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ABSTRACT: We performed a systematic investigation on silicon-doped boron
clusters BnSi (n = 8−14) in both neutral and anionic states using quantum
chemical methods. Thermochemical properties of the lowest-lying isomers of
BnSi

0/− clusters such as total atomization energies, heats of formation at 0 and 298
K, average binding energies, dissociation energies, etc. were evaluated by using the
composite G4 method. The growth pattern for BnSi

0/− with n = 8−14 is
established as follows: (i) BnSi

0/− clusters tend to be constructed by substituting B
atom by Si-atom or adding one Si-impurity into the parent Bn clusters with n to
be even number, and (ii) Si favors an external position of the Bn frameworks. Our theoretical results reveal that B8Si, B9Si

−, B10Si
and B13Si

− are systems with enhanced stability due to having high average binding energies, second-order difference in energies
and dissociation energies. Especially, by analyzing the MOs, ELF, and ring current maps, the enhanced stability of B8Si can be
rationalized in terms of a triple aromaticity.

1. INTRODUCTION

During the past several decades, boron-based compounds have
been attracting considerable interest, in part due to their
remarkable properties as well as their potentially useful
applications. With the sp2 hybridization of the valence electrons,
the short covalent radius, the electron deficiency, and the
unique molecular architecture, both organic and inorganic
boron based compounds have been studied, which has led to
practical applications in many fields such as medicine, the oil
industry, and materials.1−4 A large number of investigations on
boron clusters, and their derivatives doped by other elements,
have been also reported.5−11 Recent studies showed that the
stability of tubular forms of B14, B16 and the fullerene forms of
B18, B20 can be enhanced by doping by a transition metal such
as Fe.12 The systematic investigations on small and singly
doped BnM clusters with n up to 12, where M are transition
metals or metals such as Sc, Zr, Al, have been studied
theoretically13−15 and experimentally.16−20 The nature of
bonding and origin of stability in the doubly metal doped
boron clusters BnM2 (M = Co, Fe)21 and the electronic
structure of mixed clusters, such as the MgnBm clusters (1 ≤ n ≤
15, 0 ≤ m ≤ 3) in which boron plays the role of dopant,22 were
analyzed in details.
Of the binary boron compounds, the boron−silicon systems

have been the subject of extensive theoretical and experimental
studies.23−31 Zaitsev et al.32 used Knudsen effusion mass
spectrometry to investigate thermodynamic properties of Si−B
alloys in which boron content is from 1.5 up to 100 at %. By
using band calculations with pseudopotential method,
electronic densities of states of β-B, BnSi, B6Si and B3Si or
B4Si were calculated by Imai et al.33 Recently, some of us
systematically investigated singly boron-doped silicon clusters

SinB (n = 1−10) in various charge states (−1; 0; +1) using the
G4 and CCSD(T) methods.34 The growth mechanism of the
SinB clusters has been established, in which the attachment of
one Si atom into the smaller-sized Sin−1B is preferred over that
by the addition of a B atom into the pure Sin clusters.
Nevertheless, both systems BnSi and BSin have only the dimer
BSi in common, and they grow up following quite different
patterns.
Although the importance of the boron−silicon compounds is

demonstrated, an understanding of their geometric and
electronic structure and a reliable determination of their
thermodynamic properties is still limited. According to the best
of our knowledge, only a few studies on small BnSi clusters have
been performed. Viswanathan et al.35 measured the heats of
formation of BSi, BSi2, and BSi3 in the gas phase. A theoretical
study on structure, energies, and vibrational spectra of B2Si,
BSi2, and B2Si2 using molecular orbital (MO) calculations was
also reported by Davy et al.36 More recently, by applying
density functional (DFT) and coupled-cluster (CCSD(T))
theories for a systematic investigation on the small-size BnSi

0/−

clusters with n = 1−7, Tai et al.37 predicted, among other
properties, that the first three-dimensional (3D) global
minimum is already located at the B7Si size. The larger sizes
of BnSi clusters with n > 7 have however not been examined
yet. In this context, some intriguing questions arise: are the
global minima of the BnSi systems with n > 7 still 3D structures,
and does the growth mechanism of the larger size BnSi clusters
involve some (quasi)-planar structures as in the case of pure
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boron clusters? Motivated by these issues and in relation to our
recent theoretical studies on binary boron−silicon compounds,
we set out to investigate systematically on a series of the silicon-
doped boron clusters BnSi in the following sizes, namely with n
= 8−14, in both the neutral and anionic states. Together with
the geometrical aspects, we then discuss their electronic
structures, chemical bonding, growth behavior, and thermo-
chemical properties by predicting their heats of formation,
average binding energies and dissociation energies using reliable
quantum chemical methods.

