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Abstract The electronic structure of a boron nitride
nanocone with 240° disclination, and some properties that
derive from this structure, were studied by density-functional
theory calculations. In the considered model there are only
hexagonal rings, with the apex and mouth of the nanocone
saturated by hydrogen atoms. The model was optimized, and
then the nuclear quadrupole resonance parameters were cal-
culated at the sites of ''B and "*N nuclei. The results revealed
that the nuclei in the boron nitride nanocone are divided into
layers with similar electronic properties. The nuclei at the
apex and mouth are very important for the electronic
behavior of the nanocone, with ''B playing the major role.

Keywords Electronic structure - Electric field gradient -
Nuclear quadrupole resonance - Density-functional theory

Introduction

Following the discovery of carbon nanotubes (CNTs) [1],
various forms of this fascinating novel material have been
intensively studied employing a range of methods. Among
these forms, nanocones have been observed either as caps
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at the end of nanotubes or as free-standing structures [2—4].
Further studies have also investigated the properties of
nanocones, employing various theoretical and experimental
techniques [5-7]. Since boron and nitrogen are neighbors
of carbon in the Periodic Table, the combination of B and
N yields the same number of electrons as two carbon
atoms. Therefore, BN hetero-nanostructures are viewed as
having similar, and in some cases better, properties com-
pared with their C-based counterparts; for example, BN
nanostructures are better semiconductors [8]. Boron nitride
nanocones (BNNCs) have been characterized theoretically
and synthesized [9-11]. When building such cones from
a planar hexagonal sheet, various topological defects, e.g.,
pentagonal rings, occur at the apex. In BNNCs, this pen-
tagonal ring defect causes at least one homonuclear B—B or
N-N bond, yielding different electronic properties at the
cone tip [12]; therefore, the study of possible terminations
of BNNCs by appropriate techniques is an important
subject.

The possibility of the formation of pentagonal rings
including B-B and N-N homonuclear bonds at the apexes
of BNNCs has been studied previously [5, 9]. However, to
the best of the authors’ knowledge, the possibility of a
hexagonal ring at the apex of the nanocone, preventing the
formation of homonuclear bonding, has not yet been
studied. In this work, the electronic structure of a repre-
sentative BNNC with 240° disclination and no pentagonal
ring defect at the apex was studied by density-functional
theory (DFT) calculations. To achieve this, the structure
was optimized and the electric field gradient (EFG) tensors
were calculated. EFG tensors at the sites of quadrupole
nuclei, e.g., "B and 14N, yield insights into the electronic
and structural properties of the considered materials.
Experimentally, nuclear quadrupole resonance (NQR)
spectroscopy [13] measures the interaction energy between
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the EFG tensors and the nuclear electric quadrupole
moment (eQ) as the quadrupole coupling constant (Cp).
Another important parameter is the asymmetry parameter
(o), which defines the deviation of the EFG tensor from
cylindrical symmetry at the sites of quadrupole nuclei.
Since the advantages of the calculation of NQR parameters
for studying the electronic structure of BN nanostructures
have been shown by recent studies [14, 15], we used this
procedure to study the electronic structure of BNNCs.

Results and discussion

Figure 1 shows two-dimensional (2D) views of the con-
sidered model, one rotated by 180°, indicating that the apex
and mouth of the BNNC are terminated by heteronuclear
atoms. In Fig. la, the apex is terminated by B and the
mouth is terminated by N atoms, whereas in Fig. 1b the
apex is terminated by N and the mouth is terminated by B
atoms. The apex of the BNNC is not capped but is rather
saturated by two hydrogen atoms, preventing the formation
of pentagonal rings including homonuclear B-B and N-N
bonds. The calculated bandgap energy of the considered
BNNC is 3.51 eV, in agreement with the expected large
bandgap of BN structures (~5.5 eV). The B-N bond
lengths at the apex and mouth of the BNNC are 1.50 and
145 A, respectively, and 1.46 A at the other positions. The
calculated NQR parameters are divided into 12 layers, with
similar parameters in each layer (Table 1 and Fig. 1). This
similarity indicates that the nuclei in each layer show
similar electrostatic properties, resulting in similar NQR
parameters.

