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A computational study at the level of density functional theory (DFT) was carried out to investigate
the influence of carbon doping (C-doping) on the 11B and 14N quadrupole coupling constants (CQ)
in the (6,0) single-walled boron-nitride nanotube (BNNT). To this aim, a 10 Å length of BNNT
consisting of 24 B atoms and 24 N atoms was selected where the end atoms are capped by hydrogen
atoms. To follow the purpose, six C atoms were doped instead of three B and three N atoms as a
central ring in the surface of the C-doped BNNT. The calculated CQ values for both optimized BNNT
systems, raw and C-doped, reveal different electrostatic environments in the mentioned systems. It
was also demonstrated that the end nuclei have the largest CQ values in both considered BNNT
systems.
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1. Introduction

Since the discovery of carbon nanotubes
(CNTs) [1], many kinds of CNTs [2 – 4] have
been studied. The properties of CNTs are depen-
dent mainly on their chirality, therefore, controlling
the synthesis of CNTs for special purposes is very
difficult [5]. Replacing CNTs by non-carbon nan-
otubes, the properties of which are less dependent
on their chirality, is a way to solve the problem.
A good replacement is the boron-nitride nanotube
(BNNT) [6], which is a semiconductor independent of
chirality [7]. Furthermore, because, the electronega-
tivity of N is larger than that of B, the non-equivalent
ending nuclei cause electric polarization effects in
the BNNTs which may suggest them for optoelec-
tronic applications [8]. Boron and nitrogen are the
neighbors of carbon in the periodic table, and the
sum of the atomic numbers of B and N equals that of
two carbon atoms. Therefore CNTs and BNNTs are
similar to each other. The characteristic properties of
BNNTs made them the subject of numerous studies
[9 – 13].

Nuclear quadrupole resonance (NQR) spectroscopy
characterizes the physical properties of matters [14].
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Electric field gradient (EFG) tensors are very sensi-
tive to the electrostatic environment at the sites of
quadrupole nuclei with spin angular momenta greater
than one-half, e. g. 11B and 14N. Experimentally,
quadrupole coupling constants (CQ) and asymmetry
parameters (ηQ) are measured by NQR. However, be-
cause of the inhomogeneity of the electrostatic envi-
ronment in nanotubes, performing experimental NQR
studies on nanotubes is very difficult. On the other
hand, high-level quantum chemical calculations can re-
produce reliable NQR parameters [15, 16], therefore,
performing such studies can help to predict NQR pa-
rameters in the nanotubes.

In the present work we study the influence of carbon
doping (C-doping) on the 11B and 14N quadrupole cou-
pling constants in the (6,0) single-walled BNNT with
a tube length of 10 Å, the two ends of the tubes being
capped by hydrogen atoms (see Fig. 1). To have a sys-
tematic interpretation of the purpose, two BNNTs were
considered in the NQR calculations, the first model is
a raw BNNT and the second one is a C-doped BNNT.
Both model systems were first optimized, and then the
NQR calculations were performed. To the best of our
knowledge, there are no available NQR data for the
considered model systems of BNNTs in the literature.
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Fig. 1. a) The (6,0) single-walled BNNT in 3D view. b) The raw BNNT in 2D view, the front side. c) The raw BNNT in 2D
view, the back side. d) The C-doped BNNT in 2D view, the front side. The back side is the same as in c.

Table 1. 11B NQR Parameters. In each row, the values in
brackets are for C-doped BNNT and those out of brackets
are for raw BNNT.
Nucleus CQ (MHz) ηQ

B1 4.07 [4.10] 0.30 [0.30]
B2 4.07 [3.90] 0.30 [0.35]
B3 4.06 [3.90] 0.30 [0.35]
B4 4.07 [4.10] 0.30 [0.30]
B5 3.22 [3.44] 0.08 [0.25]
B6 3.22 [—] 0.08 [—]
B7 3.22 [3.44] 0.08 [0.25]
B8 3.18 [3.22] 0.07 [0.16]
B9 3.18 [—] 0.07 [—]