2. COMPUTATIONAL METHODS
The initial search for all possible lower-lying isomers of each
BnSi size was carried out by using a stochastic search algorithm
that was implemented by our group.38 First, the possible
structures were generated by a random kick method, and then
rapidly optimized using density functional theory (DFT) with
the PBE functional in conjunction with the 6-31G(d) basis
set.39,40 In addition, another series of initial structures of BnSi
were also manually constructed by either adding one Si-atom
into the pure Bn clusters at various positions or replacing one B
atom of the Bn+1 parents by one Si-atom. Geometries and
harmonic vibrational frequencies of the lower-lying isomers
BnSi and their anions with relative energies of <5.0 eV with

respect to the corresponding lowest-lying isomer were
recalculated using the PBE functional but with the larger 6-
311+G(d) basis set.41 In order to determine the global minima
of clusters considered, the lowest-lying isomers obtained at the
latter level were refined at higher level of theory by using the
composite G4 approach.42 Let us note that in the composite G4
procedure, molecular geometries are optimized using the
B3LYP functional with the 6-31+G(2df) basis set. In general,
the geometries obtained for the lowest-lying isomers are quite
similar, when using both PBE and B3LYP functionals. When an
energy ordering change occurs in going from DFT to the G4
level, it is due to the difference between DFT and CCSD(T)
(of the G4) electronic energies.
The shapes, relative energies given in kcal/mol, symmetrical

point group, and number of imaginary frequencies of the
neutral BnSi and anionic BnSi

− clusters are predicted in Figures
1, 2, and 3. As for a convention, each structure considered
hereafter is labeled by nX.Y in which n is the number of B
atoms, X = n or a stands for a neutral or anionic form,
respectively, and Y = 1, 2... indicates the order of isomers in
terms of stability. The structure nX.1 consistently corresponds
to the lowest-lying isomer (0 kcal/mol references).
Enthalpies of formation at 0 and 298 K of the global minima

can thus obtained from their corresponding total atomization

Figure 1. Shapes, symmetries, relative energies (ΔE, kcal/mol), and number of imaginary frequencies (NI) of the lower-lying structures of BnSi and
BnSi

− (n = 8−10) using the G4 method. Values given in brackets are from PBE/6-311+G(d) + ZPE computations.
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energies (TAE)43 on the basis of the G4 energies. This
approach was effectively used for the series of small silicon-
doped boron clusters BnSi with n = 1−7,37 whose experimental
heats of formation of a few clusters are available. From the
combination of computed TAE values with the known
experimental heats of formation at 0 K for the elements B
and Si, ΔHf° values at 0 K for the molecules were derived in the
gas phase. In this study, we use the values ΔHf°(B) = 135.1 ±
0.2 kcal/mol, and ΔHf°(Si) = 107.2 ± 0.2 kcal/mol.44 The
heats of formation at 298 K were calculated by following the
classical thermochemical procedure.45 Other energetic proper-
ties such as average binding energy, adiabatic detachment
energy, and dissociation energy were also computed from the
G4 total energies. The calculated results for thermochemical
parameters are summarized in Table 1.
Chemical bonding and the aromatic character46 were

subsequently examined using the topological analysis of the
canonical MOs and electron localization function (ELF),47,48 as
well as the magnetic ring current approach.49,50 Calculations of
the magnetic responses and ring currents were performed using
the Gamess-UK program51,52 in conjunction with the SYSMO
package.53 All standard electronic structure calculations were
carried out using the Gaussian 09 set of programs.54

3. RESULTS AND DISCUSSION

3.1. Electronic Structure of the Clusters BnSi and BnSi
−

and Their Growth Mechanism. Let us first briefly describe
the geometries, electronic structures and relative stabilities of
the clusters considered. The relative energies between isomers
mentioned in the following sections are obtained from G4
computations.

B8Si and B8Si
−. In agreement with a previous study,56 our

calculated results point out that a high symmetry form 8n.1
(C7v,

1A1) in which one B atom of the heptagonal bipyramid
D7h B9 cluster

55 is substituted by a Si atom, is found to be the
global minimum of the neutral B8Si. This structure is similar to
the ground state of B8Al,

8 B8Li,
57 and also B8Sc.

13 The second
lowest-lying isomer 8n.2 (Cs,

1A′) is formed by adding one Si
atom into the hexagonal bipyramid B8 framework with relative
energy of 33 kcal/mol. The next low-lying isomers are a wheel-
like structure 8n.3 (D8h,