In layer 1, the Cy values of "B and "N nuclei are 4.35
and 2.63 MHz, which are the largest values among the

Fig. 1 Front- and back-side
(rotated by 180°) views of the
cone model. Dotted lines
indicate bonding between the
two halves; the layers are
numbered appropriately

(a)
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Table 1 NQR parameters

g [N

Layer Co (MHz) o Layer Co (MHz) No
Bl 4.35 0.24 N1 2.63 0.79
B2 2.76 0.20 N2 1.43 0.45
B3 2.82 0.11 N3 1.64 0.42
B4 2.63 0.15 N4 1.00 0.50
B5 2.73 0.07 N5 1.00 0.31
B6 2.64 0.09 N6 0.74 0.38
B7 2.69 0.04 N7 0.72 0.30
B8 2.65 0.05 N8 0.59 0.28
B9 2.64 0.02 N9 0.58 0.38
B10 2.65 0.05 N10 0.58 0.46
B11 2.66 0.09 N11 0.85 0.75
B12 332 0.24 N12 2.16 0.88

See Fig. 1 for layer numbering

layers for each nucleus type. Cy depends on the orientation
of the EFG tensor eigenvalues with respect to the z-axis
(9..), which makes the major contribution to interactions
with external agents. This means that the nuclei at the apex
are very important for the electronic behavior of the
BNNC. Furthermore, the larger Cy value of "B compared
with that of '*N indicates the major electronic role played
by ''B at the apex of the BNNC. After layer 1, the largest
magnitudes of the Cp values of "B and "N belong to
layer 12, which forms the mouth of the BNNC. It is noted
that terminating atoms at both the apex and the mouth are
saturated by hydrogen atoms. In this layer, there are five
"B and five "N nuclei, with similar NQR parameters
(average values are reported in Table 1). The Cy values of
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"'B and '*N are 3.32 and 2.16 MHz; the value of ''B is still
larger than that of "N at the mouth of the BNNC, indi-
cating the majority role played by ''B in the electronic
behavior of the BNNC.

Boron and nitrogen have different electron valence
shells, with a lone pair of electrons in the valence shell of
nitrogen and no electrons in that of boron. Due to this
different character of the valence shells, different elec-
tronic behavior is expected at the sites of these nuclei.
Table 1 shows that the changes of the values of the
obtained NQR parameters for layers 1 and 12 are notable,
whereas those for the other layers of ''B nuclei are almost
negligible. However, the most notable changes of the val-
ues of NQR parameters are observed for the layers of "“N
nuclei. However, it is noted that the magnitude of the
values for both nuclei reduces from the apex to the mouth
of the BNNC, then increase immediately before the mouth.

Conclusions

We studied the electronic structure of a BNNC with 240°
disclination, and some properties that derive from this
structure. The major difference between the considered
model and those previously studied is that the present
model has no pentagonal ring defect. The calculated NQR
parameters at the sites of ''B and "N nuclei reveal that the
nuclei are divided into layers with similar electronic
properties. The nuclei at the apex of the BNNC have the
largest magnitudes of Cy, with that for "B being larger
than that for "*N. The nuclei at the mouth of the BNNC
also have large magnitudes of Cyp, although smaller than
those at the apex. The large C, values indicate the
importance of the role played by the nuclei at the apex and
mouth of the BNNC in its electronic behavior, with ''B
being the most important.

Computational details

As a representative model of a BNNC with 240° discli-
nation, B4gNycH ;¢ (Fig. 1) was considered in this study.
Such nanocones commonly have pentagonal rings at the
apex as a defect, resulting in homonuclear B-B and N-N
bonds. However, there are just hexagonal rings in the
considered model, with both the apex and mouth of the
nanocone saturated by 2 and 14 hydrogen atoms, respec-
tively. All-atom geometries of this structure were allowed
to relax by performing optimization at the DFT level of

theory, employing the BLYP method and 6-31G* standard
basis set. Afterwards, EFG tensors at the sites of B and
"N nuclei were calculated in the optimized structure at the
same theoretical level. Quantum-chemical calculations
yielded the EFG tensors in the principal axes system (PAS)
in the order: lg.| > |g,,l > lg,,l; therefore, directly relating
to the experiments, Egs. (1) and (2) were used to generate
the NQR parameters (Cp and #3p). The standard Q values
reported by Pyykké [16] are employed in Eq. (1):
0("'B) = 40.59 mb and Q(**N) = 20.44 mb. All calcula-
tions were performed by using the GAUSSIAN9S [17]
package of programs, and the results are summarized in
Table 1.

CQ(MHZ) = ezQQZzh717 (1)

o = |(C]xx—CIyy)/¢Izz|a(O<’7Q<1)~ (2)
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