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Abstract Boron nitride (BN) nanochains were successfully
synthesized recently. In this work, we investigate the electron-
ic, energetic, and structural properties of BN nanochains and
nanorings by means of density functional theory calculations.
Our calculations support the experimental findings and offer
additional physical insights into these new nanostructured ma-
terials. We show that BN nanochains are biracial compounds
that tend to be closed and form a ring. They have single and
double bonds alternately throughout the chain. The boron
atoms are not saturated and are strong Lewis acids. Increase
in the length of the chain tends to result in the conversion from
a semiconductor to a semimetal material. The ring structures
are stabler than the corresponding chains, and unlike the
chains these structures are predicted to be insulators. The
binding energy of the chains and rings increases with an in-
crease in their size. Rings with odd or even numbers of BN
units show different electronic properties.

Keywords Computational study . Nanostructure . Boron
nitride . Nanochain

Introduction

In recent years, numerous nanostructured low-dimensional
compounds have been successfully synthesized and have

attracted great attention for their promising applications
and properties [1–11]. Since graphene with its unique
electronic properties has been proposed to be the com-
pound of next-generation circuits, monoatomic carbon
chains are predicted to have a key role in the circuit
industry [12–14]. It seems that there is a similarity be-
tween carbon and BN structures that can be recognized
from comparison of benzene with borazine, graphene
with hexagonal BN, diamond with cubic BN, carbon
nanotubes with BN nanotubes, and fullerenes with BN
nanocages [15–19].

The successful synthesis of monoatomic carbon
chains [20] is resulting in great interest in the equiva-
lent BN structures. Abdurahman et al. [21] have theo-
retically shown that a linear BN arrangement is thermo-
dynamically favorable compared with the corresponding
zigzag geometries. In the linear chains, the N–B–N and
B–N–B angles are both about 180°, but in the zigzag
structures they are about 120° and 109° respectively.
Predicting the existence of BN chains, they demonstrat-
ed that energetically these chains are stabler than the
corresponding carbon chains. Self-assembly of BN
chains on graphene has been investigated as a potential
method for doping, providing anchor points for other
dopants [22]. Cretu et al. [23] reported the synthesis
and characterization of BN monoatomic chains. They
used an electron beam inside a transmission electron
microscope to produce BN chains from hexagonal BN
nanosheets. They demonstrated that the lifetime and sta-
bility of these chains are significantly enhanced when
they are supported by a BN layer, showing their high
reactivity. The boron and nitrogen atoms in the chains
are reactive because they are not in an octet. Therefore,
the interaction of monoatomic BN with the supported
BN layer makes the chains stabler.

* Rouhollah Namazi Rizi
namazi.rizi@gmail.com

1 Department of Physics, Mahshahr Branch, Islamic Azad University,
Mahshahr, Iran

2 Department of Chemistry, Mahshahr Branch, Islamic Azad
University, Mahshahr, Iran

J Mol Model  (2016) 22:205 
DOI 10.1007/s00894-016-3069-y

Downloaded from http://iranpaper.ir

http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-016-3069-y&domain=pdf


In this study, we inspect the electronic, energetic, and
structural properties of BN nanochains and also their
corresponding nanorings by means of density functional
theory calculations. Our main purpose is to investigate
the dependence of the properties on the structural con-
figuration, size, and spin state of these systems. We
anticipated we would find some physical rules that ex-
plain the property changes from small to large scales.
Our calculations support the experimental findings and
offer additional physical insights into these new nano-
structured materials. From the application point of view,
the results can help further development of BN
nanochains and rings. The results for the electronic
properties give insight into the application of these
nanomaterials in the electronic, sensor, and field emis-
sion industries [24–28]. For example, on the basis of
calculations, control of the electronic properties of the
structures studied, which is important in the circuit in-
dustry, can be achieved by a change of the shape and
size. BN nanostructures have attracted extensive atten-
tion for their possible applications in field emitters [29,
30]. An important parameter that determines the perfor-
mance of a field emitter is the work function [31, 32].
The work function depends on the Fermi level, and
thereby on the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), the dependency of which on the shape and
size of the BN nanostructures is investigated herein
[33].

