/10.1039/c8cp03384f
https://doi.org/10.1039/c8cp03384f
https://doi.org/10.1021/acs.inorgchem.7b02585
https://doi.org/10.1021/jz302000q
https://doi.org/10.1063/1.2719663
https://doi.org/10.1038/185456a0
https://doi.org/10.1038/181476b0
https://doi.org/10.1016/0167-2584(89)90886-4
https://doi.org/10.1021/j100110a012
https://doi.org/10.1063/1.464767
https://doi.org/10.1080/00268970512331316012
https://doi.org/10.1021/jp9602742
https://doi.org/10.1002/rcm.2906
https://doi.org/10.1002/cphc.201100341
https://doi.org/10.1007/s00894-015-2685-2
https://doi.org/10.1021/jp103180y
https://doi.org/10.1021/jp306037q
https://doi.org/10.1021/jp507011p
https://doi.org/10.1039/c4cp03414g
https://doi.org/10.1039/c4cp03414g
https://doi.org/10.1039/c6ra08251c
https://doi.org/10.1021/acs.jpcc.7b01290
https://doi.org/10.1021/acs.jpcc.7b10906
https://doi.org/10.1063/1.4974337
https://doi.org/10.1039/c8cp02771d
https://doi.org/10.1016/j.cplett.2010.08.027
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.430801
https://doi.org/10.1063/1.4746757
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.443164


174314-11 Lu et al. J. Chem. Phys. 149, 174314 (2018)

48G. E. Scuseria and H. F. Schaefer, J. Chem. Phys. 90, 3700–3703 (1989).
49R. Naaman and Z. Vager, In the Structure of Small Molecules and Ions

(Plenum Press, New York, 1988), pp. 1115–1118.
50J. P. Foster and F. Weinhold, J. Am. Chem. Soc. 102, 7211–7218 (1980).
51A. E. Reed and F. Weinhold, J. Chem. Phys. 78, 4066–4703 (1983).
52A. E. Reed, R. B. Weinstock and F. Weinhold, J. Chem. Phys. 83, 735–746

(1985).
53A. E. Reed and F. Weinhold, J. Chem. Phys. 83, 1736–1740 (1985).
54J. E. Carpenter, Ph.D. thesis, University of Wisconsin, 1987.
55J. E. Carpenter and F. Weinhold, J. Mol. Struct. : THEOCHEM 169, 41–62

(1988).
56A. E. Reed , L. A. Curtiss and F. Weinhold, Chem. Rev. 88, 899–926 (1988).
57D. J. Tozer and N. C. Handy, J. Chem. Phys. 109, 10180–10189 (1998).
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