1A1g) constructed by replacing the
centered-boron atom of B9 wheel

58 with Si and a quasi-planar
geometry 8n.4 (C1,

1A), which are 38 and 48 kcal/mol above
the heptagonal bipyramid 8n.1, respectively.
In the anionic state, in the most stable form of B8Si

−, the
planar structure 8a.1 (C2v,

2A2), one B atom on the apex of the
B9

+ cluster58 is replaced by a Si atom. The second isomer 8a.2
(Cs,

2A′), which is distorted from the high symmetry 8n.1, has a
relative energy of 5 kcal/mol. The 8a.3 (Cs,

2A″) possesses a
similar shape as the second-lying isomer 8n.2 of the neutral
B8Si, being 10 kcal/mol above 8a.1. The double-chain quasi-
planar “ribbon” 8a.4 (Cs,

2A″), which is about 17 kcal/mol
higher in energy with respect to 8a.1, is generated by
connecting single Si at the peripheral position of the zigzag
B8 form.

B9Si and B9Si
−. In the ground state structure 9n.1 (C1,

2A), a
peripheral B atom of the B10 skeleton55 is substituted by Si
impurity. The nonsymmetrical 3D form 9n.2 (C1,

2A) is located
within about 7 kcal/mol above 9n.1. An addition of one Si-
atom into the external position of the B9

+ cluster58 gives rise to
the third-lying isomer 9n.3 (Cs,

2A″) with an energy separation
of 8 kcal/mol. Being constructed with the same motif as with
9n.1 but at another peripheral position of the B10 framework,

55

Figure 2. Shapes, symmetries, relative energies (ΔE, kcal/mol), and number of imaginary frequencies (NI) of the lower-lying structures of BnSi and
BnSi

− (n = 11−12) using the G4 method. Values given in brackets are from PBE/6-311+G(d) + ZPE computations.
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9n.4 (Cs,
2A″) is the next isomer with relative energy of 11

kcal/mol.
Following attachment of one excess electron, the geometries

of two corresponding anions 9a.1 and 9a.2 retain the structures
of their neutral counterparts with slight distortions. Con-
sequently, 9a.1 (Cs,

1A′) is also the global minima of the
anionic cluster B9Si

−, and 9a.2 (Cs,
1A′), which corresponds to

the anion of 9n.3, is the second-lying isomer with an energy
interval of 9 kcal/mol. The next stable isomers include two Cs
structures 9a.3 and 9a.4, in which Si-atom prefers to be added
into the B9 host at the external position, with a relative energy
of 13 and 22 kcal/mol, respectively.
B10Si and B10Si

−. Our calculations predict that 10n.1 (Cs,
1A′) is constructed by adding one Si-atom into the B10

framework55 at the external position. The second lowest-lying
isomer 10n.2 (Cs,

1A′) is formed by substituting a peripheral B

atom of the B11 host
55 by a Si impurity with an energy gap of 5

kcal/mol. Considerably, the second stable geometry 10n.2
derived in this work possesses the same shape with the ground
state of B10Al.

8 A 3D configuration 10n.3 (Cs,
1A′) and a planar

structure 10n.4 (C2v,
1A1) with two imaginary frequencies (NI

= 2) are found to be the next isomers with relative energy of 16
and 23 kcal/mol, respectively.
Similar to B9Si

−, the two corresponding anions 10a.1 and
10a.2 continue to keep the geometries of their neutral
counterparts following attaching one excess electron. Specifi-
cally, 10a.1 (Cs,

2A′) and 10a.2 (Cs,
2A″) turn out to be the two

lowest-lying minima of the anionic clusters B10Si
− with an

energy separation of 5 kcal/mol. Based on the pure B10
−

skeleton,55 the third-lying isomer 10a.3 (Cs,
2A″) is generated

by adding a single Si atom to form a hexagonal bipyramid with
around 11 kcal/mol in energy above 10a.1. The structure 10a.3
(Cs,

2A′), which is distorted from 10a.1, is the next isomer,
being 14 kcal/mol less stable than 10a.1.

B11Si and B11Si
−. Our results show that replacement of one

peripheral B atom at various external positions of the B12

cluster55,59 by a Si-atom constructs the ground state
configuration 11n.1 (C1,

2A) and the second one 11n.2 (Cs,
2A′) of the B11Si cluster with an energy interval of about 5 kcal/
mol. Differently, doping a Si impurity into the B11 host55

generates the third stable form 11n.3 (Cs,
2A′) with relative

energy of also 5 kcal/mol. It is worth noting that the structure
11n.3 is the lowest-lying isomer of the B11Al counterpart.