Computational details

The energy calculations, structural optimization, frontier
molecular orbital, and natural bond orbital analyses
were performed at the B3LYP level of theory as exe-
cuted in the GAMESS code [34]. The B3LYP approach
is a hybrid exchange–correlation functional. The approx-
imation is well known, and has been shown to be a
reliable and commonly used level of theory in the in-
vestigation of different nanostructures [35–44]. The
distinguishing feature of hybrid approximations is that
they mix a definite amount of the exact Hartree–Fock
(HF) exchange energy into the exchange and correlation
obtained from other functionals. The B3LYP exchange–
correlation potential Exc takes the exchange–correlation
energy from the local-spin-density approximation
(LSDA) method and adds 20 % of the difference be-
tween the HF exchange energy EX

KS (Kohn–Sham ex-
change energy) and the LSDA exchange energy EX

LSDA

[45]. Then, 72 % of the Becke exchange potential
EX
B88 that includes the 1988 correction is added, follow-

ed by 81 % of the Lee–Yang–Parr correlation potential

EC
LYP [46]. Finally the functional is completed by addi-

tion of 19 % of the Vosko–Wilk–Nusair correlation po-
tential EC

VWN [47]:

EB3LYP
xc ¼ ELSDA

xc þ 0:20 EKS
X − ELSDA

x

� �þ 0:72 EB88
X

þ 0:81 ELYP
C þ 0:19EVWN

C ð1Þ

So the B3LYP exchange–correlation potential contains lots
of empirical parameters. The 6-311+G* basis set was used for
all calculations. The basis set refers to the set of
nonorthogonal one-particle functions used to build molec-
ular orbitals. The 6-311+G* basis set is a split-valence
triple-zeta basis set; it adds one Gaussian-type orbital to
6-31G plus s and p diffuse functions and also a p polar-
ization function for non-hydrogen atoms [48]. The
Gaussian-type orbital is expressed as [48]

g α;m; n; l; x; y; zð Þ ¼ Ne−αr
2
xlymzn ð2Þ

where N is a normalization constant, α is called the
Bexponent,^ x, y, and z are Cartesian coordinates, and l,
m, and n are simply integral exponents at Cartesian coor-
dinates. r2 = x2 + y2 + z2.

Different BN nanochains and their corresponding rings
were explored. The HOMO–LUMO energy gap is defined as

Eg ¼ ELUMO−EHOMO ð3Þ

where ELUMO and EHOMO are the LUMO and HOMO ener-
gies. In the case of open-shell systems, the HOMO will be
replaced by the singly occupied molecular orbital (SOMO),
which is the highest orbital with one electron. To compare the
relative stability of the structures, we defined the binding en-
ergy as follows:

Ebin ¼ E BNð Þn
� �

–nE BNð Þ� �
=n ð4Þ

where E((BN)n) is the electronic energy of the (BN)n chain or
ring, and E(BN) is the electronic energy of the smallest unit of
a BNmolecule. On the basis of Eq. 4, for a BNmolecule (n=1)
Ebin is zero. Physically this means that the BN molecule is the
unit cell and does not interact with any species.

Results and discussion

BN molecule

Let us look at the diatomic hypothetical BN molecule at
the B3LYP level with 6-311+G* basis set. Two
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structures with singlet and triplet spin states were inves-
tigated. The results indicate that the triplet structure
with two unpaired electrons is stabler than the singlet
one by about 18.8 kcal mol−1. The spin density plot in
Fig. 1 shows that these two electrons are localized on
the both boron atom and the nitrogen atom. Also, the
coupled-cluster singles/doubles method with this basis
set shows a stability of about 12.7 kcal mol−1 for the
triplet state. The coupled-cluster method is a very suc-
cessful and frequently used approach for the calculation
of atomic and molecular electronic structure (i.e., for the
stationary electronic Schrödinger equation solution),
whenever high accuracy is required [49]. This method
reformulates the electronic Schrödinger equation as a
nonlinear equation, allowing the calculation of size-
consistent high-precision approximations of the ground-
state solution for the systems.

