A Computational NMR Study of Boron Phosphide Nanotubes
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Structural properties of two representative (4,4) armchair and (6,0) zigzag boron phosphide nano-
tubes (BP-NTs) are studied by density functional theory (DFT) calculations. To this aim, both struc-
tures and also the equivalent layer-like structures are individually optimized; afterwards, the boron-11
and phosphorous-31 chemical shielding (CS) tensors are calculated in the optimized structures. The
calculated energies indicate that tubular structures are stabilized and the CS tensors are divided into
some layers based on equality of electronic properties in the structures. All computations are per-

formed by Gaussian 98 program package.

Key words: Boron Phosphide; Nanotube; Density Functional Theory; Chemical Shielding.

1. Introduction

Since carbon nanotubes (CNTs) [1] are metal or
semiconductor depending on their tubular diameter
and chirality, considerable efforts have been stimu-
lated to synthesize non-carbon nanotubes with prop-
erties independent of the restricting factors [2—5].
The binary compounds of groups IIl and V are al-
ways semiconductors and suggested as proper alterna-
tive materials for the CNTs [6—9]. Among these ma-
terials, the tubular structure properties of the group
[I-nitrides, e.g., boron nitride (BN), aluminum ni-
tride (AIN), gallium nitride (GaN), and indium ni-
tride (InN) are more studied [10—13] than those of
the group III-phosphides, e. g., boron phosphide (BP),
aluminum phosphide (AlP), gallium phosphide (GaP),
and indium phosphide (InP) [14]. Since the electronic
properties of BP are similar to those of silicon car-
bide (SiC), much more attentions have recently been
focused on the determination and characterization of
the latter materials, the group III-phosphides [15—16].
Although the possibility of tubular structure of BP has
not been examined up to now, but pioneering computa-
tional works can reveal new trends about the structural
properties of this material for other researchers inter-
ested in this field. In present work, the structural stabil-
ities of BP nanotubes (BP-NTs) are examined by per-
forming density functional theory (DFT) calculations
on the representative (4,4) armchair and (6,0) zigzag
models (Fig. 1). The atomic geometries are allowed
to relax by optimization, and the stabilization ener-

Fig. 1 (colour online). 2D views (a), (c) and 3D views (b), (d)
of the (4,4) armchair (a), (b) and the (6,0) zigzag (c), (d) BP-
NTs.

gies are calculated (Table 1). For a systematic inves-
tigation, the layer-like structures with the same num-
bers of atoms referring to the NTs are also considered
in the calculations. Furthermore, chemical shielding
(CS) parameters are also calculated for the stabilized
structures of the considered NT and layer-like models
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Table 1. Structural properties of BP-NTs and BP-layers.

4.4 (6,0)
Properties NT Layer-like structure NT Layer-like structure
Averaged B-P Length (A) 1.89 1.87 1.90 1.88
Band Gap Energy (eV)? 2.95 1.08 2.27 1.68
Stabilization Energy (au) —10264.04 —10263.72 —8796.71 —8796.54
Binding Energy (kcal/mol)P —201.12 —106.80

2 The energy difference between HOMO and LUMO. P The energy difference between NT and layer-like structures.

(®)

Fig. 2 (colour online). 2D views of the corresponding layer-like structures. The armchair ends of the corresponding (4,4)
armchair structure (a) are saturated by the H atoms whereas the zigzag ends are left unsaturated. The zigzag ends of the
corresponding (6,0) zigzag structure (b) are saturated by the H atoms whereas the armchair ends are left unsaturated.

(Tables 2 and 3). It is noted that nuclear magnetic res-
onance (NMR) spectroscopy is an insightful technique
to study the structural properties of matters [17] and
also the NTs [18 —20].

2. Computational Details

Two representative armchair and zigzag models of
the single-walled BP-NTs are considered within this
work. The considered armchair model is a 12-A length
(4,4) BP-NT consisting of 28 B and 28 P atoms which
16 H atoms saturate the two ends of the tube (Fig.
la,b). The considered zigzag model is a 12-A length
(6,0) BP-NT consisting of 24 B and 24 P atoms which
12 H atoms saturate the two ends of the nanotube (Fig.
1c,d). To compare the properties of tubular and layer-
like structures, the corresponding finite sized layer-like
models of the considered (4,4) and (6,0) NTs with
the same numbers of atoms referring to the armchair
and zigzag NTs are also considered. It is known that
the layer-like structures have two zigzag and armchair
ends, where binding of the zigzag ends due to rolling
makes armchair NT, whereas binding of the armchair
ends due to rolling makes zigzag NT. Therefore, in
the corresponding layer-like structure of the (4,4) BP-
NT, which consists of 28 B and 28 P atoms, the arm-
chair ends are saturated by 16 H atoms but the zigzag

