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Abstract

In this research, the effects of HCN adsorption on the surface of the pristine, Ge, P,
and GeP doped boron nitride nanotube (BNNTS) are investigated by using density
function theory at the B3LYP/6-31G(d, p) level of theory. At the first step, we
consider different configurations for adsorbing HCN molecule on the surface of
BNNTSs. The optimized models are used to calculate the structural, electrical, NQR
parameters and quantum descriptors such as global hardness, global softness,
electrophilicity, gap energy, Fermi level energy, electronic chemical potential, and
electronegativity of BNNTS/HCN complex. Inspection of results demonstrates that
with doping Ge impurity the sensitivity of BNNTSs for adsorbing HCN molecule will
significantly increase considering original values. The adsorption of HCN molecule
on the surface of Ge-doped is more stable and favourable than other models. With
HCN gas absorption and doping of Ge and GeP the NQR, quantum molecular
descriptors and molecular orbital energies of the nanotube/HCN complex alter

significantly from pristine nanotube. Comparing results reveal that the
electrophilicity index of E model is more than those other models.

Keywords: BNNTs; HCN adsorption; DFT; NQR; DOS.

Introduction suitable as sensors in detecting

Hydrogen cyanide (HCN) is a toxic
liquid or colorless gas which boils at 26
°C. It is produced from the smoke of
various tobacco and nitrogen containing
organic materials [1]. Hydrogen
cyanide is a poison compound and it
can also be taken up through the skin
[2]. It is highly lethal to man and
animals, since it inhibits the
consumption of oxygen by the bodily
tissue. Therefore, it is important to
develop sensitive sensors to detect the
presence of toxic HCN [3-5]. In the
recent years, the theoretical research
show that the defective CNTs , BNNTS,
SICNTs, BC2NNTs and graphene are
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HCN[6-11]. The results obtained by
Zhang et al. [7] and Wang et al. [8]
showed that B-doped on CNTs and Si-
doped BNNTSs can be respectively used
as good sensors to detect HCN.
Peyghan et al. proposed that Al doped
BC2N nanotube can improve the
sensitivity of the tube to HCN [9].
Rastegar et al. showed that Si- and Al-
doped graphene improves the strength
of the interaction of HCN gas with
graphene [11]. Boron nitride nanotubes
(BNNTSs) were theoretically predicted
in 1994 [12-13] and experimentally
realized in the following year [14].
BNNTs have a good piezoelectricity,
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elastic, optical properties,
photoelectric and thermal conductivity,
the structures of defective single-walled
BNNTSs, as well as the doping [15-19].
The functionalization of the BNNTSs
with some groups suchas H , F, CCl>,
and NHs, (H2NNO2) have been
investigated in previous theoretical
works, finding that these functional
groups modify the electronic properties
of the tubes in different ways of single-
walled BNNTs and adsorption onto
them have been reviewed [20-23]. The
adsorptions of small molecules (i.e., Hz,
NO, N20, Oy, CO, CO2, CzH4, CoHy,
H>0 and NHs) on to pristine and doped
BNNTs were studied using density
functional theory (DFT) [24-30].

In the previous research, we studied
the AsGa, Ga, C doped on BPNTs and
AINNTs, AIPNTs and CO adsorption
on BPNTs [31-36]. The aims of this
research is to investigate the effects of
Ge, P, GeP on the adsorption of HCN
gas on the surface of boron nitride
nanotubes (BNNTS) in order to reveal
some clues for chemical sensor design.
For these aims, at the first step we
consider eight models for adsorption
HCN on the surface of pristine, Ge, P,
GeP doped of BNNTs: (A) Vertical
adsorption of HCN molecule on the B
site of pristine BNNTs via nitrogen
head, (B) Vertical adsorption of HCN
molecule on the N site of pristine
BNNTSs via nitrogen head, (C) Vertical
adsorption of HCN molecule on the B
site of Ge—doped BNNTSs via nitrogen
head, (D) Vertical adsorption of HCN
molecule on the N site of Ge—-doped
BNNTSs via nitrogen head, (E) Vertical
adsorption of HCN molecule on the B
site. of P—doped BNNTSs via nitrogen
head, (F) Vertical adsorption of HCN
molecule on the N site of P-doped
BNNTSs via nitrogen head, (G) Vertical
adsorption of HCN molecule on the B
site of GeP—doped BNNTSs via nitrogen

head and (H) Vertical adsorption of
HCN molecule on the N site of GeP—
doped BNNTs via nitrogen head
(Figure 1). All  structures  of
nanotube/HCN complex models (A—H)
have been optimized, and then, the
electronic structure properties, quantum
parameters, adsorption energies, band
gaps, HOMO and LUMO orbitals and
NQR parameters for all models are
calculated and results are analysed.

