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Abstract The geometrical structure and nuclear magnetic resonance (NMR) parameters of the
pristine as well as carbon, silicon and germanium-doped (10, 0) boron-nitride (BN) nanotubes have
been studied using a DFT-B3LYP method for the first time. When either a Ge, C or Si atom is
substituted for a single B or N in the BN nanotube, the dopant atom extends outward from the sur-
face of the nanotube. Our results show that Ge extends more from the surface than C or Si. It was
found that the NMR parameters are significantly changed for those B and N nuclei that bond

directly to C, Si or a Ge dopant. The calculations were carried out using the Gaussian 03 software

package.

© 2010 King Saud University. All rights reserved.

1. Introduction

Since carbon nanotubes (CNTs) were discovered by Iijima

(1991), research on the synthesis and properties of carbon
and other nanometer-scale tubular structures have proliferated
because these materials offer new opportunities in science and
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engineering. Among all types, group IlI-nitrides have gained a
wide range of attention due to their unique and attractive
properties as well as potential applications. Although many
group Ill-nitride nanotubes have been studied theoretically,
only some have been observed experimentally; those include
single-walled and multi-walled boron-nitride nanotubes (Ben-
gu and Marks, 2001; Chopra et al., 1995; Loiseau et al.,
1996; Golberg et al., 1999; Czerw et al., 2003). BN nanotubes
(BNNTS) are inert to oxidation and thus making them appro-
priate for high temperature use — a major advantage over
graphite ribbon and carbon nanotubes. Also, boron-nitride
nanotubes are semiconductors while carbon nanotubes can
be either metallic or semiconductor depending on the diameter
and chirality of the latter (Saito et al., 1998; Blase et al., 1994;
Xiang et al., 2003; Wu et al., 2005). Because of their attractive
physical properties, BNNT and doped-BNNTs have been
studied theoretically.
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Specifically, three groups (Wu et al., 2005; Si and Xue,
2006; Wu and Zhang, 2008) have performed ab initio calcula-
tions on carbon-, silicon-, and germanium-substituted BN
nanotubes recently. Their results show that C, Si, and Ge
replacements can induce spontaneous magnetization with
none, some or very extended deformation in the nanotube,
respectively — although the outer shell configuration of the
three elements are the same.

Nuclear magnetic resonance (NMR) is a theoretically com-
plex yet simple powerful analytical tool (Bovey, 1988).
Although NMR probes the nuclei of atoms and not the elec-
trons, the chemical environment of specific nuclei can be
deduced from their NMR information. The chemical shielding
(CS) tensors, which are experimentally measured as chemical
shift by NMR, arise at the electronic sites of magnetic nuclei
in order to prevent the nuclei from feeling the full strength
of the applied external field. Although experimental studies
are essential in obtaining information about local bonding
environment and electronic structure, theoretical calculations
can complement our understanding of experimental NMR
parameters as has been shown previously in the case of carbon
nanotubes where NMR parameters have assisted to determine
and distinguish structures of nanotubes (Tang et al., 2000;
Goze Bac et al., 2001; Zurek et al., 2007, Hayashi et al.,
2003). In the case of BN nanotubes, nuclei of >N and ''B
are detected by NMR and hence calculation of the NMR
parameters would be useful to fully understand the local envi-
ronment of atoms within those nanotubes.

In this work, the pristine and C-, Si-, and Ge-substituted
(10, 0) BN nanotube have been studied using density func-
tional theory (DFT) in order to evaluate the influence of C,
Si and Ge dopants on the chemical shift tensors at the sites
of "B and "°N for the first time. The length and location of
substituted atoms in the (10, 0) BN tubes are similar to the sys-
tems of previous investigations by others which were per-
formed to study other properties such as geometry and band
structure of the above-mentioned models (Wu et al., 2005; Si
and Xue, 2006).

