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Abstract In this research, the interaction of isoniazid
drug (INH) with the pristine and Ni-doped Gallium nitride
nanotubes (GaNNTs) is investigated by using density func-
tion theory. The adsorption energy, deformation energy,
natural bond orbital (NBO), quantum parameters, molec-
ular electrostatic potential (MEP) and thermodynamic
parameters of all adsorption models are calculated from
optimized structures. The values of adsorption energy,
enthalpy and Gibbs free energy of all adsorption models
are negative and all adsorption process are favorable in
view of thermodynamic points. It is notable that Ni-doped
decrease adsorption strength and it is not suitable for INH
adsorption on the GaNNTs surface. The MEP, NBO and
maximum amount of electronic charge AN results dem-
onstrate that the negative potential are localized around
adsorption position and the positive potential are localized
around INH molecule. The calculated results indicate that
the GaNNTs is a good candidate to making absorber and
sensor for detecting INH drug.
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Introduction

In the recent years, after discovery and syntheses various
nanotube many attentions are focused to experimental and
theoretical investigations on the fabrication of materials
with nanotube and nanowire structures and properties of
these materials due to their remarkable physical, chemi-
cal and mechanical properties and thus the great potential
applications in nanodevices and technologies. It is well
known that these properties are strongly depend on struc-
tural organization and also on the presence of vacancies
and impurities [1-7].

Gallium nitride nanotubes (GaNNTs) is one of the
important nanotubes which have been synthesized by epi-
taxial casting techniques in 2003. It has been reported that
the GaNNTs is an important material due to their mechani-
cal, optoelectronic properties, high thermal, mechanical
stability, high-power electronics, short wavelength detec-
tors applications and the band gap of nanotube independent
on their chirality [8—19]. In the recent years the extensive
researches have been done on the study of doping and inter-
action metal atoms with different nanotubes due to achieve
their applications in many fields, such as detector and
adsorbent of various pollution and impurities materials,
gas catalysis, hydrogen storage, sensing and the fabrication
of magnetic nanodevices [20-25]. Isoniazid, also known
as isonicotinylhydrazide (INH) and antituberculosis drug,
which is used an antibiotic for the prevention and treatment
of both latent and active tuberculosis. It is effective against
mycobacteria, particularly Mycobacterium tuberculosis.
Isoniazid has no clear antiplasmodial activity but delays
malaria mortality in mice and reduces overall parasite load
when given in combination with rifampicin [26-31].

In the our previous research we studied the CO, O,,
HCN, F, and N,O adsorption on the surface of BPNTs,
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AINNTs, AIPNTs, BPNTs, and BeONTs respectively
[32-37]. In this research we investigate the interaction of
INH with the pristine and Ni-doped of GaNNTs. The Ni
doping may impose changes in the interactions of the nano-
tubes with INH molecule. For this purpose, we consider 30
different configurations for adsorbing INH on the surface of
nanotube at different positions, after optimizing of all con-
sidered models at B3LYP/3-21G level of theory we select
24 suitable models for this study (see Fig. 2). The A and
B models are used to display adsorption INH on the Ga51
position of pristine and Ni/Ga51 position of Ni-doped of
GaNNTs respectively. The C and D models are used to
exhibit adsorption INH on the N51 position of pristine and
Ni/N51 position of Ni-doped of GaNNTs respectively. The
a, b, ¢, d, e and f are used to show the interaction positions
of INH molecule on the surface of GaNNTs (see Fig. 1).
From optimized structures (see Fig. 2) the adsorption
energy, gap energy, thermodynamic parameters, NBO,
DOS, MEP plots, HOMO-LUMO orbitals and quantum
parameters of all models are calculated and results are ana-
lyzed. The results of this study should be useful to carry
out potential applications of the pristine and Ni-doped
GaNNTs as a possible isoniazid sensor or absorber.

Computational details

The electronic structure calculations of all adsorption mod-
els are performed with the program Gaussian vG09 [38] at
the density functional theory (DFT) approach with cam-
B3LYP/6-31G(d) level of theory. The adsorption energy
(E,q,) of INH/GaNNTs system for all A-a to D-f models are
calculated by Eq. 1 and results are listed in Table 1.