Computational methods

In the first step, all representative (A—
H) models of (4, 4) armchair single-
walled BNNTSs are allowed to relax by
all atomic geometrical parameters in the
optimization at the DFT level of
B3LYP exchange functional and 6-31G
(d, p) standard basis set using the
GAMESS suite of programs [37].
Adsorption energy (Eadss) of HCN
molecule on the pristine and Ge, P,
GeP-doped BNNTs is calculated as
follows:

En=E, _—(E  +E_)+BSSE ()

where EsnntsHon Obtained from  the
scan of the potential energy of the
BNNTs-HCN, Esnnrs is the energy of
the optimized BNNTs structure, and
Encn is the energy of an optimized
HCN and BSSE is Base set
superposition error. The quantum
molecular  descriptors  electronic,
chemical potential (), global hardness
(n), electrophilicity index (w), energy
gap, global softness (S), Fermi level
(Erv), and electronegativity (y) of the
nanotubes are calculated as follows:
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su=—( +A)/2 )
n=>0-A)/2 3
X=—H (4)
w=u’12n (5)
S =1/2y (6)
E|:|_ — EHOMO ;_ ELUMO (7)
AN =—#£ 8)
n

AEgap =E umo —Eromo )
C, (MHZ)=e*Qq,,h™* (10

where | (—Enomo) is the ionization
potential and A (—ELumo) the electron
affinity of the molecule. The
electrophilicity index is a measure of
the electrophilicity power of a molecule
[31-36, 38-44]. The NQR parameters
(Cq, nq) are determined as above the
level of theory. The NQR parameters
refer to the interaction energy of the
nuclear electric quadrupole moment
and the EFG tensors at the site of
quadrupole nucleus. Egs. (10, 11) are
used to convert the EFG tensors to the

measurable parameters Cq and #q [45].
The standard Q values of B and **N
atoms are 4059 and 20.11 mb
respectively [46].

Co, (MHZ)=e%Qq,,h™

Ty = (qxx _qyy)/qzz

@, >d,, >0y)
Q is nuclear electric quadrupole
moment and gz is the Z component of
the EFG tensor in the principal axes
system.

(1)
0<n, <1

Results and discussion

Geometrical parameters HCN
adsorption on BNNTs

From  optimized  structures  of
considered eight models (A-H) (See
Fig.1), the structural parameters such
as: the bond lengths of (B—N) and bond
angles (B-N-B) of the pristine, Ge, P
and GeP—doped of (4, 4) armchair
BNNTs are detected and results are
tabulated in Table 1.

F G

H Pristine

Figure 1. 2D views of pristine and Ge, P, GeP doped of (4, 4) armchair model of BNNTs for
(A-H) models for adsorption HCN and pristine BNNTSs
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The average B-N bond length of
armchair forms of BNNTs is 1.45A,
which is in agreement with other
studies [16-19]. With doping Ge, P
atoms on the site of the B41 and N42 of
(4, 4) armchair form of BNNTs (See
Fig .1), the bond lengths between N31-
Ge, B32-P and Ge-P are 1.84, 1.90 and
2.28 A respectively. By adsorbing HCN
molecule on the surface of pristine, Ge,
P and GeP-doped BNNTs ((A—H)
models) the bond length changes
slightly from the original values.
Comparing the results reveals that
doping of Ge and P atoms have has a
significant effect on the charge transfer

from B and N atoms and vyielding
asymmetric electronic charge density
distribution along Ge-N and B-P
bonds. Moreover the adsorption of
HCN molecule on the surface of
BNNTSs slightly changed the charge
transfer between B and N atoms and
therefore the bond length is slightly
altered. The bond angles of neighbor of
P and Ge atoms at all models decrease
from the original values. The radius of
Ge and P atoms is more than B and N
atoms and therefore doping of P and Ge
atoms cause that the neighbor atoms of
doping is agglomerated and the bond
angles is decreased.

