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Abstract. In this paper, we have theoretically focused on the doping of up to nine Li atoms to the double-ring
B20 nanotubule to reveal the electronic and structural features of the nLi@B20 (n = 1−9) molecules. The
most stable species for each of the nLi@B20 (n = 1−9) molecules has been reported on the singlet or doublet
potential energy surfaces through density functional theory (DFT). The calculated results show that the nLi@B20
(n = 1−9) molecules have high thermodynamic and chemical stabilities due to high values of the adsorption
energy, −2.51 eV to −3.57 eV, and the HOMO–LUMO energy gap, 1.32 eV to 2.34 eV. Additionally, the
values reported for deformation of the double-ring B20 backbone, 0.10 eV to 4.29 eV, increase severely along
with increasing number of the Li atoms in the nLi@B20 (n = 1−9) molecules. The NBO charges of positive
values for the Li atoms along with those of negative values for the B atoms confirm the role of electron donor
of the Li atom and electron acceptor of the B atom. Finally, we have not found any Li–Li interaction in the
nLi@B20 (n = 1−9) molecules based on AIM analysis. Moreover, all reported Li–B interactions are weak and
non-covalent.
Keywords. Boron-rich material; double-ring B20 ; Li atom doping; stability.

1. Introduction
Boron (B) is a unique element in the periodic table
which includes only one electron in the p valence
shell along with short covalent radius. The B atom
is an electron-deficient material 1,2 with semiconductor
features. 3 Therefore, it has a high tendency to form
robust bonds 4,5 with electron donor atoms and other
B atoms. 6 In the past years, the attention of both theoretical and experimental researchers have increased
to boron-rich materials due to the singular properties
of this element 2 resulting in the interesting applications 7–11 reported in the literature similar to the systems
of hydrogen storage, 7 fuels with high-energy density 8
and so on. It is necessary to say that the boron-rich
materials have high geometric diversity, from twodimensional (2D) to three-dimensional (3D) structures
such as planar, quasi-planar, convex, open-cage/cage,
tubular, spherical, ring, dome-like, shell and capsule. 6,12

These structural geometries can be classified into three
different categories as cluster, 13–15 nanowire 16 and nanotube. 17,18
Previous observations showed that the most stable
structural geometries in boron-rich materials of the Bn
(n < 20) should be incorporated in the cluster category,
planar/quasi-planar structures of 2D. 19,20 Additionally,
the most stable geometry of the B20 species 21,22 moves
from 2D to 3D containing two ring-B10 subunits, shown
as the double-ring B20 with a diameter of 5.5 Å. 21,22
Note that two B10 rings of the double-ring B20 species
are connected through strong bonds of σ and delocalized
bonds of π. 22
In recent years, the doping of the boron-rich materials
has attracted much attention. Jian-Bing et al., 23 studied
the structural, the electronic, and the magnetic features
for cluster anions of boron which doped with Al element. Romanescu et al., 24 performed the experimental
and the computational investigations on the octa- and
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Figure 1.

The most stable geometry of the nLi@B20 (n = 1−9) molecules.
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Figure 1.

nona-coordinated planar iron-doped B8 and B9 clusters.
Van Duong and Nguyen 25 have doped small boron clusters through silicon atoms to produce stable nanoribbon
geometries for boron-rich materials.
On one hand, the boron-rich materials have high
electron deficiency. Therefore, it should be interesting
to add the species with high ability for electron donation to boron-rich materials. This strategy can result in
species with unique properties. On the other hand, it
is known that doping of Li atom to boron-rich materials can result in species with high potential abilities

continued

to be used as anode material in the Li-based batteries.
Therefore, we have chosen the Li atom to add to B20
species due to high ability of electron donation of the
Li atom and the possibility of formation of materials for
using as anode material in the Li-based batteries.
In the present study, we have systematically added
up to nine Li atoms to the double-ring B20 molecule to
report the most stable local minima for each nLi@B20
(n = 1−9) molecules on the singlet or doublet potential energy surfaces (PESs) to understand the electronic
and structural properties of the obtained local minima to