ends are left unsaturated (Fig. 2a). In the correspond-
ing layer-like structure of the (6,0) BP-NT, which con-
sists of 24 B and 24 P atoms, the zigzag ends are
saturated by 12 H atoms but the armchair ends are
left unsaturated (Fig. 2b). The structures are individu-
ally optimized employing B3LYP exchange-functional
and 6-31G* standard basis set by Gaussian 98 pro-
gram package [21]. Afterwards, the !'B and 3'P CS
parameters are calculated for the optimized structures
at the same level of theory based on the gauge included
atomic orbital (GIAO) approach [22]. Local gauge ori-
gin was initially suggested by London [23] for study
of the molecular diamagnetism to define the vector po-
tential of the external magnetic field. Ditchfield [24]
then adapted the idea in the GIAO method for mag-
netic shielding calculations. According to the work of
Ditchfield, in which each atomic orbital has its own lo-
cal gauge origin placed on its center, Prado et al. [25]
and Fukui et al. [26] implemented the GIAO method.
CS is a local property belonging to each nucleus de-
pending on the external magnetic field. The isotropic
CS (0i50) parameter is almost independent of the di-
rection of the external magnetic field while this depen-
dency is available for anisotropic CS [17]. Quantum
chemical calculations yield the CS eigenvalues in prin-
cipal axes system (PAS) (033 > 022 > 071); therefore,
(1) and (2) are used to convert them into the ojs, and
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Table 2. CS parameters of the (4,4) BP-NT.2
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Atoms Ciso (ppm) Ao (ppm) Atoms Ciso (ppm) Ao (ppm)
Bl 36 136 P1 416 142
B2 35 122 P2 360 246
B3 40 109 P3 356 244
B4 43 112 P4 359 245
Average values of B for NT 38 120 Average values of P for NT 373 219
Average values of B for layer-like structure 61 127 Average values of P for layer-like structure 383 290

2 See Fig. 1a for the atomic numbers.

Table 3. CS parameters of the (6,0) BP-NT.2

Atoms Giso (ppm) _AC (ppm) Atoms Giso (ppm) _AC (ppm)
B1 40 126 P1 334 276
B2 25 118 P2 342 248
B3 31 116 P3 374 249
B4 18 144 P4 382 117
Average values of B for NT 28 126 Average values of P for NT 358 222
Average values of B for layer-like structure 49 131 Average values of P for layer-like structure 362 228
2 See Fig. 1c for the atomic numbers.
Ao parameters, respectively (Tables 2 and 3). of the BP-NTs. The diameter of the armchair model
| in the end and middle of the nanotube are 7.85 A and
Giso (ppm) = = (011 + 22 + 033), (1) 6.92 A, resp.ectlvely, meaning that the ends (?f the nan-
3 otube are wider that the middle part. The diameter of
1 the zigzag model in the B-end and P-end of the nan-
Ao (ppm) = 033 — 5(011 +022). (2) otube are 5.85 A and 6.65 A, respectively, meaning

3. Results and Discussion
3.1. Structures

The structures of the (4,4) and (6,0) BP-NTs (Fig. 1)
and also the equivalent layer-like structures are opti-
mized and the B-P average bond lengths, band gap en-
ergies, stabilization energies, and binding energies are
presented in Table 1. It is noted that the layer-like struc-
tures include two structures with the number of atoms
according to the number of atoms of the (4,4) and (6,0)
NTs, separately. The calculations are also done on the
layer-like structures to compare their results with those
of the NTs. The average B-P bond length of 1.89 A and
1.90 A are, respectively, observed for the optimized
(4,4) and (6,0) BP-NTs while these lengths are some
shorter in the layer-like structures. The calculated B-P
bond lengths are almost in agreement with that of the
bulk BP with the length of 1.94 A [15]. In compari-
son with the BN-NTs with average binary B-N bond
length of 1.45 A, there are longer binary bonds in the
BP-NTs. However, parallel to the BN-NTs structure
which N atoms orient outward and B atoms orient in-
ward of the nanotube wall, the P atoms are oriented
outward and the B atoms are oriented inward the wall

that the P-end is wider than the B-end. Due to more
numbers of electrons in the valence shell of P rather
than those of B, this trend is reasonable. In the cor-
responding layer like structures, which have two dif-
ferent types of zigzag and armchair ends, one type
of ends has been saturated by the H atoms whereas
the other type of ends has been left unsaturated. For
the corresponding layer-like structure of the armchair
model, the armchair ends have been saturated by the H
atoms whereas the zigzag ends have been left unsatu-
rated (Fig. 2a). For the corresponding layer-like struc-
ture of the zigzag model, the zigzag ends have been
saturated by the H atoms whereas the armchair ends
have been left unsaturated (Fig. 2b). The calculated
stabilization energies of the investigated finite NTs and
layer-like structures show that the NTs structures could
be more stable than the layer-like structures in both of
the (4,4) and (6,0) models. Furthermore, the binding
energy, which is defined here to be the energy differ-
ence between the investigated finite NT and the cor-
responding layer-like structure, of the (4,4) model is
smaller than that of the (6,0) model which means that
formation of armchair BN-NT is more favorable rather
than that of the zigzag model. Certainly, the binding
energy is defined to be the energy difference between
the infinite NTs and the corresponding infinite layer-
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like structures; however, with the Gaussian 98 pack-
age, the finite structures could only be dealt with in
present study. The band gap energies show that the
BP-NTs and the layer-like structures are almost semi-
conductors but this property is much more observed in
the NTs. It is also noted that the band gap energy of the
armchair NT is some larger than that of the zigzag one.
The reported experimental band gap energy for BP is
2.10eV [27], however, previous DFT study yielded the
values of 1.18, 1.24, and 1.86 eV [6] based on using
different methods of calculations.