Table 1. Structural parameters of adsorption HCN molecule on the surface pristine and Ge, P,

GeP doped of BNNTs models (A-H fig. 1)

Bond length(A) Mode A Model Model Model Model Model Model Model
B C b E F G H

B41/Ge-Na2/P 1.45 1.45 1.83 1.87 1.95 1.95 2.28 2.35
Ba1/Ge-Nay 1.45 1.45 1.81 1.84 1.47 1.45 1.83 1.86
B41/Ge-Ns1 1.45 1.45 1.81 1.83 1.46 1.46 1.83 1.85
N2/P-Ba2 1.45 1.45 1.44 1.44 1.90 1.90 1.93 1.92
Nu2/P-Bs2 1.45 1.45 1.44 1.44 1.90 1.90 1.92 1.92
Ns2-Bs2 1.45 1.45 1.44 1.45 1.45 1.45 1.44 1.45
Bond angel(®)

B41/Ge-P/N42-Bs2 115 115 114 114 89.2 89.2 90.4 90.5
B32-P/Na2-Bar/Ge 114 114 113 113 89.2 89.2 90.1 90.5
B32-P/N42-Bs2 119 119 121 122 97.8 97.8 96.8 96.8
Ns1-B41/Ge-Ns1 119 119 106 103 121 121 104 100
Ni1-Na1/Ge—P/Na2 119 119 104 101 119 119 109 105
Ns1-B41/Ge-P/Naz 120 120 105 102 118 118 110 107

The adsorption energy for approach. Among the (A—H) adsorption

HCN/BNNTs complex is calculated by
Eqg.1 and results are in given Table 2

models
thermodynamically approach

the

C

model

is

in
the

and Figure 2. The adsorption energy of
HCN/BNNTs complex is in the range
of —10.92 to -1.63 eV. The adsorption
energies of (A—H) models are negative
and all adsorption process is exothermic
and is favorable in thermodynamic

most stable with negative E (ads) of —
10.92 eV and lower distance of HCN to
nanotube 1.84 A. Eags of the C and G
models are —1.63 eV with distance 2.77
A and are more unstable than other
those models.
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212 - -10.92

H E(ads)/ev

Figure 2. The graph of adsorption energy of pristine and Ge, P,
GeP doped (A-H) models BNNTSs (see Figure 1)

The results reveal that wvertical
adsorption of HCN molecule on the N
site of pristine BNNTs via nitrogen
head and GeP—doped BNNTs via
nitrogen head are more unfavorable
than other models and doping Ge
decrease adsorption of HCN on the

surface of BNNTs. The adsorption of
HCN molecule on the surface of
BNNTSs is physisorption process due to
weak van der Waals interaction
between the nanotube and the HCN
molecule. The BSSE values of all
systems are in range 0.002—0.004 eV.

Table 2. Quantum parameters of HCN adsorption HCN on the surface of (4,4) armchair
BNNTs (models A —H, Figure 1)

A B C E F G H
E(HOMO)lev 633  -504  -6.05  -4.77 -6.64 561 663  -514
E(LUMO)ev  -0.27 -065  -0.36  -0.72 026  -0.019 099  -0.38
E(ads)/ev 464 21092 -163  -4.64 -4.64 464  -163  -4.64
I/ev 633 504  6.05 477 6.64 5.61 6.63 5.14
Alev 0027 065  0.36 0.72 0.26 0019 0.9 0.38
wev 318 284 321  -2.74 -3.45 281 381  -2.76
y/ev 318 284 321 2.74 3.45 2.81 3.81 2.76
n/ev 315 220  2.84 2.02 3.19 2.80 2.81 2.37
S/(ev)-1 016 023 018 0.25 0.15 0.17 0.18 0.21
olev 160 184 181 1.87 3.73 1.42 2.57 1.60
AE(gap)/ev 630 440  5.09 4.05 6.38 5.60 5.63 4.75
BSSE 0001 0002 0002 0003 0002 0004 0003  0.002
AN 101 129 113 1.36 1.08 1.01 1.44 1.16

