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In this research, the interactions of HCN gas with pristine, Ga-, N- and GaN-doped of boron phosphide nanotube (BPNTSs) were
investigated by using density function theory (DFT). The structure, electrical and NQR parameters, quantum descriptors involving energy
gap, global hardness, global softness, electrophilicity, electronic chemical potential and electronegativity were calculated. The adsorption
energy values of the Al-BIV models were negative and the adsorption process was exothermic. GaN-doped impurity atoms increased the
adsorption of HCN gas on the surface of nanotube and the GaN-doped model was favorable than other models. The NQR parameters of the
fourth layer of pristine and N-doped models were more than those of other models due to the change of the geometrical parameters. The
energy gap between LUMO and HOMO orbital changed slightly from 2.83-3.09 eV, with adsorption of HCN gas on the surface of BPNTSs.
The global hardness and ionization potential and natural charge of NBO calculations showed a charge transfer from the HCN molecule
(nucleophile agent) to the nanotube models (electrophile agent).
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INTRODUCTION

Hydrogen cyanide is a colorless, extremely powerful
poisonous liquid that boils slightly above the room
temperature. It is highly toxic by all routes of exposure and
lethal to man and animals, since it inhibits the consumption
of oxygen by the bodily tissue [1,2]. The amount of cyanide,
the duration of exposure, and the route of exposure all
influence the time to on set and the severity of illness. The
medical researchers have proved that only some people are
able to detect the faint and bitter odor of HCN gas and most
human do not detect it, for this means HCN sensors with
high sensivity are mostly appreciated [3-5]. In the recent
years, monitoring of HCN gas with new sensors has become
a well-established in practice [6-9]. Recently, the
experimental and theoretical investigations reveal that
carbon nanotube is useful to detect even small concentration
of HCN gas [10-12].
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Many research works showed that the defective single
wall carbon nanotubes (SWCNTSs) perform well as sensors
in detecting HCN [13]. Zhang et al. [14] and Zhou et al.
[15] have theoretically shown that B doped SWCNTSs, Si
doped boron nitride nanotubes (BNNTs) and silicium
carbide nanotubes (SiCNTSs) can be used as good sensors to
detect HCN. Wang et al.’s results [16] show that the
interaction of HCN with Si-doped BNNTSs is associated
with a remarkable charge between two fragments. In
addition, Rastegar et al. [17], Ahmadi Peyghan et al. [18]
and Beheshtian et al. [19] revealed that Al and Si doped
graphenes and pristine AINNTs are good sensitive
nanotubes toward HCN molecules. Other research groups
showed that doping is an appropriate method for improving
the sensitivity and performance of pristine nanotubes and
nano-structure materials toward HCN molecules [20-22]. In
the previous research, we studied the structural, electrical
and nuclear magnetic resonance parameters of AsGa, Ga,
C doped on BPNTs [23-26]. In current work, DFT
calculations are performed to study the effects of Ga-, N-
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and GaN-doped (4,4) armchair models BPNTs on the
adsorption of HCN gas. For this aim, at first step, all
structures of nanotube/HCN complex at different
configurations are optimized, and then, electronic structure
properties, quantum parameters, adsorption energies, energy
gap, net charge transfers, electronic densities of states (DOS
spectrum), HOMOs and LUMOs, and NQR parameters of
all representative models of BPNTSs are investigated.

COMPUTATIONAL METHODS

In this work, the electronic structure properties of
Hydrogen cyanide (HCN) adsorption on the surface of
pristine and Ga-, N- and GaN-doped of BPNTs were
investigated by using software Gaussian 03 package [27]
with density functional theory (DFT) and using B3LYP
functional with 6-31G (d) basis set. To study the structural
parameters and electrical properties of adsorption HCN on
pristine, Ga-, N- and GaN-doped on the surface of BPNTSs,
eight models were considered: (Al) Vertical adsorption of
HCN gas on the boron site of pristine BPNTS via nitrogen
head, (All) Vertical adsorption of HCN gas on the boron
site of Ga-doped BPNTSs via nitrogen head, (Alll) Vertical
adsorption of HCN gas on the boron site of N-doped BPNTs
via nitrogen head, (AlV) Vertical adsorption of HCN gas on
the boron site of GaN-doped BPNTS via nitrogen head, (BI)
Vertical adsorption of HCN gas on the nitrogen site of
pristine BPNTSs via nitrogen head, (BIl) Vertical adsorption
of HCN gas on the nitrogen site of Ga-doped BPNTSs via
nitrogen head, (BIIl) Vertical adsorption of HCN gas on the
nitrogen site of N-doped BPNTs via nitrogen head and
(BIV) Vertical adsorption of HCN gas on the nitrogen site
of GaN-doped BPNTSs via nitrogen head (See Fig. 1).