2. Models and computational methods

In order to investigate the influence of substituted C, Si and Ge
on the chemical shift tensors at the sites of !'B and '°N in the
(10, 0) BN nanotubes, calculations were performed based on
the density functional theory (DFT) using the Gaussian 03
program (Parr and Yang, 1989; Frisch et al., 2004). We consid-
ered seven models of (10, 0) zigzag single-wall BNNTs with a
length of 1.0 nm. Model No. 1 (pristine) is a (10, 0) BN nano-
tube consisting of 40-B and 40-N atoms forming eight layer of
atoms along the tube axis (Fig. 1). Models No. 2—7 are a C-, Si-,
and Ge-substituted (10, 0) BNNT where dopant atoms replace
either the boron or the nitrogen atom in a (10, 0) BN nano-
tubes, respectively (Figs. 2 and 3). In each of the models con-
sidered in this study, both portals were capped by 20 H atoms
in order to avoid dangling bonds and minimize the calculation
time; other elements such as Li could be used as well but cal-
culation time would increase with such a choice (Xin et al.,
2005). The dopant sites in (10, 0) nanotube are labeled as Sp
or Son as shown in Fig. 2.

Initially, structural optimization is completed for the pris-
tine model and the six possible substitution sites of the C, Si

Figure 1 The 2D view of the pristine (10, 0) BN nanotube.

and Ge atoms replacing either the B or the N atom in a bor-
on-nitride nanotube. All structures were optimized using the
hybrid density functional B3LYP-DFT. Then, natural popula-
tion analysis (NPA) and the quantum chemical calculations
were carried out on the seven geometrically optimized models
by the above-mentioned method; 6-31G(d) standard basis sets
(Becke, 1993; Zhang et al., 2005) were used to evaluate natural
charges and the ''B and "N NMR parameters.

Quantum chemical computations yield the chemical shift
(CS) tensors in the principal axes system (PAS) by the order
of g1 < 025 < ag33. The isotropic chemical shielding (ICS) is
determined by (o, + 025 + 033)/3 and the anisotropic chem-
ical shielding (ACS) is calculated using g33 — gy + 25 (Seif
and Boshra, 2009).

3. Results and discussion

The geometrical structure, ICS and ACS parameters of the
pristine (10,0) BN nanotube consisting of 40-B and 40-N
atoms as well as mono-substituted (10, 0) BN nanotube were
studied; the substitution was made with either a C, Si or a
Ge atom at either the boron (Sg) or nitrogen (Sy) site. We
found that the local symmetry for all of the samples of the tube
breaks up after relaxation, since the C, Si and Ge atoms extend
outward from the surface of the normal BN nanotube, forming
a tetrahedral structure with the three nearest neighboring
atoms. The optimized bond lengths and bond angles for the
pristine and C, Si and Ge-doped BNNT are listed in Table 1.
The average B-N bond length is 1.47 A for the pristine form
which is in agreement with previous study (Boshra and Seif,
2009). For the Sy substituted form, the bond lengths between
C-dopant and three neighboring B atoms (B.23, B.24, and
B.34) are 1.54 A, 1.54 A and 1.53 A and for Si- and Ge-dopant
with the same neighbors, bond lengths are 1.98 A, 1.98 A,
1.96 A, 2.05 A, 2.05 A and 2.02 A, respectively. The dopant
bond with B.23 and B.24 are longer than dopant-B.34 bond
because the former bonds include m bonding component.
Although the method we used in this work for the optimiza-
tion of Si- and Ge-doped BNNT is different from that used
by others, our values for average bond lengths are roughly
the same as references 10 and 11, who found 1.93 A and
1.97 A, respectively, for their average dopant-neighboring B-
atom bond lengths.
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Figure 2 The schematic diagram of boron-nitride nanotube (10, 0), magenta and blue spheres are boron and nitrogen atoms,
respectively. Two substitutional sites Sg and Sy (red spheres) for carbon, silicon and germanium atoms. (a) The front side and (b) the back

side.

Figure 3 The 3D view of Ge-substituted (Sy) (10, 0) BNNT.

Table 1 Structural parameters of pristine and C, Si and Ge-
doped BN nanotubes (10, 0), two substitutional sites Sg and Sy
as well as their neighbors are indicated in Fig. 2.

Nuclei Pristine S

N-B.34 1.47 A 1.53 A, [1.96 A, (2.02 A)
N-B.23 1.47 A 1.54 A, [1.98 A], (2.05 A)
N-B.24 1.47 A 1.54 A, [1.98 A], (2.05 A)
/B.34NB.24 119.67° 119.50°, [101°], (98.00°)
/B.34NB.23 119.67° 119.50°, [101°], (98.00°)
/B.23NB.24 116.90° 115.00°, [94°], (91.00°)
B-N.22 1.47 A 1.45 A, [1.77 A], (1.90 A)
B-N.23 1.47 A 1.45 A, [1.77 A], (1.90 A)
B-N.33 1.47 A 1.42 A, [1.76 A, (1.89 A)
/N.22BN.23 118.62° 114.37°, [103.43°], (99.00°)
/N.22BN.33 120.10° 118.00°, [106.37°], (103.00°)
/N.23BN.33 120.10° 118.00°, [106.37°], (103.00°)

# In each row, the first number is for C-doped, the second for Si-
doped, and the third for Ge-doped forms of (10, 0) BNNTSs.