Quantum molecular descriptors

To study the effects of HCN adsorption
on the surface of pristine ,Ge, P and
GeP doped on distribution of electron
density of BNNTS, the highest occupied
molecular orbital (HOMO) and the
lowest unoccupied molecular orbital
(LUMO) are calculated  using

B3LYP/6-31G (d, p) and results are
shown in Figure 3. Notation 1 and 2 is
used for HOMO and LUMO orbitals at
all models (A-H). Figure 3 shows that
at A and B models the density of
HOMO orbitals are distributed on the
center of nanotube near the HCN
adsorption and LUMO orbitals are
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located on the head nanotube, due to
donor electron effect of a lone pair
electron of nitrogen atom of HCN. By
doping Ge, P and GeP atoms the
HOMO orbitals at C-1, D-1, E-1, F-1,
G-1 and H-1models are located on the
center of nanotube near HCN
adsorption and doping area; Moreover
the LUMO orbitals at C-2, D-2, E-2, H-
2 are localized on the surface of HCN
molecule. The comparison results
reveal that by doping Ge, P, and GeP
atoms and adsorbing HCN the density

of electrons are pervaded on the surface
of nanotube. From the HOMO/LUMO
orbitals results, the densities of states
(DOS plot) for all models are
determined in energy range —10 to 5 eV
by using GaussSum program [47] and
are shown in Figure 4. The
comparisons made on DOS plots of all
models reveal that the number of DOS
peak at the HOMO region is five peaks
and at the LUMO region are seven
peaks.

G-1 G-2 H-1

H-2

Figure 3. Plots of HOMO and LUMO structures of HCN adsorption on the pristine and Ge,
P, GeP doped (A-H)models of BNNTSs , notation 1 and 2 indicate HOMO and
LUMO orbital respectively (see Figure 1)
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Figure 4. DOS Plots of HCN adsorption on the pristine and Ge, P, GeP doped (A-H) models
BNNTSs (see Figure 1)

By doping Ge , P and GeP atoms the
altitude of all pecks decrease
significantly from pristine models, and
so the photoelectric properties of all
doped nanotube decrease from original
form. By doping Ge and GeP atoms on
the C, D, G and H models two peaks is
engendered between HOMO and
LUMO area and caused that the gap
energy decrease significantly from
other models, it can be concluded that a
semiconductor properties of these
models increase. The gap energy
between HOMO and LUMO orbitals is
calculated by Egs. 9 and results are
given in Table 1 and shown in Figure 6.
The calculated results of Figure 6 show
that the gap energy is dependent to

configuration of HCN adsorption on the
surface of pristine, Ge, P and GeP
doped BNNTs. The comparison of
results show that gap energy of A and E
models are 6.30 and 6.38 eV
respectively and are more than other
models and gap energy of D model is
4.05 eV and is lower than other models.
The gap energy for adsorption of HCN
on the N site of BNNTSs via nitrogen
head is lower than B site. This lowering
of gap energy may be able to increase
the reactivity of complexes and show
charge transfer to take place between
the HCN molecule and nanotube. These
results are useful to devise sensors for
detecting  HCN molecule in the
environmental pollutions. The quantum
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molecular ~ descriptors  electronic,
chemical potential electron (), global
hardness(y), global softness (S),
electrophilicity index (w), energy gap

(Egap), Fermi level (Er), and
electronegativity (y) of the nanotubes
are calculated and results are given in
Table 2 and Figures (5, 6).

#@E(HOMO)/ev ®wE(LUMO)/ev wmp/ev ®EFL/eV
A B C D E F G H

-6.05

-7 1633 -6.64 -6.63

Figure 5. The graph of energy level of HOMO, LUMO, Fermi level, Chemical potential of
pristine and Ge, P, GeP doped (A-H) models BNNTS (see Figure 1)

77 63 6.38

A B C D E F G H

Ey/ev Hn/ev Mw/ev WMAE(gap)/ev AN

Figure 6. The graph of energy level global hardness(y), electrophilicity index (w), energy gap
(Egap), charge transfer (AN) and electronegativity (y) of of pristine and Ge, P,
GeP doped (A-H) models BNNTSs (see Figure 1)