AE 4 = EGaNNTs/INH = (EGannts + Eivg) (1)

Here the Eq nnremnm Eing @nd Egoanrs are the potential
energy of the GaNNTs/INH complex, GaNNTs and INH
respectively.

cC—>

Fig.1 The optimized structure of isoniazid molecule, a, b, ¢, d, e

and f are adsorption position
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The adsorption energy of nanotube/INH complex can be
calculated from interaction energy (E; ) and deformation
energy (E,.¢) contributions, which are both occurred during
the adsorption process. Hence, the following equations are
applied to calculate these contributions [39]:

Eint = EGaNNts—INH - (EGaNNTs in complex + EINH in camplex) (2)

Edef—GaNNTs = EGaNNTSpure - EGaNNTs in complex (3)
Edef—INH =Eny pure Eingin complex “4)
Eads = Etataldef + Einl (5)

where EGunNts in complex 18 the total energy of GaNNTs in
the GaNNTs/INH complex when INH is absent oneself,
and Ejy in complex 18 the total energy of INH molecule in the
GaNNTs/INH complex when GaNNTs is absent oneself.
The Eyof gannts @0d Eger iz are the deformation energy of
GaNNTs and INH in its optimized geometry.

The quantum molecular descriptors: the ionization
potential (/), the electron affinity (A), energy gap (E,,,),
electronic chemical potential (1), global hardness (1), elec-
trophilicity index (w), global softness (S), electronegativity
(v), Fermi level (Ep;), work function (A¢@) and maximum
amount of electronic charge AN [32-37] of the nanotubes/
INH complex are calculated by Egs. (6-15) from HOMO
and LUMO energy:

I'=~Epomos A = ~Erymo (©6)
Eeap = Erumo = Enomo 7
u=-U+A)/2 (8)
n=u-A)/2 )
X=—H (10)
w= /2 (11)
S=1/24 (12)
Ep = 1/2(Enomo + ELumo) (13)
AN =—u/n (14)
A® = Epoyo — Epr (15)

Results and discussion
Optimized structures and electronic properties

The geometrical and structural properties of isoniazid
adsorption on the a, b, c, d, e and f position on the sur-
face of Ga41l, Ga41/Ni, N41 and N41/Ni GaNNTs for
all stable configurations A-a to D-f models are presented
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Fig. 2 2D views of adsorption INH drug on the surface of pristine and Ni-doped of (4, 4) armchair GaNNTs for A-a to D-f optimized models

in Fig. 2. The optimized geometry results show that the
title molecule belongs to C1 point group symmetry. The
length of optimized pristine (4, 4) armchair GaNNTs
nanotube is 11.95 A and diameters of optimized nanotube
6.95 A. The calculated binding distance of INH on sur-
face of nanotube are shown in Fig. 2 and, their selected
(Ga—N) bond length and (Ga—N-Ga) bond angle around
adsorption position of nanotube are given in Tables S1
and S2 in supplementary data. The (Ga—N) bond lengths
in pristine GaNNTs are 1.84 A and in Ni doped is

1.95 A, this result is in agreement with other researches
[18-20]. The calculated results reveal that with adsorb-
ing the INH molecule on the surface of the nanotube,
three Ga—N bond lengths and N-Ga—N bond angle of the
around of the adsorbing position slightly alter compare to
the original values, and this result demonstrate that the
bonds length around the site of interaction are weaken.
The structural properties consisting of dipole moments
(u,), the adsorption (E,,), interaction (E;,) and defor-
mation (Eg) energies of nanotube and INH molecule

@ Springer



212

J Incl Phenom Macrocycl Chem (2017) 88:209-218

Fig. 2 (continued)

and binding distance for the A, B, C, and D models are
summarized in Table 1. The binding distant and bond
angle between INH and nanotube is in range 1.68-2.16 A
and 95-168° respectively, these results confirm that the
binding INH on nanotube is physisorption. As is evi-
dent from Fig. 2 by substituting the N atom with the Ni
atom, the geometric structure of the GaNNTs is dramati-
cally distorted. In the optimized Ni-doped in D models,
the Ni atom is projected out of the nanotubes surface to
reduce stress due to theirs larger size compared to the
N atom. On the other hand, the significant changes of
geometries are just for those atoms located in the nearest

@ Springer

neighborhood of the Ni-doped of GaNNTSs whereas those
of other atoms remain almost unchanged.