3.2. Chemical Shielding Parameters of the (4,4) BP-NT

The CS parameters of the optimized (4,4) BP-NT
(Fig. 1a) and the average values for the equivalent
layer-like structure are presented in Table 2. The re-
sults reveal that the parameters of this nanotube are di-
vided into some layers with similar electronic proper-
ties at each layer. By the considered armchair model
of BP-NT, there are four sets of the CS parameters for
each of the 'B and 3!P nuclei. o, is the average of
the CS tensors while in Ao the CS tensor in z-axis
plays the major role. More orientation of the CS ten-
sors in the z-axis for a nucleus reveals that the atom
is more proper for interactions with external agents.
For "B nuclei, the values of oy, are increased from
the end to the middle of the nanotube; however, the
values of Ao are decreased in the same direction. For
31p nuclei, the values of Oy, are decreased from the
end to the middle of the nanotube; however, the val-
ues of Ao are increased in the same direction. These
results indicate that boron atoms play the major role
in the ends of BP-NTs for interactions with the exter-
nal agents. It is also well known that the B atom is
more electronegative than the P atom; therefore, this
major role of B is expected. Previously, it was also
shown that boron atoms in the end of the nanotube play
the major role in determining the characteristic proper-
ties of BN-NTs. Comparing the average values of NT
with those of the layer-like structure reveals that for
both, B and P, the CS parameters are larger in the latter
structure.

3.3. Chemical Shielding Parameters of the (6,0) BP-NT

The CS parameters of the optimized (6,0) BP-NT
(Fig. 1c) and the average values for the equivalent
layer-like structure are presented in Table 3. In com-
parison with the armchair BP-NT, there are two differ-
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ent ends, B-end and P-end, in the zigzag BP-NT; there-
fore, some different results are expected for this struc-
ture. B1 is the B-end and P4 is the P-end of the con-
sidered zigzag BP-NT. The CS parameters are divided
into four layers for each of the ''B and 3!P nuclei. In
this structure, B1 has the largest values of oj5, and Ac
among other B-layers. By going to the opposite side of
the nanotube, the P-end, the magnitudes of these pa-
rameters are reduced, where B4 placed in the nearest
neighbourhood of P-end has the smallest value of Ojg,.
However, it seems that placing in the nearest neigh-
bourhood of P-end, the CS tensors of B4 orient into the
z-axis yielding the largest value of oj5, among other B-
layers. For P-layers, P4 has the largest value of oj5, but
the smallest value of Ao through other P-layers. The
harmonic changes of these parameters from P-end to
B-end are observed here with oy, decrease while Ac
increase from P4 to P1. This trend is in agreement with
that of the armchair model; however, some discrepan-
cies are observed for the Ao results of B-layers. As
mentioned earlier, the electronic structures of zigzag
and armchair BP-NTs are different; therefore, some ex-
ceptions are expected in their results. In this case, the
exception is viewed just for B4 in the zigzag model
which instead of having the smallest Ao value has the
largest one. It is noted that parallel to the results of
armchair model, this value is decreased from B1 to B3
but it is unexpectedly increased just for B4. Compar-
ing the average CS values of the layer-like and the NT
structures show that the layer-like structure still has the
larger values; this trend is in agreement with the results
of the armchair model.

4. Conclusions

The structure properties of the (4,4) and (6,0) BP-
NTs are studied by DFT calculations of the energies
and the CS parameters in the optimized structures of
NTs and layer-like models. The comparison of the sta-
bilization energies shows that the NTs models are more
stable than the layer-like ones. Furthermore, the ban
gap energies are also increased in the NTs models re-
garding to the layer-like structures. The CS parame-
ters are divided into some layers with equivalent elec-
tronic properties. In the armchair model, from the end
to the middle of the nanotube, the Gy, values of !'B
are increased while those of 3'P are decreased. In con-
trast, the Ao values of !B are decreased while those of
31P are increased in the same direction. In the zigzag
model, from P-end to B-end, parallel results are ob-
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served for 3'P while discrepancies for ''B results. The

major difference in the results is that the Ac value of
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