The chemical potential electron (u) is
change in free energy when electrons

physics. The negative values of
chemical potential show that the

are added or removed from the system.
In the case of electrons, the chemical
potential is usually expressed in energy
per particle rather than energy per mole,
and the energy per particle is
conventionally  given  in  units
of electron volt (eV) in Table 2.
Chemical potential plays an especially
important role in semiconductor

charges transfer between two particles
are spontaneously. The chemical
potential of electrons in solids is closely
related to the concepts of work
function, Fermi level, electronegativity,
and ionization potential. In fact, the
chemical potential of an atom is
sometimes said to be the negative of the
atom’'s electronegativity. Likewise, the
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process of  chemical  potential
equalization is sometimes referred to as
the process of electronegativity
equalization. In this work the chemical
potential electron (x) for all models is
negative in range of -2.74 to —3.81 eV
and reveals that the charge transfer
occurs between nanotube and HCN
molecule. The charge transfer between
HCN molecule and BNNTs at G model
is more than other models. The amount
of charge transfer (AN) between the
HCN molecule and BNNTs s
calculated using the equation (8) and
given in Table 2 and Figure 6. AN
values of (A—H) models are positive in
range of 1.01 to 1.36 eV and indicate
that HCN molecule act as an electron
acceptor.  The global hardness (7) of
(A—H) models is calculated by Eq. 3
and results are given in Figure 6. The
global hardness of (A-H) models in
range 2.02 to 3.19 eV. The global
harness of D model is lower than the
other models; on the other hand it
depends to configuration of HCN
adsorption and doping of atoms. By
doping Ge and GeP doped the global
hardness decreases from pristine model
and so the stability of nanotube
decrease. The electrophilicity index ()
of (A-H) models is calculated by Eq. 5
and results are shown in Figure 6. The
electrophilicity index (w) of E model is
more than other models and H model is

lower than other those models. The
electrophilicity index (®) determines
maximum flow of electron from donor
to acceptor species and supplies data
connected to structural stability,
reactivity and toxicity of chemisorbed
on the surface of nanotube, a fairly
large charge transfer occurs between
two related species, thus their electronic

transport  properties  could be
significantly changed upon
physisorption of HCN.

The nuclear quadrupole resonance
parameters of 1B and °N

Nuclear quadrupole
resonance spectroscopy  (NQR) is
a chemical analysis technique. NQR

transitions of nuclei can be detected in
the absence of a magnetic field, and for
this reason NQR spectroscopy is
referred to as "zero Field NMR." The
NQR resonance is mediated by the
interaction of the electric field gradient
(EFG) with the quadrupole moment of
the nuclear charge distribution. It is this
product which is termed the nuclear
quadrupole coupling constant for a
given isotope in a material and can be
found in tables of known NQOR
transitions. The NQR parameters of !B
and *N nuclei at different sites of (A—
H) models are calculated by Egs. (10
and 11) and results are tabulated in
Table 3 and Figures 7 and 8.

6 1 5.71

HLayers 1

B-site

A B C D
® Layers 2

E F G H
uLayers 3

HLayers4

Figure 7. The CQ parameters for B nuclei of pristine and Ge, P, GeP doped
(A-H) models BNNTS (see Figure 1)
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A B C D
®Layer1

N-site

HLayer 2

4.03

4.01

E F G H
ulLayer3

HLayer 4

Figure 8. The CQ parameters for N nuclei of pristine and Ge, P, GeP doped (A-H) models
BNNTSs (see Figure 1)

The nuclear quadrupole coupling
(CQ) of 32 B and 32 N atoms in all
(A—H) models are separated into four
layers based on the similarity of the
calculated electric field gradient (EFG)
tensors in each layer; therefore, the
electrostatic environment of the BNNTs
is equivalent along each layer. As
shown in Figures (7 and 8) the CQ
values of the first layer for B and N

nuclei for all models are more than
other those layers. The results reveal
that the orientation of the EFG tensor
eigenvalues along the z—axis of the first
layer is stronger than the other layers
along the length of the nanotube.
Moreover the fourth layer has the low
Co among of other layers in alone
nanotube.