In the final optimized geometries, bond angles (B.34—Sn—
B.24, B.34-Sn—B.23 and B.23-Sn—B.24) decrease slightly in
the C-doped model from their original values of 119.67°,
119.67° and 116.90°. This reduction of the bond angles gets
persists when Si or Ge is substituted for a nitrogen atom with
the latter having the largest decrease in angles — up to 24°. In
each of the three substituted systems, B.23—Sx—B.24 bond an-
gles are found to be the smallest of all other bond angles (Table
1). In the case of Sy dopants, the bond lengths between do-
pants C, Si or Ge and their three adjacent atoms (N.22,
N.23 and N.33) are shorter than Sy substituted dopants; these
values are also in agreement with the previously reported re-
sults (Wu et al., 2005; Si and Xue, 2006). Our results reveal
that in the Ge-doped model of BNNT, the Ge-N and Ge-B
bond lengths have the largest values and the B-Ge-B and
N-Ge-N bond angles have the smallest value in comparison
to other doped systems. Table 1 indicates that the order of
bond lengths is: Ge-B > Ge-N > Si-B > Si-N > C-
N > C-B.

Table 2 shows the evaluated NMR ICS and ACS parame-
ters for >N and ''B in the pristine model of (10, 0) BNNT. It
shows that the 40 B and 40 N atom-nanotube is divided into
four layers with equivalent '>N and ''B NMR parameters
for each layer which was observed previously as well (Zhang
et al., 2005). The ICS values decrease (167, 139, 137 and
104 ppm) going from N.1 to N.4 layers. The ICS values in-
crease (73, 81, 81 and 84 ppm) going from B.1 to B.4 layers.
These trends imply that N-mouth has the largest ICS value
(highest electronic density) and smallest ACS value while B-
mouth has the smallest ICS value (lowest electronic density)
and the largest ACS value among all other layers. The NMR
parameters of the two portals are totally dissimilar from those
of the middle layers of the tube because of the sudden variation
of N.1 and B.1 environments due to the presence of hydrogen
atoms. Although the choice of basis set used in this work (6-
31G(d)) is different from our previous work (6-31G(d, p))
Zhang et al., 2005, the final results are almost the same for
both sets used for computation of the NMR parameters.
Our results indicate that the calculated NMR parameters are
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Table 2 The NMR parameters of the pristine (10, 0) BNNT. ’g g % g @ @ g @
Layers ICS (ppm) ACS (ppm) Layers ICS (ppm) ACS (ppm) ? = = BEE S
N1 167 74 B1 73 48 Bl = =25 o5
N2 139 174 B2 81 34 <|® S BRg IS
N.3 137 181 B.3 81 33

N4 104 230 B4 84 34 g€ 3 228 &8

B = === =@

N = €2 X, X L x, 2
only somewhat sensitive to the choice of basis sets in the den- g x SwL $x
sity functional theory (Schleyer and Mar, 1996). -