130 Page 4 of 12

J. Chem. Sci. (2018) 130:130

Table 1. The energies of E1 , E2 , E3 , the adsorption energy (Eads ), the vertical ionization (VI)
and deformation energies (Ed ), at the PBE0-D3/cc-pVDZ level for all the Lin @B20 (n = 1 − 9)
molecules.
Species

E1 (Hartree)

E2 (Hartree)

E3 (Hartree)

Eads per Li atom (eV)

VI (eV)

Ed (eV)

B20 Li1
B20 Li2
B20 Li3
B20 Li4
B20 Li5
B20 Li6
B20 Li7
B20 Li8
B20 Li9

−503.76941
−511.35101
−518.92248
−526.46841
−534.02698
−541.57889
−549.13176
−556.67506
−564.19631

−503.53998
−511.11923
−518.70786
−526.26244
−533.82168
−541.20384
−548.94935
−556.49677
−564.03603

−496.16845
−496.15620
−496.14985
−496.13084
−496.11252
−496.09449
−496.02039
−496.02463
−496.01458

−3.57
−3.35
−3.19
−2.94
−2.85
−2.77
−2.71
−2.63
−2.51

6.24
6.31
5.84
5.61
5.59
10.21
4.96
4.85
4.36

0.10
0.44
0.61
1.13
1.62
2.12
4.13
4.02
4.29

Figure 2. The values of the adsorption, the vertical ionization and the deformation energies for
all the reported nLi@B20 (n = 1−9) molecules.

perform comparative study among the nLi@B20 (n =
1−9) molecules in order to reveal the influence of
increasing concentration of the Li atom on the doublering B20 backbone. We hope that the results of the present
study would help researchers in material design.

doublet PESs, respectively. In the next step, the calculations
of adsorption energy per Li atom (Eads ), vertical ionization
(VI) energy and deformation energy (Ed ) in the most stable
species for each nLi@B20 (n = 1−9) molecules have been
performed through Eqs. 1–3, respectively.

2. Computational methods

Eads = [E1 − nE(Li) − E(B20 )]/n
EVI = E2 − E1
Ed = E3 − E(B20 )

To the best of our knowledge, many researchers have used
the PBE0 method to obtain possible local minima for the
boron-rich materials. 26–30 Therefore, we have used PBE0
method 31–33 conjugated to cc-pVDZ basis set 34 in the
present paper to obtain optimized geometries of the nLi@B20
(n = 1−9) molecules. Moreover, we have used the DFT-D3
method 35 for the correction of the dispersion energies in the
nLi@B20 (n = 1−9) molecules. Note that we have carried
out the geometry optimizations of the nLi@B20 molecules
with n = 2, 4, 6 and 8 and n = 1, 3, 5, 7 and 9 on the singlet and

(1)
(2)
(3)

Where, the E1 , E2 and the E3 stand for the energy of optimized
geometry of the nLi@B20 (n = 1−9) molecule, singlepoint energy of the [nLi@B20 (n = 1−9)]+ molecule and
the energy of the nLi@B20 (n = 1−9) molecule after the
elimination of the all Li atoms by the calculation of singlepoint energy, respectively.
The lack of imaginary vibrational frequencies has been
confirmed through the calculation of all vibrational frequencies of the nLi@B20 (n = 1−9) molecules. Finally, the bond
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Figure 3. The energy and energy gap of the HOMO and the LUMO orbitals for the nLi@B20
(n = 1−9) molecules.
Table 2. The HOMO and the LUMO energies and the HOMO–LUMO energy gaps (eV) for all reported
molecules.
Species

B20 Li1
B20 Li2
B20 Li3
B20 Li4
B20 Li5
B20 Li6
B20 Li7
B20 Li8
B20 Li9

Set α
HOMO energy LUMO energy
−4.92
−5.02
−4.60
−4.37
−4.37
−4.27
−3.82
−3.86
−3.29

−3.38
−3.07
−2.97
−2.95
−2.34
−1.93
−2.09
−1.70
−1.35

Set β
HOMO energy LUMO energy
−6.18

−3.60

−5.03

−2.99

−4.39

−2.89

−4.31

−2.23

−3.45

−1.66

HOMO–LUMO energy gap

1.32
1.95
1.61
1.42
1.48
2.34
1.59
2.16
1.63

Italic values stand for the calculation of the HOMO–LUMO energy gap.
critical points (BCPs) and the geometric optimizations have
been performed through the AIM2000 36 and Gaussian 09 37
software, respectively.