8 A
low symmetry bowl 11n.4 (C1,

2A) is also located as a local

Figure 3. Shapes, symmetries, relative energies (ΔE, kcal/mol), and number of imaginary frequencies (NI) of the lower-lying structures of BnSi and
BnSi

− (n = 13−14) using the G4 method. Values given in brackets are from PBE/6-311+G(d) + ZPE computations.

Table 1. Average Binding Energies (Eb, eV) (G4 Approach)
and HOMO−LUMO Gaps (HLG, eV) of BnSi

0/− Clusters
(PBE/6-311+G(d))

neutrals Eb HLG anions Eb HLG

8n.1 4.49 4.34 8a.1 4.49 -
9n.1 4.40 - 9a.1 4.62 0.88
10n.1 4.51 1.91 10a.1 4.61 -
11n.1 4.52 - 11a.1 4.66 1.41
12n.1 4.59 2.21 12a.1 4.70 -
13n.1 4.65 - 13a.1 4.78 0.61
14n.1 4.66 1.28 14a.1 4.77 -
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minimum being 11 kcal/mol higher in energy as compared to
11n.1.
There is a structural competition to be the lowest-lying

isomer for B11Si
−. Accordingly, two low symmetry structures

(C1,
1A) including 11a.1 in which Si-atom bridges with its two

B neighbors at the external position of B11, and 11a.2, which is
actually the anionic state of 11n.1, are almost degenerate within
an energy gap of 1 kcal/mol. The next isomers include 11a.3
(Cs,

1A′), which corresponds to an anionic minimum of 11n.2,
and a planar 11a.4 (Cs,

1A′), which is a transition state (NI = 1)
with relative energy of 2 and 12 kcal/mol, respectively.
B12Si and B12Si

−. At the PBE/6-311+G(d) level, the most
stable form of B12Si is a low symmetry structure 12n.2 (Cs,
1A′), which is derived by adding the Si atom to connect with
two-boron edge of the B12 skeleton.55,59 The second-lying
isomer turns out to be a double-hexagonal pyramid 12n.1 (C3v,
1A1) in which Si is located at the top of the pyramid. However,
G4 calculations reveal a reversed energy ordering that the
pyramid 12n.1 is now the global minimum with a small energy
gap of 3 kcal/mol below 12n.2. The next structure 12n.3 (Cs,
1A′) with Si atom sitting on the top and a quasi-planar form
12n.4 (C1,

1A), which is constructed by attaching the single Si
into an external position of B12

55,59 are also located as the local
minima with energy separations of 4 and 11 kcal/mol,
respectively.
In the negatively charged state, the anionic B12Si

− ground
state 12a.1 (Cs,

2A′) possesses the same shape as its neutral
counterpart 12n.2. An elongated quasi-planar 12a.2 (C1,

2A),
where one peripheral B atom of the B13 frame55 is actually
replaced by Si, is found to be the second-lying isomer of B12Si

−

with relative energy of 10 kcal/mol. Substitution of one B of the
B13 cluster

55 by the single Si element at another position and
addition of one Si into the B12 framework55,59 continue to form
the next isomers 12a.3 (C1,

2A) and 12a.4 (C1,
2A), being 10

and 11 kcal/mol higher in energy than 12a.1, respectively.
B13Si and B13Si

−. Various structures of the B13Si are located
including a hexagonal bipyramid 13n.1 (Cs,

2A″), which is
generated by doping one Si into the three hexagonal subunits
B13

−.55 A 3D structure 13n.2 (C2v,
2A1) in which one B atom at

the apex position of the B14 fullerene cage composed of two
seven-membered rings60 is substituted by the Si-atom is also
located with 8 kcal/mol higher in energy. The others include
two convex forms 13n.3 (C1,

2A) and 13n.4 (Cs,
2A′), where

the Si impurity replaces one peripheral B atom at various
positions of the B14 skeleton

61 with the relative energies of 19
and 20 kcal/mol, respectively.
The anion 13a.1 (Cs,

1A′) keeps the geometry of its neutral
counterpart 13n.1, and becomes the ground state of the anionic
B13Si

− clusters. For the second most stable form, at the PBE/6-
311+G(d) level, the low-spin structure 13a.3 (C1,

1A) is
constructed by adding the Si into another external position of
anionic elongated quasi-planar form58 of B13

−. However, our
G4 calculated results point out that the configuration 13a.2
(C2v,

1A1), being the corresponding anion of 13n.2, is the
second lowest-lying isomer, and 13a.3 is the third one with
energy gaps of 3 and 11 kcal/mol, respectively. The other
convex form 13a.4 (Cs,

1A′) is also located, being 11 kcal/mol
higher in energy as compared to 13a.1.
B14Si and B14Si