First time calculation of the NMR parameters for a C, Si or T -
Ge-doped (10, 0) BNNT with a dopant replacing an N atom S & = =~
(Sn models) or a B atom (Sg models) is shown in Tables 3 I Tl T l
and 4. The NMR values for those B atoms (B.23, B.24 and ? = = T
B.34) which are directly connected to a C, Si or a Ge atom o I I %
in a Sy model show significant changes. The NMR values of I 5 & I
those atoms not directly connected to the dopant atom do T I I o
not undergo any significant changes and their values are the © = N 3 g
same as those of the pristine model. The ICS values for y y : > Eg
B.23, B.24 and B.34 in that order are: 75, 75 and 81 ppm I — N e Z
(for C-doped); 61, 61 and 68 ppm (for Si-doped); and 60, 60 < l ll l 2
and 67 ppm (for Ge-doped). The ACS values for the same B L T T T =l
nuclei increased with respect to other B nuclei. In other words, o o N %
those three B atoms have the smallest ICS values in the Ge- = I 0o I 5
doped (10, 0) BNNT when compared with C- and Si-doped z: l = IR =25 g
models. On the other hand, for those three B atoms which :
are directly connected to dopant atoms, the ICS values de- Z %
crease with decreasing bond angles and increasing B-C, B-Si E = ; - e T
and B-Ge bond lengths. An important point to note is that (2
both B.23 and B.24 nuclei, which are in symmetrical positions, e aaacasls
have the same NMR parameters for all of the three models — zlega == Z2EXE8A %
C, Si or Ge-doped BNNT. Meanwhile, the ICS values of s SEES 2 mosiched e
B.34 nuclei are larger than those of B.23 and B.24 nuclei be- Cleggss  EEZZ8d|E
cause bond angles between B.23 and B.24 are smallest of all S i R ) 2
bond angles (Table 1). S| S e =S e S 2
The NMR values at the sites of >N nuclei (N.3, N.4, N.13, o P
- wnon oo ~ v O\ el
N.15, N.23 and N.24) which are directly bonded to B.23, B.24 Z S23IIZ 222 A
or B.34 nuclei (C, Si or Ge-bonded) undergo significant ;% /E; SrEoss e @ _%?
changes among the '’N nuclei in comparison with the pristine Z| 822X SZ 2oy @
model. For those '’N nuclei, the ICS values decreased but 25| < RS N < od = |2
ACS values increased with respect to the pristine model — E gleEsrtorznooss %
changes in the NMR parameters at the site of '°N nuclei due = - |
to the presence of lone pair of electrons are more than that 2 ‘”r §
at the 'B nuclei. For the Sp model, the NMR parameters E o o
(ICS and ACS) for N.22, N.23 and N.33, which are directly @) T '%
bonded to C, Si, or Ge nuclei, demonstrate major changes g = %2 E
while other N atoms which are not directly bonded to the do- A I I -g
pants undergo smaller changes. It is noted that the changes of U =) a - o
the NMR parameters at the sites of >N nuclei are singularly “ I Il I B
observed in the front side of nanotube as shown in Fig. 2(a) ® = = & B f
while those of the back side remained almost unchanged as 5 c‘,‘\ l O‘L JL 2
shown in Fig. 2(b). The ICS and ACS values for N.22, N.23 § I T T T §
and N.33 decreased in comparison to the pristine model — in =) °H° © 5 o 2
agreement with decreasing bond angles (See Tables 1 and 4). & ~ I i I =
In the Sy models, changes in the NMR parame?ers for B § ~ l awn  owmga <
atoms located in the front side of the nanotube are minor com- ol BT oo z
pared to B atoms of the back side which remained unchanged. = z: l i. (l =22z 5 S E
In the Sy models, the NMR parameters of both N and ''B - §
nuclei in the front side of nanotube are changed. In the Sy 3| g |
models, the NMR parameters changed only at the site of E E ; ; ; ; ]
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Table 4 The NMR parameters of C, Si and Ge-substituted (Sg) BNNTs.
Layers Nuclei ICS* (ppm) ACS? (ppm)
N.1 1=2=-3=4=5=6=7=8=9=10 167, [167], (167) 74, [74], (74)
N2 11=15=16=17=18 =19 = 20 139, [140], (140) 174, [174], (174)
12 =14 143, [138], (137) 170, [175], (173)
13 142, [138], (139) 170, [160], (155)
N.3 21 = 24 140, [138], (138) 177, [178], (173)
22 =23 124, [132], (90) 124, [128], (164)
25 =26 =27 =28 = 29 = 30 136, [137], (137) 181, [181], (181)
N.4 31 =35 105, [104], (104) 231, [231], (232)
32 =34 113, [104], (103) 231, [225], (224)
33 84, [110], (76) 203, [199], (228)
36 = 37 = 38 = 39 = 40 103, [104], (104) 230, [231], (231)
B.1 1=4 73, [72], (71) 47, [47], (47)
2=3 78, [74], (75) 41, [45], (42)
5=6=7=8=9=10 73, [73], (73) 47, [48], (48)
B.2 11=15=16=17=18 =19 = 20 81, [82], (82) 34, [34], (34)
12 =14 83, [82], (83) 31, [30], (28)
13 - = = - = =
B3 21 =24 =25=26=27=28=29 =30 81, [81], (81) 32, [32], (32)
22 =23 83, [81], (80) 30, [32], (31)
B.4 31 =32=33=34=35=136=37 =138 =239 =40 84, [85], (85) 34, [34], (34)

% In each row, the first number is for C-doped, the second one for Si-doped and the third one for Ge-doped forms of (10, 0) BNNTs.