3. Results and Discussion
3.1 Stability
The double-ring B20 species is created with 20 boron
atoms that are located in two parallel rings. At first,

we have added one Li atom to different sites of the
double-ring B20 species on the double PES. In spite of
numerous attempts, we have just found one optimized
geometry for B20 Li1 molecule as shown in Figure 1
through the face, side and top view. By starting from the
B20 Li1 molecule, the second Li atom has been added
to different positions of the B20 Li1 molecule on the
singlet PES to obtain the possible optimized geometries of the B20 Li2 molecule. The similar trend has
been used to reveal the possible optimized geometries for each of the nLi@B20 (n = 3–9) molecules
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Figure 4.

The position of the HOMO of the nLi@B20 (n = 1−9) molecules.

through optimization process without constraint. Next,
the obtained geometries in each nLi@B20 (n = 1−9)
molecules have categorized based on energy. It is necessary to say that we have found just one optimized
geometry for the Lin @B20 (n=1, 2 and 9) systems.
In contrast, several optimized geometries have been
obtained in each of the Lin @B20 (n = 3–8) systems.
In the present work, we presented the most stable
geometries for each Lin @B20 (n = 1−9) systems in
Figure 1. Moreover, the obtained geometries for the second rank of stability in the nLi@B20 (n = 3–8) molecules
have been shown in Figure S1 in Supporting Information.
The comparison of the most stable geometries of
nLi@B20 (n = 1−9) molecules through Figure 1 shows

that only one of the Li atoms locates interior of the
double-ring of B20 species and other Li atoms locate
external of the double-ring. Additionally, the existence
of the Li atoms affects the geometry of the doublering B20 species resulting into the distortion in the ring
of the nLi@B20 (n = 1−9) molecules. In Figure 1,
we have shown atomic interactions through solid lines
confirming B–B and Li–B interactions in the nLi@B20
(n = 1−9) molecules. Note that Li–Li interaction has
not been found in the nLi@B20 (n = 1−9) molecules
through AIM analysis.
To the best of our knowledge, the adsorption energies
can provide obvious vision about the thermodynamic
stability. Therefore, we have listed the adsorption energies per Li atom of the most stable geometries for each
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The position of the LUMO of the nLi@B20 (n = 1−9) molecules.

of the nLi@B20 (n = 1−9) molecules in Table 1 and
have shown them in Figure 2. The results show that
the adsorption energies per Li atom are −2.51 eV to
−3.57 eV. Firstly, these reported large values to reflect
the high tendency of the double-ring B20 species for
the adsorption of Li atoms. Secondly, the obtained
values confirm that increasing the number of the Li
atoms results in decreasing adsorption energy per Li
atom in the nLi@B20 (n = 1−9) molecules. Moreover, the B20 Li1 species has the biggest (−3.57 eV)
and the B20 Li9 species has the smallest (−2.51 eV)
adsorption energy among all molecules reported in the
present paper. Therefore, the B20 Li1 species has the highest thermodynamic stability in the nLi@B20 (n = 1−9)
molecules.

In addition to thermodynamic stability, we have
obtained the vertical ionization (VI) energy in order to
ability investigation of the nLi@B20 (n = 1–9) molecules
to use as the source of electron creation. The obtained
values of VI energies for the nLi@B20 (n = 1−9)
molecules are given in Figure 2 and Table 1. The range
of 4.36 eV to 10.21 eV has been obtained for the VI
energies that the B20 Li6 and the B20 Li9 species have the
biggest and the smallest VI energies, respectively. As
shown in Figure 2, the values of VI energies are very
big which show the nLi@B20 (n = 1–9) molecules cannot be appropriate as a source for electron production in
electron transfer reactions.
Due to doping of the Li atoms to the double-ring
B20 species, the deformation occurs in double-ring of
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NBO charges of the atoms in the nLi@B20 (n = 1−9) molecules.