Subsequently, adsorption energy (E.gs) of HCN gas on
the surface of pristine and Ga-, N- and GaN-doped BPNTSs
were calculated as follows:

v 6o #62) "

where Egpnts.nen 1S Obtained from the scan of the
potential energy of the BPNTs-HCN, Egpnrs iS the energy of
the optimized BPNTS structure, and Eycy is the energy of an
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optimized HCN. The quantum molecular descriptors
electronic, chemical potential (i), global hardness (),
electrophilicity index (w), energy gap (Egp), global softness
(S) and electronegativity (y) of the nanotubes were
calculated as follows:

w=-(1+A)2 )
n=(-A)2 ®)
x= (4)
o =12y ()
S=1/2y (6)
Egap = ELumo - Eromo ()

where | (-Epomo) 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 [28-39]. The NQR parameters (the
nuclear quadrupole coupling constants Co, and the
asymmetry parameter #q) 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 (Itensors at the site of quadrupole nucleus. Equations
((8), (9)) were used to convert the EFG tensors to the
measurable parameters Cq and 7q [40]. The standard Q
value of B atom is 40.59 mb [41].

C, (MH2 =€’Qq,h™ 8

(qxx - qyy)/qzz (qzz > qyy > qxx) 0 <nQ <1

Mo =

©)

RESULTS AND DISCUSSION

Geometrical Parameters
To study the effects of Ga, N and GaN atoms, doped on
the surface of BPNTS, on the adsorption of HCN gas, we
consider eight stable configuration models, identified as Al,
All, Alll, AlV, BI, BIl, Blll and BIV models, shown in
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(P)

Fig. 1. 2D views of HCN adsorption on the surface of pristine, Ga, N and GaN-doped (4,4) armchair model of
BPNTs for Al, All, Alll, AlV, BI, BIl, Blll and BIV models and (P) pure nanotube before adsorption
(In all models blue color and black color identify phosphor and boron atom, respectively).
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Fig. 1. The (A) type models show the vertical adsorption of
HCN gas on the boron sites of nanotube and (B) type
models indicate vertical adsorption of HCN gas on the
nitrogen site of nanotube. The structural parameters involve
the bond lengths of (B-P) and bond angles (B-P-B) of the
pristine. Ga-, N- and GaN-doped of (4,4) armchair BPNTs
are calculated and results are given in Table 1. The average
B-P bond length of armchair forms of BPNTs is 1.89 A,
which is in agreement with other studies [20-23]. In (4,4)
armchair BPNTSs, by doping Ga on the B44 site, N on the
P44 site and GaN on the B44 and P44 sites together, the
bond lengths B-P increase from pristine values. With
interaction of HCN gas on the surface of pristine, Ga-, N-
and GaN-doped BPNTs the bond length B-P changes
slightly from the original values. The bond angles of

neighboring atoms of Ga- and N-doped in all models
decrease from the original values. The radius of Ga is more
than that of B atoms and therefore doping of Ga cause that
the doped neighboring atoms are agglomerated and the bond
angles are decreased.

The adsorption energy (E.q) of HCN gas on the surface
of BPNTSs is calculated by Eq. (1) and results are given in
Table 2 and are shown in Fig. 2. Figure 2 shows that the
adsorption energy values of the Al-BIV models are negative
and the adsorption process is exothermic. Comparing the
results indicate that adsorption energy of the GaN-doped
models (AIV and BIV) is more negative than that of other
models. Therefore, GaN-doped impurity atoms increase the
adsorption of HCN gas on the surface of nanotube and the
GaN-doped models are more favorable than other models.