B10 3.18 [—] 0.07 [—]
B11 3.18 [3.22] 0.07 [0.16]
B12 3.06 [2.99] 0.09 [0.07]
B13 3.06 [3.27] 0.09 [0.32]
B14 3.06 [3.00] 0.09 [0.07]
B15 4.07 [4.07] 0.30 [0.30]
B16 4.06 [4.07] 0.30 [0.30]
B17 3.22 [3.21] 0.08 [0.08]
B18 3.22 [3.21] 0.08 [0.08]
B19 3.22 [3.21] 0.08 [0.08]
B20 3.18 [3.16] 0.07 [0.08]
B21 3.18 [3.16] 0.07 [0.08]
B22 3.06 [3.07] 0.09 [0.08]
B23 3.06 [3.07] 0.09 [0.08]
B24 3.06 [3.07] 0.09 [0.08]

Table 2. 14N NQR Parameters. In each row, the values in
brackets are for C-doped BNNT and those out of brackets
are for raw BNNT.
Nucleus CQ (MHz) ηQ

N1 1.00 [1.11] 0.49 [0.41]
N2 1.00 [2.13] 0.50 [0.27]
N3 1.00 [1.11] 0.50 [0.41]
N4 1.09 [0.96] 0.10 [0.23]
N5 1.09 [—] 0.10 [—]
N6 1.09 [—] 0.09 [—]
N7 1.09 [0.96] 0.10 [0.23]
N8 1.18 [2.76] 0.08 [0.96]
N9 1.19 [—] 0.08 [—]
N10 1.19 [2.76] 0.08 [0.96]
N11 2.58 [2.73] 0.84 [0.77]
N12 2.58 [2.33] 0.84 [0.98]
N13 2.58 [2.33] 0.84 [0.98]
N14 2.58 [2.73] 0.84 [0.77]
N15 1.00 [0.99] 0.49 [0.56]
N16 1.00 [0.95] 0.50 [0.51]
N17 1.00 [0.99] 0.50 [0.56]
N18 1.09 [1.03] 0.10 [0.09]
N19 1.09 [1.03] 0.09 [0.09]
N20 1.18 [1.23] 0.08 [0.01]
N21 1.19 [1.23] 0.08 [0.01]
N22 1.19 [1.23] 0.08 [0.01]
N23 2.58 [2.55] 0.84 [0.84]
N24 2.58 [2.55] 0.84 [0.84]
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The calculated CQ and ηQ parameters are presented in
Tables 1 and 2.

2. Computational Details

All quantum chemical calculations were performed
at the level of the density functional theory (DFT) by
the Gaussian 98 package of the program [17]. Two
models of H-capped (6,0) single-walled BNNTs with a
tube length of 10 Å were considered. Model one con-
siders a raw BNNT and model two a C-doped BNNT
(see Fig. 1). Both systems were firstly optimized at
the level of the B3LYP [18, 19] method and 6-311G**
standard basis set, and then the NQR calculations were
performed on the optimized model systems at the level
of the B3LYP method and the 6-311++G** standard
basis set.

Experimentally the measurable NQR parameters are
the quadrupole coupling constant (CQ) and the asym-
metry parameter (ηQ). CQ refers to the interaction en-
ergy of the nuclear electric quadrupole moment (eQ)
and the EFG tensors at the site of quadrupole nu-
cleus. ηQ is defined as the EFG tensors deviation from
cylindrical distribution at the site of quadrupole nu-
cleus. The quantum chemical calculations yield the
EFG tensors in the principal axis system (PAS) with
the order |qzz| > |qyy| > |qxx|, equations (1) and (2) are
used to directly relate the calculated EFG tensors with
the measurable parameters CQ and ηQ. The standard
Q values reported by Pyykkö [20] are employed in (1),
Q(11B) = 40.59 mb and Q(14N) = 20.44 mb. Tables 1
and 2 exhibit the calculated NQR parameters for 11B
and 14N, respectively.