Atoms B20 Li1 B20 Li2 B20 Li3 B20 Li4
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B17
B18
B19
B20
Li1
Li2
Li3
Li4
Li5
Li6
Li7
Li8
Li9

−0.04
−0.03
−0.02
−0.03
−0.04
−0.02
−0.03
−0.04
−0.03
−0.02
−0.02
−0.03
−0.04
−0.03
−0.03
−0.04
−0.03
−0.02
−0.04
−0.04
0.61
−
−
−
−
−
−
−
−

−0.05
−0.06
−0.03
−0.02
−0.04
−0.05
−0.04
0.00
0.00
−0.01
−0.14
−0.06
−0.02
−0.02
−0.04
−0.11
−0.17
−0.15
−0.14
−0.17
0.45
0.83
−
−
−
−
−
−
−

−0.11
−0.09
−0.20
−0.07
−0.07
−0.20
−0.09
−0.11
0.01
0.01
−0.07
0.00
−0.10
0.00
−0.07
−0.19
−0.10
−0.15
−0.10
−0.19
0.20
0.85
0.84
−
−
−
−
−
−

−0.17
−0.12
−0.15
−0.18
−0.18
−0.15
−0.12
−0.17
−0.18
−0.18
−0.09
−0.04
0.00
−0.04
−0.09
−0.19
−0.14
−0.06
−0.14
−0.19
0.16
0.84
0.79
0.78
−
−
−
−
−

the B20 molecule. We observed the range of 0.10 eV
to 4.29 eV for the deformation energies. As shown
in Figure 2, the deformation energies increase along
with increasing number of the Li atoms. Namely,
the B20 Li1 and the B20 Li9 species have the smallest
(0.10 eV) and the biggest (4.29 eV) deformation energies of the nLi@B20 (n = 1−9) molecules. The values
of deformation energies are very large which means that
approaching Li atoms to the double-ring B20 backbone
causes to severe distortion in the double-ring geometry
of the B20 .
Chemical stability of molecules can be examined
through HOMO–LUMO energy gaps (HLG) for αand β-electrons (HOMO: highest occupied molecular
orbital, LUMO: lowest unoccupied molecular orbital).
The HOMO–LUMO energy gap and the HOMO and the
LUMO orbitals energy have been given in
Figure 3 and Table 2. Note that the molecules with 2n
(n = 1–4) Li atoms have only α-set of electrons. In contrast, the molecules containing 2n–1 (n = 1–4) Li atom(s)
have both α-set and β-set of the electron. According to

Species
B20 Li5 B20 Li6 B20 Li7 B20 Li8 B20 Li9
−0.14
−0.26
−0.06
−0.17
−0.16
−0.12
−0.19
−0.08
−0.21
−0.20
−0.12
−0.19
−0.08
−0.21
−0.20
−0.14
−0.26
−0.06
−0.17
−0.16
0.03
0.78
0.78
0.81
0.81
−
−
−
−

−0.14
−0.28
−0.10
−0.55
−0.14
−0.13
−0.17
−0.09
−0.21
−0.22
−0.13
−0.17
−0.09
−0.21
−0.22
−0.14
−0.28
−0.10
−0.55
−0.14
0.06
0.78
0.78
0.79
0.79
0.85
−
−
−

−0.45
−0.34
−0.03
−0.29
−0.28
−0.08
−0.21
−0.12
−0.15
−0.29
−0.31
−0.40
−0.09
−0.14
−0.17
−0.14
−0.38
−0.42
−0.29
−0.26
0.14
0.74
0.72
0.78
0.78
0.76
0.85
−
−

−0.42
−0.44
−0.06
−0.54
−0.15
−0.40
−0.40
−0.10
−0.13
−0.23
−0.39
−0.39
−0.10
−0.13
−0.23
−0.42
−0.45
−0.07
−0.54
−0.15
0.20
0.76
0.76
0.77
0.77
0.82
0.84
0.84
−