Tabe 1. Bond Length and Bond Angle Prameters of HCN Adorption on Pristine, Ga, N and GaN-doped of BPNTSs (Al-

BIV) Models, See Fig. 1

Bond Length (A)

properties A()) A A1) A(IV) B(I) B(II) B(III) B(IV)
B44/Ga -P31 2.01 2.27 2.00 2.27 1.89 2.28 1.92 2.27
B44/Ga-P44/N 2.00 2.29 1.55 1.93 1.88 2.29 1.45 1.93
B32-P44/N 1.87 1.89 1.45 1.43 1.89 1.89 1.48 1.43
B44/Ga -P51 2.01 2.27 2.00 2.27 1.89 2.27 1.92 2.27
P44/N-B52 1.87 1.89 2.00 1.43 1.89 1.89 1.48 1.43
B32-P32 1.90 1.87 1.91 1.91 1.88 1.87 1.87 1.91
B52-P52 1.90 1.87 1.91 1.91 1.88 1.87 1.90 1.91
P31-B31 1.90 1.90 1.88 1.90 1.88 1.90 1.87 1.90
P51-B51 1.90 1.90 1.88 1.90 1.88 1.90 1.87 1.90
Bond Angle
<P31-B44/Ga-N/P44 115.22 121.23 120.72 122.60 121.78 121.26 126.02 122.61
<B32-N/P44-B44/Ga 115.22 102.71 117.70 114.29 110.10 102.70 118.17 114.30
<B44/Ga-N/P44-B52 116.99 103.59 119.31 116.06 110.45 103.59 119.31 116.07
<P51-B44/Ga -N/P44 115.34 120.67 121.12 122.50 121.68 120.68 126.20 122.50
<P31-B44/Ga-P51 112.63 112.82 103.28 107.05 116.44 112.79 107.75 107.04
<B32-N/P44-B52 119.19 114.94 122.84 129.34 116.60 114.96 121.50 129.33
<B21-P31-B44/Ga 114.48 108.94 109.56 104.17 117.13 108.92 114.29 104.15
<B44/Ga -P51-B61 114.65 108.76 109.07 103.65 116.77 108.75 113.40 103.65
<P22-B32-N/P44 118.54 119.46 123.41 124.91 117.36 119.48 123.40 124.91
<N/P44-B52-P62 11791 118.86 122.82 124.39 116.40 118.88 122.83 124.39
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Table 2. The Quantum Molecular Descriptors Parameters of HCN Adorption on Pristine, Ga, N and GaN-doped of
BPNTs the (AI-BIV Models, see Fig. 1), a (Pristine), b (Ga-doped), ¢ (N-doped) and d (GaN-doped)
before Adsorption HCN

Property a b c d A) A  AUI)  A(IV) | BI) B B(I)  B(IV)
E (HOMO) (ev) -594 587 58 -588 | 551 567  -567  -568 | 577 567  -575 -5.68
E (LUMO) (ev) -276 296 288 -289 | -2.67 270  -267  -266 | 281 270  -2.77 -2.66
Er(ev) 435 441 437  -438 | -409 418  -417  -417 | -429 418  -4.26 417
I (ev) 594 58 586 588 | 551 567 5.67 5.68 577 567 5.75 5.68
A (ev) 276 296 288 289 | 267 270 267 2.66 281 270 277 2.66
1 (ev) 435 442 437  -438 | -409 418  -417  -417 | -429 418  -4.26 417
x (ev) 435 442 437 438 | 409 418 417 417 429 418 4.26 417
n (ev) 159 145 148 149 | 141 148 1.50 151 148 148 1.48 151
S (ev)™* 031 034 033 033 | 035 033 033 033 033 033 033 033
o (ev) 594 671 643 644 | 590 590 5.81 5.75 623 590 6.11 5.75
AE (gap) (ev) 318 291 297 298 | 283 296 3.00 3.02 296 296 2.97 3.02
E.as (kcal mol™?) - - - - 4143 -1261  -138  -1844 | -1490 -12.61  -2.13 -18.44
/NBOAp - - - - 0283 0141 0293 0152 | 0004 0141 0014 0.151