Table 5 The ''B and '°N natural charges.

Nuclei Pristine SN Nuclei Pristine Sg*

B.34 1.147 0.974, [0.570], (0.633) N.22 ~1.197 ~0.970, [~1.362], (—1.292)
B.23 1.194 1.000, [0.571], (0.625) N.23 ~1.197 ~0.970, [~1.362], (—1.292)
B.24 1.194 1.000, [0.571], (0.625) N.33 —1.189 —0.927, [-1.370], (—1.304)
N.3 —1.144 —1.125, [—1.144], (—1.157) B.22 1.194 1.178, [1.192], (1.189)

N.4 —1.144 —1.125, [1.144], (~1.157) B.23 1.194 1.178, [1.192], (1.189)
N.13 —1.201 —1.178, [-1.195], (—1.199) B.12 1.191 1.181, [1.185], (1.176)
N.15 ~1.201 —1.178, [~ 1.195], (~1.199) B.14 1.191 1.181, [1.185], (1.176)
N.23 ~1.189 —1.184, [~1.200], (—1.208) B.2 0.851 0.806, [0.832], (0.827)
N.24 —1.189 —1.184, [~1.200], (—1.208) B.3 0.851 0.806, [0.832], (0.827)

% In each row, the first number is for C-doped, the second one for Si-doped and the third one for Ge-doped forms of (10, 0) BNNTs.

>N nuclei. In both Sy and Sg models of Ge-doped BNNTs,
the ICS values at the site of >N and ''B nuclei decreased more
than C- or Si-doped models, which follow the decreasing bond
angles trend. With respect to the pristine BNNT, the variations
of bond angles for C-doped BNNT in the Sy model are smaller
than those of Si-doped. In the C-doped BNNT, the changes of
the ICS values at the sites B.23, B.24 and B.34 are (as com-
pared to the pristine model) smaller than the Si-doped BNNT
but this trend is reversed at the sites of N.22, N.23 and N.33 in
the Sg model (See Tables 1, 3 and 4). Table 5 lists the natural
charges on substituted B and N sites by C, Si, or Ge atoms. It
is shown that the change in natural charges on the sites of
B.34, B.23, and B.24 substituted BNNTs are larger for doping
with Si, Ge than it is with C dopant. The substitution of N sites
changed the natural charges minutely.

4. Conclusion

We have calculated NMR parameters (ICS and ACS) at the
site ''"B and >N nuclei of BN nanotubes doped with a car-

bon, silicon or a germanium atom for the first time. After
optimization and calculations of ICS and ACS parameters,
some trends were observed: (1) going from C to Si and to
Ge atom, bond lengths increase but bond angles decrease
for those atoms directly connected to C, Si or Ge. (2) In
the Si and Ge-doped BNNT, the local symmetry of the tube
breaks up after relaxation since the Si and Ge form a tetra-
hedral structure with the three nearest-neighboring atoms
and they extend outward as compared to a normal BN nano-
tube. (3) In the pristine model of (10,0) BNNT, the NMR
parameters are divided into equivalent layers, among which
the B.1 (B-mouth) has the smallest ICS but the N.1 (N-
mouth) has the largest ICS among the B and N layers. There-
fore, B.1 layer has the lowest electronic density and N.I layer
has the highest- the two layers can respectively act as electron
acceptor and electron donor. (4) In the Sy substitution mod-
els, the NMR parameters of those B atoms that are directly
connected to a C, Si or Ge and also those Ns that are directly
connected to B (C or Si or Ge bonded) show significant
changes; their ICS values have reduced and their ACS values
have increased while those of the remaining atoms remain
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fairly unchanged. (5) In the Sy substitution models, the NMR
parameters of those N atoms that are directly connected to a
C, Si or Ge atom significantly changes; both their ICS and
ACS values have reduced with respect to other nuclei. (6)
In both Sy and Sy substitutions models, the ICS parameters
of those B atoms directly connected to a Ge atom (Sy model)
and also those of N atoms directly joined to a Ge atom (Sp
model) are minimum in comparison to C and Si-doped
BNNTs.
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