Table 3. NQR parameters of HCN adsorption HCN on the surface of pristine and Ge, P, Ge-P
doped (4,4) armchair BNNTSs and adsorption models A-H ( see Figure 1)

Prinstin Ge Doped P Doped Ge-p Doped
cQ nQ cQ nQ cQ nQ cQ nQ
Layerl 3.24 0.19 3.19 0.17 3.14 0.17 3.17 0.17
Layer2 243 0.02 245 0.03 2.46 0.03 241 0.03
Layer3 2.48 0.05 245 0.05 2.65 0.04 2.58 0.05
Layer4 351 0.06 3.48 0.05 351 0.05 345 0.04
NQR parametrs N-Atom
Layerl 3.03 0.95 2.85 0.86 2.86 0.87 2.38 0.85
Layer2 1.68 0.56 1.65 0.51 1.62 0.64 1.70 0.43
Layer3 1.49 0.52 2.16 0.57 1.33 0.14 212 0.31
Layer4 1.55 0.38 1.79 0.40 1.34 042 141 0.34
NQR parameters B -Atom
A B C D
Layerl 3.17 0.16 5.71 0.54 3.19 0.18 3.18 0.17
Layer2 2.46 0.03 3.42 0.55 2.46 0.03 245 0.03
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Layer3  2.49 0.04 4.12 0.92 2.62 0.03 2.59 0.05

Layerd  2.48 0.04 2.83 0.40 257 0.09 3.46 0.05
NQR parameters N-Atom

Layerl  1.60 0.09 1.24 0.04 2.85 0.88 2.83 0.86

Layer2  1.24 0.57 1.61 0.17 1.62 0.64 171 043

Layer3  1.25 053 1.84 0.34 1.33 0.14 2.24 0.27

Layerd  1.25 0.37 1.20 0.05 1.34 0.42 1.44 0.27
NQR parameters B -Atom

E F G H

Layerl  3.22 0.17 3.19 0.17 3.19 0.18 3.18 0.16

Layer2  2.44 0.02 2.44 0.03 2.46 0.03 2.42 0.03

Layer3 252 0.06 2.40 0.05 2.62 0.03 2.57 0.04

Layerd  2.53 0.06 2.34 0.05 2.57 0.09 3.45 0.04
NQR parameters N-Atom

Layerl 257 0.63 1.63 0.39 4.00 0.93 4.03 0.97

Layer2  1.00 031 1.20 041 155 0.41 170 0.67

Layer3  1.10 0.40 1.23 0.25 1.40 0.25 1.03 0.21

Layerd  1.95 0.06 1.28 0.92 1.02 0.92 1.05 0.75

The significant difference between doped BNNTs. The structural,
NQR parameters at the first layer and electrical, HOMO-LUMO, quantum

the fourth layer is due to the change of
the geometrical parameters. The
comparison results of Figure (7) reveal
that the CQ parameters of first layer for
B nuclei at the B model is 5.71 ppm
and is more than other models due to
donor electron effects of HCN
adsorption on the N site of BNNTs. On
the other hand the CQ parameters of
first layer for N nuclei at G and H
models are 4.01 and 4.03 ppm
respectively and are more than other
those models (see Fig 8). The donor
electron effect of GeP doped and HCN
adsorption cause that the density of
electron around N site of first layer is
more than other layers, this result is in
agreement of HOMO orbital density at
first layers of the models B, G and H.

Conclusion

In this research we have presented
studies of interaction between the HCN
molecule and pristine, Ge, P and GeP

parameters and NQR parameters for
eight models (A—H) are investigated by
using DFT theory. The calculated
results indicate that the interaction
between HCN molecule and BNNTS is
physisorption and the adsorption energy
of HCN/BNNTs complex is in the
range of -10.92 to -1.63 eV. The
adsorption energy of the C model is
more negative than other those models
with lower distance of HCN to
nanotube 1.84 A. With doping Ge atom
the sensitivity of BNNTSs to adsorption
of HCN increase significantly from
pristine model. Thereby Ge doped
BNNTSs is a good candidate to adsorb
and make sensor for HCN molecule.
The positive values of AN show that
HCN molecule act as an electron
acceptor. By doping Ge and GeP atoms
the global hardness of system decreases
significantly from pristine models and
so the reactivity of nanotube increases
the HCN adsorption. The NQR
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parameters indicate that the CQ
parameters of first layer the G and H
models are 4.01 and 4.03 ppm
respectively and are more than other
those models.
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