Adsorption energy

All) Alll) Al AlIV) B(1) B(I) B(1m) B(V1)
0
2 - il

-1.38
B -2.13
-6
-8
B Eads(kcal/mol)

-10
-12
-14 -12.61 -12.61
16 | 143 14.9
-18
220 -18.44 -18.44

Fig. 2. Diagram of HCN adsorption energy on the surface of BPNTSs for Al All, Alll, AlV, BI, BIl, BIlI
and BIV models.
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All

Alll AlV

Bll

o)

BIV

Fig. 3. Plots of HOMO and LUMO structures of HCN adsorption on the surface of BPNTSs for Al, All, Alll, AlV,
Bl, BII, Blll and BIV models, (a) and (b) index are used for HOMO and LUMO plots, respectively.

270



The Interaction of HCN Gas on the Surface of/Phys. Chem. Res., Vol. 3, No. 4, 265-277, December 2015.

On the other hand, the adsorption energy of Alll and BIlI
models are lower than that of other models, due to weak
Van der Waals interaction between the nanotube and the
HCN molecule. Therefor, doping of N is not favourable for
adsorption of HCN gas on the surface of BPNTSs.

Quantum Molecular Descriptors

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) on the Al,
All, Alll, AlV, BI, BIl, Blll and BIV models are calculated
by above level of theory and all structures are plotted in Fig.
3. Electron densities of HOMO and LUMO are uniformly
distributed throughout the B-P bonds and neighbour of
adsorption position. To study the electrical properties of
HCN adsorption on the surface of pristine, Ga-, N-, GaN-
doped of BPNTSs at Al-BIV models, the quantum molecular
descriptors are calculated and results are summarized in
Table 2 and Figs. 4 and 6.

Figure 4 shows the comparison HOMO, LUMO and
Fermi level energy for Al-BIV models. The energy level of
HOMO is in the range -5.51 to -5.77 eV and the energy
level of LUMO is in the range -2.66 to -2.77 eV. On the
other hand, the Fermi energy level is in range -4.09 to -4.29
eV (see Fig. 4). The results reveal that the Fermi energy

is closed to HOMO level orbital and it is expected to cause
relatively large changes in the electrical conductivity of the
semiconductor material that is favorable for sensor
application. To gain a deeper understanding on the effect of
HCN adsorption on the electronic properties of pristine,
Ga-, N- and GaN-doped BPNTs, spectrum of the total
density of states (DOS) for the most stable state of the pure
nanotube and HCN/nanotube complex are calculated by
using GaussSum package [42] and results are shown in Fig.
5. The DOS spectrum results reveal that all of the
chemically modified BPNTSs are still semiconductors with a
wide Eg, close to that of the pristine BPNT and that the
contribution of HCN is largely away from the Fermi level.
However, upon the physical adsorption of HCN, Eg, of the
BPNT is slightly changed from 2.96-3.02 eV. Comparing
the DOS spectrum of a, b, ¢ and d models of BPNTSs before
HCN adsorption and Al, All, All, AlV, BI, BII, Bl and
BIV models of BPNTSs after HCN adsorption show that the
number of DOS peaks at the HOMO region are nine peaks
and at the LUMO region are eight peaks. By doping Ga, N
and GaN atoms the altitude of all pecks decrease
significantly from pristine models, and so the photoelectric
properties of all doped nanotube decrease from original
form. In addition, the comparison of DOS spectrum before

A) AU AQI)  A(GV)  B()  B@)  B(I)  B(VI) a b ¢ d
O Em I BE | BAE 2 EE EE BE BB '"'BE 'mRE '"'mE '""'BnE #®mnEmE '=mn
-1 -
-2 e
3 7280 278 2608 2668 el 2 270 2.668 2768 ) ga8 | 288 g
4 -

-4.09 B.4.18 417 -4.17 Bi4.29 4.18 426 4.17 -4.35 441 -4.37 438

5 -

S5l 567 567 568 -5.67 575 -5.68
6 -5.67 -5. 5. 5.77 : -9 : 594 -587 ~-586 -588

®E(LUMO)/ ev  m E(HOMO)/ev EFL/ ev

-7 B

Fig. 4. Diagram of HOMO, LUMO and Fermi levels of HCN adsorption energy on the surface of BPNTSs for
Al, All, Alll, AlV, BI, BIlI, Blll and BIV models.
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Eg=-2.91ev