−. For B14Si, in the lowest-lying configuration
14n.1 (Cs,

1A′), the single Si atom is doped into the convex
form of B14 cluster

58 to bridge with two peripheral B neighbors.
The second-lying isomer 14n.2 (C1,

1A) is generated by adding

the Si into the elongated structure that was reported to be the
global minima of the B14 at the B3LYP/6-311+G(d) level (in
ref 60), and come out to be 8 kcal/mol higher in energy than
14n.1. The other elongated geometry 14n.3 (C1,

1A) and
convex form 14n.4 (Cs,

1A′) are also located, being about 12
kcal/mol less stable than 14n.1.
Concerning the anion B14Si

−, our G4 calculations result in
the ground state (Cs,

2A″) 14a.1 that corresponds to the anion
of 14n.1. The structure 14a.2 (Cs,

2A″) having the same shape
of the neutral counterpart 14n.3 is less stable with a small
energy separation of 3 kcal/mol. The next lower-lying convex
isomer 14a.3 (Cs,

2A″) is also found to be quite stable, being at
4 kcal/mol. The other convex structure 14a.4 (C1,

2A) has an
energy level at 5 kcal/mol.
In general, on the basis of the structural features of the most

stable forms considered above, the grown mechanism of the
singly silicon-doped boron clusters BnSi can be established as
follows:

(i) Clusters BnSi with even number of B atoms can be
formed by adding the Si-atom into the Bn frameworks.

i(i) Clusters BnSi with odd number of B atoms can be formed
by substituting one of B atoms of the Bn+1 frameworks by
the Si dopant.

This can be understood by the high thermodynamic stability
of the closed-shell pure boron parents Bn with n = 8, 10, 12, and
14.55,60,61

3.2. Relative Stability of Clusters. Evaluation of the
relative stability of clusters is based on the average binding
energy (Eb) and the second-order difference in the total
energies (Δ2E), which can be defined as follows:

= + − +E nE E E n(B Si) [ (B) (Si) (B Si)]/( 1)n nb (1)

= + − +− − −E nE E E n(B Si ) [ (B) (Si ) (B Si )]/( 1)n nb (2)

Δ = + −− +E E E E(B Si) (B Si) (B Si) 2 (B Si)n n n n
2

1 1 (3)

Δ = + −−
−

−
+

− −E E E E(B Si ) (B Si ) (B Si ) 2 (B Si )n n n n
2

1 1
(4)

where E(B), E(Si), and E(Si−) are total energies of the B atom,
Si-atom, and the charged Si−, respectively. E(BnSi), E(BnSi

−),
E(Bn−1Si), E(Bn−1Si

−), E(Bn+1Si), and E(Bn+1Si
−) are total

energies of the clusters BnSi, Bn−1Si, and Bn+1Si at the neutral
and anionic states, respectively. All of these relative values are
obtained from G4 total energies.
It can be seen in Figure 4a, Table 1 and Table 3 (see also ref

37) that the average binding energies are consistently and
smoothly increased with increasing boron atom number. The
Eb values increase rapidly from BSi to B8Si and slightly from
B9Si to B14Si. While the highest Eb value at the neutral state is
found for B14Si, B13Si

− reveals the highest one in the series of
anions considered.
To gain more insight into relative stability of systems, the

second-order difference in energies (Δ2E) is examined. The
Δ2E plot in Figure 4b consistently shows the even−odd
oscillation in which the closed-shell systems exhibit maximum
peaks, whereas open-shell systems have minimum peaks. The
B8Si and B7Si

− are characterized by the highest Δ2E value in the
cases of neutrals and anions, respectively, and they are expected
as the enhanced stable species in this series of silicon-doped
boron.
To consider the kinetic stability of the BnSi

0/− clusters, the
HOMO−LUMO gaps (HLG) of the closed-shell systems are
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computed using PBE/6-311+G(d) level and displayed in Table
1. The largest value of 4.3 eV is found for B8Si neutral in the
series of clusters selected. This indicates that B8Si also has a
high kinetic stability.
3.3. Vertical (VDE) and Adiabatic (ADE) Detachment

Energies. The adiabatic electron detachment energies (ADEs)
can be used to evaluate stability of an anionic species. A stable
anion with respect to electron ejection is obviously
characterized by a high ADE value, whereas a low ADE
suggests reluctance of the neutral counterpart to capture an
electron. The values for both quantities:

=
−

=
−

E
E

E
E

ADE (ground state of a neutral)
(ground state of an anion)

VDE (neutral at the geometry of an anionic ground state)
(ground state of an anion)

are obtained from PBE/6-311+G(d) and G4 calculations and
given in Table 2. The differences in ADE values of BnSi