−0.41
−0.44
−0.05
−0.55
−0.17
−0.38
−0.42
−0.08
−0.51
−0.22
−0.38
−0.42
−0.08
−0.51
−0.22
−0.41
−0.44
−0.05
−0.55
−0.17
0.20
0.75
0.75
0.76
0.76
0.8
0.83
0.82
0.83

Figure 3, the HOMO–LUMO energy gap of the nLi@B20
(n = 1−9) molecules changes from 1.32 eV to 2.34 eV,
due to doping Li atoms to the double-ring B20 species.
The results show that maximum HOMO–LUMO energy
gap has been found for the B20 Li6 (2.34 eV) species
and the B20 Li1 species has the smallest HOMO–LUMO
energy gap, 1.32 eV. It is necessary to say that attacking the Li atoms to the double-ring B20 species affects
both energies of the HOMO and the LUMO orbitals as
shown in Figure 3. This means that both the HOMO
and the LUMO orbitals contribute to the change of the
HOMO–LUMO gap.
As we know, a larger value of the HOMO–LUMO
energy gap relates to greater chemical hardness. 38
Therefore, the B20 Li6 species has the greatest chemical
hardness among the nLi@B20 (n = 1−9) molecules.
The position pictures of the HOMO and the LUMO
orbitals in the nLi@B20 (n = 1−9) molecules have
been shown in Figures 4 and 5, respectively. As seen
in these figures, the HOMO and the LUMO orbitals of
the nLi@B20 (n = 1−9) molecules are located only on
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Figure 6.
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The distribution of the spin density of the nLi@B20 (n = 1, 3, 5 and 7) molecules.

the B atoms of the double ring B20 species. Indeed, the Li
atoms do not contribute in the HOMO and the LUMO
locations. Moreover, an increase in the number of Li
atoms on the double-ring B20 species results in more
localization of the HOMO and the LUMO orbitals, as
shown in Figures 4 and 5.
3.2 NBO analysis
The charges of natural bond orbital (NBO) 39–41 for
atoms involved in the nLi@B20 (n = 1−9) molecules
have been listed in Table 3. The results show that all Li
atoms have a positive charge, 0.03 e to 0.85 e. In other
words, all Li atoms have the electron donor role in the
nLi@B20 (n = 1−9) molecules. It is interesting to say
that the Li1 atoms of the nLi@B20 (n = 1−9) molecules
have the smallest NBO charges compared with other Li
atoms, the Li2-Li9 atoms as shown in Table 3. Note that
the Li1 atom of the nLi@B20 (n = 1−9) molecules,
different from other Li atoms, has located in the centre
of the double-ring B20 species. Additionally, the NBO
charges of all B atoms in the nLi@B20 (n = 1−9)
molecules are negative except for a few of the B atoms.

This means that the effective role of the B atoms is
electron acceptor in the present paper.
3.3 AIM analysis
We have used the AIM theory 42–48 in order to understand
better about characteristics and strength of interactions.
Based on the AIM theory, all possible BCPs of the
nLi@B20 (n = 1−9) molecules have been investigated. We have not observed any Li–Li interaction in
the molecules reported in this paper. Moreover, we have
only focused on the Li–B interactions of the nLi@B20
(n = 1−9) molecules. Among all Li–B interactions
reported in the nLi@B20 (n = 1−9) molecules, the
longest interaction belongs to the Li1–B14 interaction
in the B20 Li1 species (2.67 Å). In contrast, the shortest Li–B interaction has been found for B20 Li7 species
(Li2–B18 interaction, 2.05 Å). Subsequently, we have
investigated the electron density, ρ (r ), and ∇ 2 ρ(r) for
the nLi@B20 (n = 1−9) molecules in their BCPs,
only for the Li–B interactions. For the Li–B interactions, the ranges of 0.0099 a.u. to 0.0291 a.u. and
0.0488 a.u. to 0.1349 a.u. have been obtained for ρ (r )
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and ∇ 2 ρ(r), respectively. The slight values of ρ (r ) and
the positive values of ∇ 2 ρ(r) indicate that interactions
between the Li and the B atoms in the nLi@B20 (n =
1−9) molecules have strength and characteristic of weak
and non-covalent, respectively.
3.4 Spin density
The reported molecules in the present paper can be
incorporated in two different categories based on the
PES. The first category includes the nLi@B20 (n = 2, 4,
6, and 8) molecules at the singlet PES without odd electron. The nLi@B20 (n = 1, 3, 5, 7 and 9) molecules should
incorporate in the second category which includes one
odd electron at the doublet PES. It is very interesting
to identify the distribution of an odd electron in the
nLi@B20 (n = 1, 3, 5, 7 and 9) molecules. In this regard,
we have presented spin density of the nLi@B20 (n = 1, 3,
5, 7 and 9) molecules in Figure 6. According to Figure 6,
the odd electron of all the nLi@B20 (n = 1, 3, 5, 7 and 9)
molecules have only localized on the B atoms. In other
words, the Li atoms have no tendency for contribution
in spin density. Moreover, we can observe an increase
in the localization of odd electron along with increasing
number of Li atoms in the nLi@B20 (n = 1, 3, 5, 7 and
9) molecules.