CQ (MHz) = e2Qqzzh−1, (1)

ηQ = |(qxx −qyy)/qzz| (0 < ηQ < 1). (2)

3. Results and Discussion

A DFT study was carried out to investigate the in-
fluence of C-doping on the quadrupole coupling con-
stants of the 11B and 14N nuclei in the H-capped (6,0)
single-walled BNNT. To this aim, two model systems
of raw BNNT and C-doped BNNT were considered in
the calculations (see Fig. 1). The raw system consists
of 24 B atoms and 24 N atoms, whereas in the C-doped
system, six C atoms are replaced instead of three N
and three B atoms as a central ring in the surface of a
tube. Firstly, the two model systems were optimized,

and then the NQR calculations were carried out on the
optimized structures (see Tables 1 and 2). The follow-
ing text will discuss the calculated results of CQ(11B)
and CQ(14N) in the two model systems separately.

3.1. The 11B Quadrupole Coupling Constants

Table 1 presents the calculated NQR parameters
(CQ and ηQ) for 11B in both model systems of raw
and C-doped BNNTs. A quick look at the results re-
veals that C-doping in the tube significantly changes
the electrostatic environment of the BNNT, as can
easily be seen by the different CQ(11B) and ηQ(11B)
of various B nuclei in the two model systems. Fur-
thermore, the EFG tensors at the sites of 11B nuclei
in the raw system do not feel equivalent electrostatic
environments, as can be seen by their decreasing of
CQ(11B) values from the B-end to the N-end of the
nanotube. This is because B and N have different elec-
tronegativities, that of N being larger than that of B.
This yields an asymmetric charge distribution along
the nanotube. Therefore, the atoms on each end have
the largest CQ values, which decrease along the tube
to the opposite end. There are 24 B atoms in the
raw BNNT system, and in the C-doped system three
B atoms are replaced by C atoms. B1, B2, B3, B4,
B15, and B16 are located in the B-end of the nanotube.
In the raw system all mentioned nuclei feel a similar
electrostatic environment, as can be easily seen in their
calculated NQR parameters. However, in the C-doped
system this similarity is perturbed and a different situ-
ation occurres for B-end nuclei. It is noteworthy that in
this situation the nuclei in symmetric positions have
still similar electrostatic environments, but different
from the parameters of nuclei in other positions. Cou-
ples of B1/B4, B2/B3, and B15/B16 have similar NQR
parameters, meaning that the 11B EFG tensors at their
sites feel similar electrostatic environments. Further-
more, the calculated parameters of B15 and B16 re-
mained unchanged, while those of B2 and B3, which
are in the neighbourhood of N2, which is directly
chemically bound to C1, are significantly changed, and
their CQ(11B) are reduced by 0.17 MHz.

B5, B6, B7, B17, B18, and B19 is the next series
of B nuclei which have a similar electrostatic environ-
ment in the raw system. In the C-doped system, B6 is
replaced by C1, then B5 and B7 which are placed in the
two neighbour sides of C1 and are directly chemically
bound to C6 and C2, respectively, have similar NQR
parameters but different from those in the raw system.
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Their CQ(11B) are increased by 0.22 MHz rather than
the raw system, rB−N = 1.45 Å and rB−C = 1.53 Å.
However, the CQ(11B) of B17, B18, and B19 remained
almost unchanged in the two model systems. B8, B9,
B10, B11, B20, and B21 is the other series of nuclei
which are in the same situation in the raw system, how-
ever, B9 and B10 are replaced by C5 and C3, respec-
tively, in the C-doped system. The NQR parameters of
the other B nuclei of this series do not show any sig-
nificant changes. B12, B13, B14, B22, B23, and B24
is the last series of B nuclei in the considered BNNT
model. B12 and B14 are in symmetric positions, and
their electrostatic environment is almost the same, but
their calculated NQR parameters are changed from the
raw to the C-doped system. The values of CQ(11B) are
reduced by 0.06 MHz. However, the calculated NQR
parameters of B22, B23, and B24 are almost the same
in the two model systems. Similar to B5 and B7, B13 is
directly chemically bound to C4, and its CQ(11B) is
increased by 0.21 MHz. The changes of ηQ(11B) al-
most agree with the changes of CQ(11B) for various
B nuclei in the considered BNNT model systems.