−

derived from both methods are rather small and the largest gap
of 0.33 eV was observed for B12Si

−. The difference between the
ADE and VDE values for species BnSi

− with n = 9−14, in which
the geometries of neutrals and anions are similar, are small. The
largest gap of 3.37 eV is found for B8Si

−. This can be
understood on the basis of geometrical change in going from
the 3D neutral 8n.1 (C7v) to the 2D anion 8a.1 (C2v). For
B12Si

−, although geometry also changes from the 3D 12n.1
(C3v) to the 2D 12a.1 (Cs), both ADE and VDE values of this
species are close to each other. This can be explained from the
fact of that the corresponding neutral structure 12n.2 of the

anionic ground state 12a.1 is quite stable and is only 3 kcal/mol
less stable than 12n.1.
In addition, the detachment energies of the closed-shell

anions BnSi
− with n = 9, 11, and 13 are, as expected,

consistently higher than those of the open-shell systems.
3.4. Heats of Formation and Dissociation Energies

(De). Our previous study on small silicon-doped boron clusters
BnSi with n up to 737 showed that the heat of formation of BSi
at 298 K obtained from the G4 method is in line with the
experimental value determined by using Knudsen cell mass
spectrometry and the thermal functions based on a calculated
frequency of 772 cm−1 for BSi.35 Therefore, the G4 approach
was used in this report to calculate heats of formation of the
global minima of the neutral and anionic BnSi clusters. As there
is no available experimental results for the BnSi sizes considered
in the present work, the calculated results given in Table 3
provide us with a consistent and reliable predicted values for
thermochemical parameters for these clusters. These computed
values are subsequently used to study the thermodynamic
stability of clusters.
We also calculated the dissociation energies of the clusters to

evaluate further their thermodynamic stability. De values
obtained from total G4 energies are presented in Table 4.
Dissociation energies of the neutral BnSi clusters from the
channel (1) BnSi → Bn + Si are found to be smaller than those
from the channel (2) BnSi → Bn−1Si + B. These calculated
results suggest that BnSi neutrals tend to be established by
doping one Si-atom into the pure Bn frameworks, except for
B9Si.
The De values of B9Si from the channel (2) B9Si → B8Si + B

(83 kcal/mol) is smaller than that from channel (1) B9Si → B9
+ Si (104 kcal/mol). Additionally, dissociation energies of B8Si
from all two channels are significantly high in comparison to
those of larger clusters. These results indicate that B8Si
possesses a peculiarly high thermodynamic stability. For the
BnSi

− clusters, due to the fact that De values from the channel
(4) BnSi

−→ Bn
− + Si are the smallest as compared to those

from remaining channels, the anions BnSi
− tend to be

decomposed to smaller Bn
− clusters plus Si atom. Similarly,

with the highest dissociation energies, B9Si
− and B13Si

− also
exhibit an enhanced stability. These observations are reasonably
consistent with the above predictions.

3.5. Chemical Bonding and Aromaticity. The high
symmetry geometry and thermodynamic stability of the B8Si
are rather intriguing, and thus deserve a further analysis of its
electronic structure and chemical bonding. Aromaticity46 is
often pointed out as an typical characteristic for pure and
impure boron clusters, which has extensively been discussed in

Figure 4. Average binding energy (Eb, eV) (a) and second-order
differences in energy (Δ2E, eV) (b) of the BnSi

0/− clusters (n = 8−14)
using the composite G4 approach.

Table 2. Adiabatic (ADE) and Vertical (VDE) Detachment
Energies (eV) of the Anionic BnSi

− Clusters (n = 8−14)
Using Both PBE/6-311+G(d) and G4 Calculations

ADE (eV) VDE (eV)

anions G4 PBE PBE

8a.1 (C2v,
2A2) 1.36 1.51 4.88

9a.1 (Cs,
1A′) 3.56 3.30 3.49

10a.1 (Cs,
2A′) 2.40 2.29 2.42

11a.1 (C1,
1A) 2.99 2.78 3.54

11a.2 (C1,
1A) 2.97 2.75 2.94

12a.1 (Cs,
2A′) 2.82 3.15 3.14

13a.1 (Cs,
1A′) 3.18 3.10 3.16

14a.1 (Cs,
2A″) 3.03 2.92 3.00
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the literature.62−65 The electron localization function (ELF) is
an indicator that is effectively used to probe the electron
distribution of compounds, including novel organic compounds
and atomic clusters.66 The topological analysis of the ELF47

shows that a structure whose ELF isosurface has a high
bifurcation value exhibits an aromatic character, whereas a
structure possessing a low bifurcation ELF value is not
aromatic.
With its hypercoordinated structure, the perfect planar wheel