J. Chem. Sci. (2018) 130:130

vertical ionization (VI) energies reflects that the
nLi@B20 (n = 1−9) molecules have high VI energies, 4.36 eV (in the B20 Li9 species) and 10.21 eV (in
the B20 Li6 species). The high values of the VI energies
show that the nLi@B20 (n = 1−9) molecules cannot be appropriate as a source of electrons in electron
transfer reactions. 4) The relatively narrow range of the
HOMO–LUMO gap, 1.32 eV to 2.34 eV, compared to
those of the deformation and the VI energies, shows
the smaller fluctuation of the HOMO–LUMO gap due
to the increasing number of Li atoms in the nLi@B20
(n = 1−9) molecules. Note that the B20 Li6 species have
the highest chemical stability among the nLi@B20 (n =
1−9) molecules. 5) According to the NBO charges, the
Li atoms with positive charges, and the B atoms with
negative charges play the role of electron donor and
electron acceptor in the nLi@B20 (n = 1−9) molecules,
respectively. 6) Based on the AIM analysis, the Li–Li
interaction has been not observed in all the molecules
reported in this paper. Also, the interactions between
the Li and the B atoms in the nLi@B20 (n = 1−9)
molecules are weak and non-covalent. 7) The odd electron of all the nLi@B20 (n = 1, 3, 5, 7 and 9) molecules
has localized only on the B atoms. In other words, the
Li atoms have no tendency to contribute to spin density.
Supplementary Information (SI)

4. Conclusions
In the present study, we have systematically
investigated doping of up to nine Li atoms to the
double-ring nanotubule of the B20 . We have found the
geometrical structures, the stabilities and the electronic
properties of the nLi@B20 (n = 1−9) molecules. Our
results on the nLi@B20 (n = 1−9) molecules can be
summarized as follows: 1) The range of −2.51 eV to
−3.57 eV was obtained for the adsorption energy per
Li atom of the nLi@B20 (n = 1−9) molecules. Moreover, the B20 Li1 and the B20 Li9 species have the largest
(−3.57 eV) and the smallest (−2.51 eV) adsorption
energy. This result confirms the inverse relationship of
the adsorption energy per Li atom and the number of
the Li atoms. Namely, the B20 Li1 species has high thermodynamic stability among the nLi@B20 (n = 1−9)
molecules reported in the present paper. 2) We have
obtained the wide range of 0.10 eV to 4.29 eV for the
deformation energy. These values show that big geometric changes occur in the double-ring B20 species
along with doping of the Li atoms. Additionally, the values reported for deformation energy increase severely
along with increasing number of the Li atoms in the
nLi@B20 (n = 1−9) molecules. 3) The evaluation of the

Supplementary Information is available at www.ias.ac.in/
chemsci.
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6. Atiş M, Özdoşan C and Güvenç Z B 2009 Density Functional Study of Physical and Chemical Properties of
Nano Size Boron Clusters: Bn (n= 13–20) Chin. J. Chem.
Phys. 22 380
7. Fakioğlu E, Yürüm Y and Veziroğlu T N 2004 A review
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8. Demirbaş A 2005 Hydrogen and boron as recent alternative motor fuels Energ. Source 27 741