3.2. The 14N Quadrupole Coupling Constants

Table 2 exhibits the calculated NQR parameters of
14N nuclei in the raw and C-doped BNNT model sys-
tems. Similar to the B nuclei, CQ(14N) decreases from
the N-end to the B-end of the BNNT, which means that
the nuclei at the ends of the BNNT are more active
than those located in the other positions of the nan-
otube. There are four sets of N nuclei in the raw BNNT,
whereas this similarity is perturbed by C-doping. N11,
N12, N13, N14, N23, and N24 are N-end nuclei in the
BNNT. They have similar NQR parameters in the raw
model system, whereas this equivalent set of N nu-
clei is divided into 3 equivalent sets as N11/N14,
N12/N13, and N23/N24 in the C-doped system. As can
be seen in Table 2, CQ(14N) of N12 and N13 is re-
duced by 0.25 MHz in the C-doped system, while the
CQ(14N) of N11 and N14 is increased by 0.15 MHz.
This trend means that, regarding CQ(11B) of B12,
B13, and B14, N23 and N24 make stronger bonding
with B12, B13, and B14, so the bonding of N11-B12
and also N14-B14 is weakened, therefore, for N11
and N14, the values of CQ(14N) are increased and those
of ηQ(14N) are decreased.

The next set of N nuclei in the considered sys-
tem consists of N8, N9, N10, N20, N21, and N22,

where N21 is replaced by C4 in the C-doped sys-
tem. Although the mentioned nuclei have a similar
electrostatic environment in the raw system, they lose
this similarity in the C-doped system and are di-
vided into two sets of nuclei. N8 and N10 are chem-
ically bound to C5 and C3, respectively, rC−N =
1.43 Å and rB−N = 1.45 Å, and as a result their
NQR parameters are significantly influenced by these
bonds, the CQ(14N) of N8 and N10 is increased
by 1.58 MHz. N4, N5, N6, N7, N18, and N19 make
the next set of N nuclei in the considered systems,
where N5 and N6 are replaced by C6 and C2, respec-
tively, in the C-doped system. N4/N7 and N18/N19
are those nuclei which are in symmetric positions
in the C-doped system, and the influences on the
NQR parameters are similar. The last set of N nu-
clei consists of N1, N2, N3, N15, N16, and N17,
where N2 is chemically bound to C1 in the C-doped
system and its CQ(14N) increases by 1.13 MHz.
The CQ(14N) values of N1 and N3 are also increased
by 0.11 MHz but those of N15, N16, and N17 re-
main almost unchanged in the two model systems.
In agreement with the changes of CQ(14N), the val-
ues of ηQ(14N) are also changed in the considered
systems.

4. Concluding Remarks

Our work was a computational NQR study to in-
vestigate the influence of C-doping on the 11B and
14N quadrupole coupling constants in the two (6,0)
BNNT model systems including raw and C-doped sys-
tems. The calculated parameters for the two systems
show significant differences for some nuclei, while for
some other nuclei no difference is observed. The fol-
lowing trends are concluded by this study. First, the
raw BNNT system does not have similar NQR param-
eters because of the polarity of the ending nuclei. The
values of CQ(11B) are increased from the N-end to the
B-end nuclei, and the values of CQ(14N) are increased
from the B-end to the N-end nuclei. Second, the NQR
parameters of B9 and N5 can be considered as char-
acteristic NQR values for long nanotubes. Third, the
influence of C-doping on the CQ parameters for those
nuclei in neighbourhood is significant, while for the
other ones it is almost negligible. The CQ(11B) and
CQ(14N) values of those B and N nuclei which are di-
rectly chemically bound to the C atom are increased in
the C-doped system.
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