8n.3 (D8h,
1A1g) has been analyzed in some previous

studies.56,67−69 The perfect octagon 8n.3 has been shown to
possess a double aromaticity with three delocalized π-orbitals
and three delocalized σ-radial bonds. Herein, we would focus
on the bipyramid 8n.1.
Figure 5a points out a good electron delocalization over the

entire structure of 8n.1. The corresponding ELF map also
depicts the presence of seven distinct disynaptic basins between
the peripheral atoms of the heptagonal bipyramid (C7v,

1A1), in
which each basin contains ∼2.8 electrons. More importantly,
the bifurcation value of ELF isosurface of 8n.1 is high. A
complete separation of basins is only observed at a high value of
ELF = 0.85. In this regard, the neutral B8Si 8n.1 can be
regarded as possessing a certain aromaticity.

Let us note a relationship between the aromatic character of
the neutral B8Si and the anion B7Si

−, which was reported in a
recent theoretical study.37 Similar to B7Si

−, B8Si contains six
delocalized valence π-electrons and six delocalized σ-electrons
that fully occupy the orbitals HOMO−2, HOMO−2′ and
HOMO−6 for the former, and HOMO, HOMO′ and
HOMO−4 for the latter. Based on the Hückel’s electron
count,70 which was classically applied to delocalized π-electrons,
but can also be used for delocalized σ-electrons, this species
turns out to be doubly (π and σ) aromatic (4N + 2 electrons, N
= 1).

Table 3. Total Atomization Energies (TAE) (kcal/mol) and Heats of Formation at 0 K [ΔHf(0 K)] and 298 K [ΔHf (298 K)]
(kcal/mol) of the Neutral BnSi and Anionic BnSi

− Clusters (n = 8−14) Using the G4 Method

TAE (0 K) ΔHf (0 K) ΔHf (298 K)

structures G4 exptl. G4 exptl. G4 exptl.

1n.1 (C∞v,
4∑−) 74.1837 74.57 ± 2.8735 167.137 165.87 ± 3.3535 168.137 166.83 ± 3.3535

8n.1 (C7v,
1A1) 932.0 256.0 258.1

8a.1 (C2v,
2A2) 963.5 224.5 227.0

9n.1 (C1,
2A) 1014.6 308.5 310.6

9a.1 (Cs,
1A′) 1096.7 226.4 228.5

10n.1 (Cs,
1A′) 1144.9 313.3 315.2

10a.1 (Cs,
2A′) 1200.3 257.9 260.0

11n.1 (C1,
2A) 1251.5 341.8 344.2

11a.1 (C1,
1A) 1320.5 272.8 275.4

11a.2 (C1,
1A) 1319.8 273.5 275.8

12n.1 (C3v,
1A1) 1375.4 353.0 355.1

12a.1 (Cs,
2A′) 1440.4 288.0 290.6

13n.1 (Cs,
2A″) 1501.9 361.6 364.4

13a.1(Cs,
1A′) 1575.2 288.3 291.0

14n.1 (Cs,
1A′) 1611.8 386.8 389.7

14a.1 (Cs,
2A″) 1681.8 316.8 320.1

Table 4. Dissociation Energies (De, kcal/mol) for Various
Fragmentation Channels of BnSi

0/− (n = 8−14) (G4
Calculations)a

neutrals De (1) De (2) anions De (3) De (4) De (5) De (6)

8n.1 134.6 144.3 8a.1 155.5 93.6 178.0 92.3
9n.1 104.3 82.6 9a.1 175.8 120.8 166.9 133.2
10n.1 104.6 130.3 10a.1 149.4 93.3 187.9 103.6
11n.1 95.7 106.5 11a.1 154.2 85.5 177.8 120.2

11a.2 153.5 84.8 177.2 119.5
12n.1 85.3 124.0 12a.1 139.8 95.6 191.2 119.9
13n.1 112.4 129.0 13a.1 175.2 123.0 204.6 134.8
14n.1 87.1 117.9 14a.1 146.6 97.4 190.1 117.7

a(1) BnSi → Bn + Si; (2) BnSi → Bn−1Si + B; (3) BnSi
−→ Bn + Si− ;

(4) BnSi
−→ Bn

− + Si; (5) BnSi
−→ Bn−1Si + B− ; (6) BnSi

−→ Bn−1Si
− +

B.