Eg=-3.18ev

wo
&

Eg=-2.97 ev

-1

Al
Fig. 5. Plots of DOS spectrum of HCN adsorption on the surface of BPNTs for Al, All, Alll, AlV, BI, BIl, Blll and

BIV models, (a) model for pristine, (b) model for Ga-doped, (c) model for N-doped and (d) model for GaN-
doped before HCN adsorption.
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and after HCN adsorption show that the numbers of peaks
are constant, the altitude of all peaks change slightly. In
other words, comparing the results indicate that the
interaction of HCN gas with BPNTSs is rather weak, and that
no significant hybridization of the respective orbitals of the
two entities takes place; the small interaction is obtained
quantitatively in terms of binding energies.

Figure 6 shows the energy gap (Egyp), electrophilicity
index (w), global hardness () for all adsorption models.
The results reveal that the energy gap before HCN
adsorption (models a, b, ¢ and d) is in range 2.91-3.18 eV
and with doping N, Ga and GaN atom the energy gap
decreases slightly from original values. On the other hand,
with adsorption HCN gas on the surface of BPNTs the
energy gap changes from 2.83-3.09 eV. The energy gap of
Al model is lower than that of other models and the energy
gap of AIV and BIV models are more than that of other
models. These changes of energy gap with HCN adsorption
may be able to change the reactivity of the complexes, and
show charge transfer between the HCN, Ga, N doped and
the complexes sidewalls. Also, decrease in global hardness
() and ionization potential with HCN adsorption shows a
charge transfer from the HCN molecule (nucleophile agent)
to the nanotube models (electrophile agent). The
electrophilicity index (w) is in range of 5.75-6.23 eV and
the electrophilicity index of Bl model is more than that of

other models.

On the other hand, by using NBO analysis [43] the
charge transfer between HCN gas and pristine, Ga-, N-,
GaN-doped BPNTs (Al-BIV models) are calculated from
the difference of the natural charge concentration (Ap) on
HCN gas after adsorption and an isolated HCN. This
calculation is performed by natural charge analysis of NBO,
and results are given in Table 2 and are shown in Fig. 7.
Looking at the results of Fig. 7 reveals that the Apngo
values of Al-BIV models are positive and prove that HCN
gas is electron donor and nanotube electron acceptor.

The calculated results of Table 2 reveal that the
electronegativity (y) parameters of AI-BIV models are
reduced slightly from a-d models due to the HCN gas
adsorption on the surface of BPNTs. The chemical potential
() values of BPNTs before and after adsorption of HCN
gas are negative, structures of nanotube are stable, and with
HCN adsorption, the ux values of Al-BIV models increase
slightly from original values. Comparing the results show
that the ux value of Al models is more than that of other
models and this model is unstable than other models.

NQR Parameters of ''B

The NQR parameters at various sites of B nuclei for
the optimized structures of Al-BIV models (Fig. 1) are
calculated by using Egs. (8) and (9) and the results are

W AE(gap)/ev mn/ev w/ev
6.71
77 6.23 = 6.43  6.44
: 6.11 E _

e 52 59 581 575 N s 575 224
5
4 -

bl 296l 3 M 302l 206 296l 297)] 302f] *23H 201l 297 2098
3
2 4 4 S50 4 4 48 | 5P 45 4 4
1
0 - =

A} AU AN A(V)  B() B} BI) BV  a b c d

Fig. 6. Diagram of energy gap, global hardness (), electrophilicity index (w), fractional number of electrons
transfered (AN) of HCN adsorption on the surface of BPNTSs for Al, All, Alll, AlV, BI, BllI, Blll and

BIV models.
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03 -, 0283 0:293
. m NBO charge
0.25 -1
3] 0.2 1
> 0.141 0.152 0.141 0.151
0:15 o
0.1 1
0:05-4 0.014
0.004
3 - L]
A(l) A(ll) A(llny A(IV) B(1) B(l1) B(II) B(IV)

Fig. 7. Diagram of the difference of the natural charge concentration NBO (Ap) of HCN gas after adsorption and
an isolated HCN for Al, All, Alll, AlV, BI, BIl, Blll and BIV models.