The BN molecule has been previously produced in
argon and neon matrices by photolysis of H3BNH3,
demonstrating a paramagnetic character with a triplet
ground state [50]. Also, several highly accurate experi-
mental and expensive theoretical methods such as
Fourier transform absorption spectroscopy, laser-
induced fluorescence spectroscopy, and multireference
coupled-cluster methods have confirmed that the ground
state is a triplet [51–53]. The calculated B–N bond length is
about 1.319 Å for the triplet state and about 1.264 Å for the
singlet states. The vibrational frequency is about 1568 cm−1

for the triplet state and 1763 cm−1 for the singlet state.
Experimental values for the B–N bond length and vibrational
frequency are about 1.329 Å and 1496 cm−1 respective-
ly [54]. The reported B–N bond length in a BN nano-
tube and a BN nanosheet is approximately 1.45 Å at the
B3LYP level of theory [55–57]. The shorter B–N bond

length in the BN molecule is due to its triple bond
character.

The results for the HOMO, LUMO, and Eg in Table 1
indicate that both structures have a very narrow gap, which
is an index of kinetic stability. A smaller gap shows lower
kinetic stability. The calculated gap for a (5, 0) zigzag BN
nanotube and BN nanosheet is about 3.69 and 5.93 eV respec-
tively [56, 58], which is much larger than the gap for a BN
molecule. As shown in Fig. 1, the HOMO of the singlet state is
twofold degenerate and is localized on both atoms, whereas
the LUMO is not degenerate and is mainly located on the
boron atom. For the triplet state, the SOMO and the LUMO
are not degenerate and both of them are located on both atoms.
We repeated all of the calculations with a larger basis set (cc-
pVQZ) at the same level of theory and summarize the results
in Table 1 for comparison. It can be seen that this larger basis
set does not greatly affect the electronic, energetic, or geomet-
ric parameters. Thus, we chose the 6-311+G* basis set for our
investigation, preventing time-consuming and expensive
calculations.

The (BN)2 system

For (BN)2, two geometries can be assumed: a linear chain
and a square ring. Linear chains are calculated to be a
singlet or a triplet, and the triplet state is stabler than the
singlet state by about 33.7 kcal mol−1. The spin density
plot in Fig. 2 indicates that the unpaired electrons are
more localized on the end atoms. The energy of the
SOMO and LUMO levels is about −7.20 and −5.14 eV
respectively, and these orbitals are more localized at the
nitrogen and boron head of the chain respectively (Fig. 2).
Eg is calculated to be about 2.06 eV (Table 2). The mo-
lecular electrostatic potential plot (Fig. 2) also demon-
strates that boron atoms are electron-deficient sites and
the nitrogen atoms are electron-rich sites. Vibrational fre-
quencies are in the range of 173 to 2020 cm−1, showing a
true local minimum. The maximum frequency belongs to
a stretching mode of the whole chain. For the square ring
structure, a saddle point with a large negative vibrational
frequency is found, being less stable than the linear struc-
ture by about 72.9 kcal mol−1, which is not reported here.