Figure 5. Characteristics of the neutral B8Si 8n.1 (C7v). The electron
localization function (ELF) isosurface (a) at bifurcation value of 0.85
(using the PBE/6-311+G(d) computations), and the molecular
orbitals (b) categorized into tangential, π, radial and heterogeneous
sets and their ring current maps, correspondingly. The “**” MOs are
reused from the “*” MOs.
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As in the case of the Mg-doped clusters B7Mg− and B8Mg−

that were shown to have umbrella-like structures,22 the
electrons of B7Si

− and B8Si could be separated into three
different types, namely tangential electrons, radial electrons,
and π bonding (displayed in Figure S4 of the Supporting
Information (SI) files and Figure 5b, respectively). These three
types of electrons reinforce the boron cycles from the pure B7

−

and B8 cycles.
55,58 Each series of electrons leads to an different

aromatic character.
From a different perspective, the set of π MOs, and the

HOMO−1 of the anion B7Si
− are classified as a heterogeneous

set, because they enhance the bonding between the Si atom and
the boron cycles (Figure S4 of the ESI). Similarly, the set of π
MOs and the HOMO−1 of the neutral B8Si can also be
classified as a heterogeneous set (Figure 5b). To further
confirm the aromatic character of these systems, the magnetic
ring current maps for each form of these four sets from top
view and side view are calculated. In the ring current model of
magnetic response, the aromaticity/antiaromaticity is associated
with diatropic/paratropic ring currents that are presented by
counterclockwise/clockwise circulations, respectively.
The magnetic ring current maps for B8Si presented in Figure

6i (the top view) and Figure 6ii (the side view) are calculated in
the plane y = 0.5 Å and z = 0.5 Å, respectively. The black line
indicates the plane y = 0.5 Å in Figure 6i(g) and z = 0.5 Å in
Figure 6ii(g). For the anion B7Si

−, the magnetic current density
maps are similarly plotted in Figure S5i (the top view) and

Figure S5ii (the side view) in the plane y = 0.5 Å [Figure
S5i(g)] and z = 0.5 Å [Figure S5ii(g) of the ESI file].
The ring current maps for both anionic B7Si

− and neutral
B8Si are remarkably similar. While the radial set of electrons
contributes primarily to the top view aromaticity, which
corresponds to an aromaticity of the boron cycle, the π set of
electrons joins into both the top view and the side view
aromaticity. The HOMO−1 of both structures B7Si

− and B8Si
show no contribution to the top view ring current maps, but
they contribute completely into the side view ring current
maps. Therefore, the electrons in the HOMO−1 and the π set
combine together to form a heterogeneous set that describes
the bonding between the dopant Si and the boron cycle. In
other words, the electrons in both structures B7Si

− and B8Si
achieve a triple aromaticity, including a π aromaticity, a radial
aromaticity and a heterogeneous aromaticity, all in three-
dimensional distribution.

4. CONCLUDING REMARKS

In this theoretical study, we systematically explored the
following sizes of silicon-doped boron clusters BnSi with n =
8−14, in both neutral and anionic charge states using quantum
chemical calculations. The global minima of the clusters
selected were determined on the basis of the energies obtained
using the composite G4 model. Thermochemical parameters of
the BnSi

0/− clusters such as total atomization energies,

Figure 6. Orbital contributions to the current density in B8Si from (i) the top view and (ii) the side view. The sum of orbital contributions of (a) 14
electrons in the tangential set; (b) 6 electrons in the π set; (c) 6 electron in the radial set; (d) 8 electrons in the heterogeneous set; (e) 2 electrons in
HOMO−1; and (f) the total electron of the B8Si; (g) the geometry of B8Si with the black lines corresponding to the plane in which the ring current
maps are calculated.
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enthalpies of formation at 0 and 298 K, average binding
energies, dissociation energies, etc., were predicted by using the
G4 energies.
The growth behavior for the singly silicon-doped boron

clusters BnSi
0/− with n = 1−14 (n = 8−14 were studied in the

current work, and n = 1−7 were reported in ref 37) can be
established as follows:

(i) Most of the ground state structures of BnSi
0/− clusters

tend to be formed by substituting B atom by Si atom or
attaching one Si impurity into the parent boron clusters.

(ii) Si tends to prefer a peripheral position of the boron
frameworks with low coordination numbers, although in
B7Si

−, B8Si, and B12Si isomers, Si possesses a high
coordination number.

Our calculated results also pointed out that the species B8Si,
B9Si

−, B10Si, and B13Si
− are characterized by an enhanced

stability with high average binding energies, second-order
difference in energies, and dissociation energies. An analysis of
the MOs, ELF, and magnetic ring current maps suggested that
the peculiar stability of the closed-shell species B8Si can be
rationalized in terms of a triple aromaticity.
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