J. Chem. Sci. (2018) 130:130
9. Mishima O, Tanaka J, Yamaoka S and Fukunaga O 1987
High-temperature cubic boron nitride p-n junction diode
made at high pressure Science 238 181
10. Reisch M S 1987 High-performance fibers find expanding military, industrial uses Chem. Eng. News 65 9
11. Eremets M I, Struzhkin V V, Mao H K and Hemley R J 2001 Superconductivity in boron Science 293
272
12. Boustani I 1997 New convex and spherical structures of
bare boron clusters J. Solid State Chem. 133 182
13. Hanley L, Whitten J L and Anderson S L 1988 Collisioninduced dissociation and ab initio studies of boron cluster
ions: determination of structures and stabilities J. Phys.
Chem. 92 5803
14. La Placa S J, Roland P A and Wynne J J 1992 Boron
clusters (Bn , n= 2–52) produced by laser ablation of
hexagonal boron nitride Chem. Phys. Lett. 190 163
15. Zhai H J, Alexandrova A N, Birch K A, Boldyrev A I
and Wang L S 2003 Hepta-and Octacoordinate Boron in
Molecular Wheels of Eight-and Nine-Atom Boron Clusters: Observation and Confirmation Angew. Chem. Int.
Ed. 42 6004
16. Meng X M, Hu J Q, Jiang Y, Lee C S and Lee S T 2003
Boron nanowires synthesized by laser ablation at high
temperature. Chem. Phys. Lett. 370 825
17. Boustani I, Quandt A, Hernández E and Rubio A 1999
New boron based nanostructured materials J. Chem.
Phys. 110 3176
18. Ciuparu D, Klie R F, Zhu Y and Pfefferle L 2004 Synthesis of pure boron single-wall nanotubes J. Phys. Chem.
B. 108 3967
19. Tai T B, Tam N M and Nguyen M T 2012 The Boron
conundrum: the case of cationic clusters Bn+ with n=
2–20 Theor. Chem. Acc. 131 1241
20. Tai T B, Tam N M and Nguyen M T 2012 Structure of
boron clusters revisited, Bn with n= 14–20 Chem. Phys.
Lett. 530 71
21. Pham H T, Duong L V and Nguyen M T 2014 Electronic
structure and chemical bonding in the double ring tubular
boron clusters J. Phys. Chem. C 118 24181
22. Kiran B, Bulusu S, Zhai H J, Yoo S, Zeng X C and
Wang L S 2005 Planar-to-tubular structural transition in
boron clusters: B20 as the embryo of single-walled boron
nanotubes Proc. Natl Acad. Sci. 102 961
23. Jian-Bing G, Xiang-Dong Y, Huai-Qian W and Hui-Fang
L 2012 Structural, electronic, and magnetic properties of
boron cluster anions doped with aluminum: Bn Al-(2≤
n≤ 9) Chin. Phys. B 21 043102
24. Romanescu C, Galeev T R, Sergeeva A P, Li W L, Wang
L S and Boldyrev A I 2012 Experimental and computational evidence of octa-and nona-coordinated planar
−
iron-doped boron clusters: Fe© B−
8 and Fe© B9 J. Org.
Chem. 721 148
25. Van Duong L and Nguyen M T 2017 Silicon doped boron
clusters: how to make stable ribbons? Phys. Chem. Chem.
Phys. 19 14913
26. Piazza Z A, Hu H-S, Li W-L, Zhao Y-F, Li J and Wang
L-S 2014 Planar hexagonal B36 as a potential basis for
extended single-atom layer boron sheets Nature Commun. 5 3113
27. Romanescu C, Galeev T R, Li W-L, Boldyrev A I and
Wang L-S 2011 Aromatic Metal-Centered Monocyclic

Page 11 of 12 130

28.

29.

30.

31.
32.
33.
34.

35.

36.
37.
38.
39.
40.
41.
42.
43.

44.

45.