The (BN)3 system

For (BN)3, the linear stable structure is a triplet and the B–N
bonds alternately increase and decrease in length. Starting
from the boron head, the first bond is the shortest one, with
a length of 1.257 Å, the lenth of the second N–B bond is
1.358 Å, length of the third B–N bond is 1.270 Å, and so
on. This suggests that there exists a lone pair on each nitrogen
atom and an unoccupied orbital on each end nitrogen and
boron atom. Thus, the Lewis structure will be similar to that

Fig. 1 a Spin density, b the lowest unoccupied molecular orbital, and c
the twofold-degenerate singly occupiedmolecular orbital profiles of a BN
molecule. In the molecular orbitals, yellow reflects a positive orbital
phase, whereas green refers to a negative phase. Dark blue for the spin
density indicates the probability of finding the unpaired electron in the
space
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shown in Fig. 3. The spin density plot (Fig. 3) confirms that
the unpaired electrons are localized on the end atoms. The
SOMO and LUMO of the linear (BN)3 lie at −6.50 and
−5.44 eV, generating Eg of 1.06 eV, which is smaller than that
of (BN)2.

The ring structure for (BN)3 is like that of borazine
with its hydrogen atoms removed (Fig. 3). This isomer
is stabler than the linear one by about 69.8 kcal mol−1.
The calculated vibrational frequencies are in the range
of 505 to 1667 cm−1, confirming a local minimum. The
B–N–B angle, N–B–N angle, and B–N distance are
about 69.1°, 150.8°, and 1.355 Å respectively and the
structure has D3h symmetry. Unlike the linear structure,
all bonds are equivalent, which shows there is a reso-
nance in the ring. The HOMO and LUMO lie at −8.67
and −3.36 eV and are twofold degenerate antisymmetric
and nondegenerat symmetric respectively, as shown in
Fig. 3. Eg is about 5.31 eV, which is much greater than
that of the linear structure. On the basis of the natural
bond orbital results, the hybridization of the nitrogen
and boron atoms is sp2.15 and sp1.01 respectively.

The (BN)4 system

For (BN)4,, two isomers—a ring and a chain with singlet and
triplet states respectively—are predicted. The ring isomer is
stabler than the linear chain by about 107.0 kcal mol−1

(Table 2). Similarly to the linear (BN)3, the triplet (BN)4 is
constructed from alternate short and long B–N bonds. The
other properties, including spin density, SOMO, and LUMO
location, are also alike. The energy of the SOMO and the
LUMO in the chain configuration is about −6.02 and
−5.68 eV respectively, yielding a gap of 0.34 eV. As shown
in Fig. 4, the SOMO and LUMO are antisymmetric levels,
localizing alternately on the chain bonds. This confirms that
these bonds have alternate double and single character. The
SOMO and LUMO are located on the shorter and longer
bonds respectively.

As shown in Fig. 4, the ring structure is like a square
in which nitrogen atoms are located at the four vertexes.
In this structure each side involves nitrogen, boron, and
nitrogen atoms with an N–B–N angle of about 166.1°.
The B-N-B angle is about 103.9° and all the B–N bonds

Table 1 Relative energy (E), B–N distance (d), vibrational frequency,
the natural bond orbital charge (Q) transferred from the boron atom to the
nitrogen atom, the highest occupied molecular orbital (HOMO) energy,

lowest unoccupied molecular orbital (LUMO) energy, and Eg for the BN
molecule at the B3LYP level

Basis set BN state E (kcal mol−1) d (Å) Frequency (cm−1) Q (e) HOMO (eV) LUMO (eV) Eg (eV)

6-311+G* Singlet 18.8 1.26 1763 0.853 −8.56 −6.64 1.92

Triplet 0.0 1.32 1568 0.670 −8.46 −5.69 2.77

cc-pVQZ Singlet 18.8 1.26 1767 0.839 −8.56 −6.61 1.95

Triplet 0.0 1.32 1568 0.674 −8.47 −5.63 2.84

The energy of the stabler state is assumed to be zero

Fig. 2 a Molecular electrostatic potential surface of linear (BN)2. The
surface is defined by the 0.0004 e−/b3 contour of the electronic density.
Color ranges: blue more positive than 0.010 a.u.; green between 0.010
and 0 a.u.; yellow between 0 and −0.010 a.u.; red more negative than

−0.010 a.u. b Spin density, c LUMO, and d SOMOof linear (BN)2. In the
molecular orbitals, yellow reflects a positive orbital phase, whereas green
refers to a negative phase. Dark blue for the spin density indicates the
probability of finding the unpaired electron in the space
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are about 1.339 Å. The B–N bonds are equivalent be-
cause unlike the linear configuration, here the nitrogen
and boron atoms are not distinguished and the ring res-
onates between two structures. The point group is D4h.