Table 3. The NQR Parameters of HCN Adorption on Pristine, Ga, N and GaN-doped of BPNTs (Al-BIV)
Models, See Fig. 1

B-11 Co nQ Cq nQ Cq nQ Cq nQ
nuclei (MHZ) (MHZ) (MHZ) (MHZ)
A(l) A(ID) A(IID) A(LV)
Layerl 3.95 0.33 3.90 0.29 3.92 0.29 3.91 0.29
Layer2 2.49 0.07 2.58 0.07 2.58 0.07 2.61 0.07
Layer3 2.40 0.11 2.50 0.11 2.58 0.14 2.60 0.17
Layer4 2.06 0.05 1.71 0.04 2.18 0.07 1.81 0.06
B() B(1I) B(III) B(IV)
Layerl 3.93 0.30 3.91 0.29 3.92 0.29 3.91 0.28
Layer2 2.57 0.08 2.59 0.07 2.57 0.07 2.61 0.07
Layer3 2.51 0.11 2.50 0.11 2.58 0.12 2.60 0.16
Layer4 2.39 0.07 1.71 0.04 2.49 0.08 1.81 0.05
3.95 3.9 3.92 3.91
4 -
3.5 1
3 1 49 54 2.58 .58 2.58 61 56
2.5 4 5 2.18
2 1.74 1
1.5 o
1 4
0.5
o]
All) A(ln) Al A(Iv)
M Layerl ®Layer2 W Layer3 M Layerd

Fig. 8. Diagram of the nuclear quadrupole coupling constants Cq of HCN adsorption on the surface of BPNTSs
for Al, All, Alll, AlV, BI, BII, Blll and BIV models.
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given in Table 3 and Fig. 8.

Figure 8 indicates the variation of quadrupole tensor
(Cq) for layers 1 to 4 for all adsorption models. Comparing
the results reveal that the NQR parameters of 32 B atoms in
all considered adsorption (Al-BIV) 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 BPNTSs is equivalent
along each layer. The comparison of Cy values show that
the first layers of all models have the largest among other
layers. The results show that the orientation of the EFG
tensor eigenvalues along the Z-axis of the first layer is
stronger than that of the other layers along the length of the
nanotube. On the other hand, the fourth layer has the low Cq
value among other layers in alone nanotube. The significant
difference between NQR parameters in the first layer and
the fourth layer is due to the change of the geometrical
parameters. The Cq values of the first, second and third
layers with adsorption of HCN at all models are almost
constant. On the other hand, the Cq values of the fourth
layer of pristine models (Al and BI) and N-doped models
(AIll and BIII) are more than those of other models due to
the change of the geometrical parameters. The asymmetry
parameter (o) values of the first layers of all models are
more than those of other layers and the forth layers are
lower than other layers. Comparing the results show that the
no values for (Al-BIV) models at all layers are changed
slightly.

CONCLUSIONS

In this work, we study the adsorption of HCN gas on
surface of pristine, Ga-, N- and GaN-doped of BPNTs by
using DFT theory. The geometrical results show that with
adsorption HCN gas on the surface of pristine and Ga-, N-
and GaN-doped BPNTSs, the bond length and bond angles
change slightly from the original values. The adsorption
energy values of all models are negative and the adsorption
process is exothermic. Comparing the results reveal that the
adsorption energy of AIV and BIV models are more
negative than that of other models. Therefore, GaN-doped
impurity atoms increase the adsorption of HCN on the
surface of nanotube and the GaN-doped models are more
favorable than other models. On the other hand, the
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adsorption energy of Alll and BIIl models are lower than
that of other models. We observe that the energy gap of Al
model is lower than that of other models and the energy gap
of AIV and BIV models is more than that of other models.
These changes of energy gap with HCN adsorption may be
able to change the reactivity of the complexes, and show
charge transfer between the HCN, Ga, N and GaN-doped
and the complexes sidewalls.

The analysis of natural charge from NBO calculations
prove that HCN gas is electron donor and nanotube is
electron acceptor. The Cq values of the fourth layer of Al,
BI, Alll and BIIl models are more than those of other
models due to the change of the geometrical parameters.
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