−
Boron Rings: Co@B−
8 and Ru@B9 Angew. Chem. Int.
Ed. 50 9334
Piazza Z A, Li W-L, Romanescu C, Sergeeva A P and
Wang L-S et al. 2012 A photoelectron spectroscopy and
ab initio study of B−
21 : Negatively charged boron clusters
continue to be planar at 21 J. Chem. Phys. 136 104310
Popov I A, Piazza Z A, Li W-L, Wang L-S and Boldyrev
A I 2013 A combined photoelectron spectroscopy and
ab initio study of the quasi-planar B−
24 Cluster J. Chem.
Phys. 139 144307
Sergeeva A P, Piazza Z A, Romanescu C, Li W-L,
−
Boldyrev A I and Wang L-S 2012 B−
22 and B23 : AllBoron Analogues of Anthracene and Phenanthrene J.
Am. Chem. Soc. 134 18065
Perdew J P, Burke K and Ernzerhof M 1996 Generalized
gradient approximation made simple Phys. Rev. Lett. 77
3865
Perdew J P, Burke K and Ernzerhof M 1997 Generalized
gradient approximation made simple Phys. Rev. Lett. 78
1396
Adamo C and Barone V 1999 Toward reliable density
functional methods without adjustable parameters: The
PBE0 model J. Chem. Phys. 110 6158
Kendall R A, Dunning T H and Harrison R J 1992
Electron affinities of the first-row atoms revisited. Systematic basis sets and wave functions J. Chem. Phys. 96
6796
Grimme S, Antony J, Ehrlich S and Krieg S 2010 A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu J. Chem. Phys. 132 154104
Biegler-König F and Schönbohm J 2002 AIM2000 Program Package Ver. 2.0. (Bielefeld: University of Applied
Sciences)
Frisch M J et al. 2009 Gaussian 09, Revision A 01, Gaussian, Inc Wallingford CT
Pearson R G 1997 Chemical hardness (New York: WileyVCH) p. 198
Landis C R and Weinhold F 2014 The Chemical bond.
1. Fundamental aspects of chemical bonding Frenking
G and Shaik S (Eds.) (Weinham: Wiley-VCH)
Landis C R and Weinhold F 2005 Valency and bonding: A natural bond orbital donor-acceptor perspective
(Cambridge: Cambridge University Press)
Reed A E, Curtiss L A and Weinhold F 1988 Intermolecular interactions from a natural bond orbital,
donor-acceptor viewpoint Chem. Rev. 88 899
Bader R F W 1990 In The international series of monographs of chemistry Halpen J and Green M L H (Eds.)
(Oxford: Clarendon Press)
Vessally E, Ebrahimi S, Goodarzi M and Mortezapour A
2014 A computational study of the non-covalent bindings in complexes pairing sulfur tetroxide (SO4 (C2V ))
with the nitrous oxide (NNO) Struct. Chem. 25 1141
Vessally E, Mortezapour A and Goodarzi M 2014 On
the intermolecular interactions of isothiocyanic acid
(HNCS) with disulfur monoxide (SSO): a first principles approach J. Sulfur Chem. 35 484
Vessally E, Ebrahimi S, Goodarzi M and Seif A 2014
Insight into detailed mechanism of the atmospheric reaction of imidogen with hydroxyl: a computational study
Struct. Chem. 25 169

130 Page 12 of 12
46. Vessally E, Ebrahimi S, Goodarzi M and Seif A 2013
The location of stationary points in the reaction of fluoroformyloxyl radical (FCO2 (C2V )) with atomic hydrogen:
A computational study on the pathways of the singlet and
triplet reaction and intersystem crossing Comput. Theor.
Chem. 1022 86
47. Seif A, Ebrahimi S, Vessally E and Goodarzi M
2013 Comparative study on the stabilities and prop-

J. Chem. Sci. (2018) 130:130
erties of heterodimers containing the intermolecular
interactions of CF2 Cl2 with the isoelectronic and
isostructure species of N2 O and CO2 Struct. Chem. 24
1737
48. Bagherzadeh R, Vessally E and Goodarzi M 2013 A
computational investigation on the potential energy surface of thiosulfeno with O(3P) reaction Struct. Chem. 24
517