The HOMO of this structure is mainly located on the
nitrogen atoms with an energy of −7.57 eV and the
LUMO is located on the whole ring with an energy of
−1.87 eV (Fig. 4). The ring structure has a large energy

Fig. 3 a Lewis structure, b spin
density, c ring structure, d
HOMO, and e LUMO for (BN)3.
In the molecular orbitals, yellow
reflects a positive orbital phase,
whereas green refers to a negative
phase

Table 2 Relative energy (E), binding energy (Ebin), B–N–B angle, B–N distance, and the HOMO energy, LUMO energy, and Eg for (BN)n chains and
rings

Unit Isomer E (kcal mol−1) Ebin(kcal mol−1) B–N–B (°) B–N (Å) HOMO (eV) LUMO (eV) Eg (eV)

2 Chain – −76.9 – – −6.66 −5.14 1.52

3 Chain 69.8 −103.4 – – −6.50 −5.44 1.06

Ring 0.0 −126.7 69.1 1.355 −8.67 −3.36 5.31

4 Chain 107.0 −116.9 – – −6.02 −5.68 0.34

Ring 0.0 −143.7 103.9 1.339 −7.57 −1.86 5.71

5 Chain 129.8 −125.7 – – −6.01 −5.73 0.28

Ring 0.0 −151.6 115.8 1.328 −8.19 −1.23 6.96

6 Chain 139.0 −131.5 – – −5.91 −5.69 0.22

Ring 0.0 −154.7 124.4 1.323 −7.57 −1.59 5.98

7 Chain 146.5 −135.7 – – −5.85 −5.67 0.18

Ring 0.0 −156.6 131.3 1.319 −7.89 −1.33 6.56

8 Chain 151.8 −138.9 - - −5.80 −5.65 0.15

Ring 0.0 −157.7 136.6 1.317 −7.54 −1.71 5.81

9 Chain 155.9 −141.2 – – −5.77 −5.64 0.13

Ring 0.0 −158.5 141.0 1.315 −7.35 −1.43 5.92

10 Chain 158.8 −143.5 – – −5.75 −5.63 0.11

Ring 0.0 −159.0 144.6 1.313 −7.48 −1.77 5.71

The energy of the stabler state is assumed to be zero. The numbers in the first column refer to the number of BN units in the structures
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gap of about 5.71 eV, indicating that it is an insulator, unlike
the chains, which are a semiconductor or a semimetal.

The (BN)5 system

For (BN)5,, both rings and chains with singlet and trip-
let states respectively are predicted. Like the former
chains, the (BN)4 chain is assembled from alternate
short and long B–N bonds. The energy of the SOMO

and LUMO in the chain structure is about −6.01 and
−5.73 eV respectively, giving a gap of 0.28 eV. The
ring structure is like a pentagon in which nitrogen
atoms are located at apexes. All B–N bonds are equiv-
alent, with a length of about 1.328 Å, and the symmetry
of the molecule is D5h. The B–N–B angle is about
115.8° and the N–B–N angle is about 172.2°, in which
boron atom is slightly projected out of the ring. This
structure is stabler than the corresponding chain by
about 129.8 kcal mol−1. The HOMO and LUMO of
the ring structure lie at −8.19 and −1.23 eV respective-
ly, producing Eg of 6.96 eV. As shown in Table 2, the
HOMO and LUMO of the pentagon are stabilized and
destabilized in comparison with those of the tetragon,
thus generating a larger Eg and showing greater insula-
tor character.

The larger (BN)n systems

The properties of (BN)n, n = 6, 7, 8, 9, 10, are summarized in
Table 2 for both chain and ring isomers. The structures of chain
and ring (BN)10 are shown in Fig. 5. It can be seen that a
definite trend can be identified for the electronic properties of
chains with an increase in length. Especially, the HOMO level
is destabilized by when the length of the chain is increased and
alsowhenEg is decreased. This suggests that when the length of
the chain is increased, it converts from a semiconductor to a
semimetal compound. This phenomenon may be interpreted on
the basis of the quantum model of a particle in a one-
dimensional (1D) box. In this model, a Bparticle^ of mass m
is confined to a 1D Bbox^ along the x-axis between x = 0 and
x = L. Solving the Schrödinger equation for the 1D box , we
find the energy level for each electron is given by

En ¼ n2h2

8mL2
ð5Þ

Fig. 4 The optimized structures of chain and ring (BN)4 and their frontier
molecular orbitals. Distance in angstroms. In the molecular orbitals,
yellow reflects a positive orbital phase, whereas green refers to a
negative phase

Fig. 5 The optimized structures of chain and ring (BN)10
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where h is Planck’s constant,m is the mass of the particle, and L
is the length of the box. The allowed energies are quantized
levels (n).

Let us assume that the BN chain is a 1D box with length L.
The electrons in this box are confined to the conjugated chain
and cannot move beyond the boundaries. Since the electron
wavefunction extends beyond the terminal boron and nitrogen
atoms, we add nearly half a bond length at each end. This
gives a box of length equal to the number of atoms times the
average B–N bond length (α). Each energy level (n) describes
a molecular orbital capable of accepting up to two electrons.
Eg for the BN chain can be calculated from Eqs.3 and 5 as

Eg ¼ ELUMO−EHOMO ¼ h2

8mL2 nLUMO
2−nHOMO

2
� � ð6Þ

For an N-electron BN system, we can write

nHOMO ¼ N

2
ð7Þ

nLUMO ¼ N

2
þ 1 ð8Þ

L ¼ 2Nα
12

ð9Þ

where 12 is sum of the electrons of a boron and a nitrogen
atom.

Replacement nHOMO, nLUMO, and L on the right-hand side
of Eq. 6 gives

Eg ¼ 9h2

2m 2

2N þ 1

N2

� �
ð10Þ

On the basis of Eqs. 9 and 10, if the length of the BN chain
increases, Eg will decrease, which is in agreement with our
findings.

From Table 2 it can be seen that all the ring structures are
stabler than the corresponding chains because of the more neg-
ative binding energy, but if the number of BN units is increased,
the energy difference is slightly decreased. If the number of BN
units is increased, the stability of chains and rings starts to
increase significantly, but then this increase becomes very slow.
The LUMO level of rings with an odd number of BN units is
stabler than that of rings with an even number. Eg of rings
alternately increases and decreases for odd and even numbers
of BN units respectively. Also, if the number of the BN units of
rings increases, the B–N bonds become shorter.

Conclusions

By means of density functional theory calculations, we have
studied a series of BN nanochains and their corresponding

nanorings. We mainly found that the chains have a linear
structure with a triplet spin state that tends to be converted to
a stable ring. Transformation from a semiconductor to a semi-
metal occur when the length of the chains is increased. Eg of
chains is predicted to be very narrow in comparison with that
of rings. The B–N bonds of chains are alternately changed but
those of rings are equivalent. Unlike the chains, the ring struc-
ture show resonance behavior. Depending on whether the
number of BN units of the rings is odd or even, they show
different electronic properties. The SOMO and LUMO of
chains are destabilized and stabilized respectively if the length
is increased. Our calculations support the experimental find-
ings and offer additional physical insights into these new
nanostructured materials.
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