After the optimization process, it is found that the
adsorption energy values at all models are negative and
all process are exothermic in thermodynamic approach. It
is worth mentioning that all systems considered here cor-
respond to energy minima since no imaginary frequen-
cies are observed. The obtained results indicate that the
most stable structures are A-d and D-e models with the
adsorption energy —107.14 kcal/mol (see Table 1). It is
found that the calculated adsorption energy of this com-
plex is strongly depending on adsorption orientation of
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Table 1 Calculated adsorption, deformation energy of nanotube, isoniazid and total, binding energy (kcal mol~") and dipole moment for nano-
tube and isoniazid at A-a to D-f adsorption models (see Fig. 1)

Property A-a A-b A-c A-d A-e A-f B-a B-b B-c B-d B-e B-f
E, g -92.23 -103.54 -100.26 -107.14 -97.23 -96.36 —-20.07 -34.08 —-26.13 -18.97 —-2930 —40.01
Eger_Gan 72.32 62.51 70.04 6552 7231 66.02 —450 -3.64 -5.80 —-12.01 -12.04 -3.54
Eger_inu -3.12 -5.42 —-0.64 -498 -3.12 -273 -2.68 393 —-0.60 -5.07 —5.68 —-3.98
Egef—total -64.19 -57.11 -65.83 -60.81 -69.19 -63.29 7.98 7.55 6.40 17.08 17.73 6.07
Ei\ -28.00 —46.43 3443 —-46.59 -28.04 -33.07 —-42.00 -41.63 3253 -48.01 —47.03 -30.25
Uy 1.83 4.71 10.13 4.64 1.83 5.25 2.46 4.20 8.62 2.82 2.64 4.20
Dyin-distance 2.16 1.65 2.08 1.98 2.16 2.00 2.08 2.02 2.07 2.09 1.95 1.98

Property C-a C-b C-c Cd C-e C-f D-a D-b D-c D-d D-e D-f
E,q -27.80 -26.10 -33.53 -26.79 -21.35 -37.07 -89.80 -100.78 —103.69 -104.84 —107.14 —105.84
Eger_Gan -439 954 —4.80 —4.00 -8.03 —-8.02 7246 66.02 69.63 66.23 65.53 66.88
Eger_iNg -2.55 -3.03 —-0.88 -139 -1358 -6.70 —6.99 -2.74 —-0.63 -3.84 -4.97 -3.95
Eef—total 7.36 8.90 5.67 44 14.26 1472 -6547 —-6279 -69.01 -6239 -60.55 -62.94
Ei\ -35.16 -35.00 -39.20 -32.19 -35.61 -51.79 -2433 -3799 3468 —4248 —46.59 —-42.90
Uy 3.63 5.23 10.38 5.55 4.64 4.74 2.63 2.42 8.44 7.92 3.58 4.46
Dyin-distance 2.20 2.00 2.09 2.00 1.98 2.00 2.04 2.06 1.95 1.89 2.08 1.94

INH and Ni doped. In the B model, when the Ni atom
doped on the Ga4l atoms the adsorption energy at all
(a—f) orientation models decrease significantly from pris-
tine models. Whereas, with doping Ni atom on the N41
position the adsorption energy increase significantly from
pristine models. It is notable that for pristine models the
INH adsorption on the Ga41 position is more favorable
than N41 position. Due to values of adsorption energy,
we find that the adsorption of INH on the Ga4l in A
models and the Ni atom in D models is physical adsorp-
tion and polar covalent bonds type. On the other hand,
the INH adsorption on the N41 atom in C models and Ni
atom in B models is a weak physical adsorption due to
weak van der Waals interaction. The adsorption interac-
tion induces little local structural changes on both the
INH molecule and the GaN nanotube. The adsorption
strengths of INH at the (a) orientation of A, B, C, and D
models are in the following order: A-a>D-a>C-a>B-a.
Comparison results of Table 1 indicate that the B-d
model shows the lowest suitability for INH adsorptions
in view of thermodynamic approach. The influence of
INH from O-head towards Ga41 site of nanotube (A-d
model) and from N2-head towards Ni site of nanotube
(D-e model) is more reactive than other those sites of
nanotube and INH molecule. To further understanding
the effect of INH adsorption on the structural proper-
ties of nanotube/INH, the deformation interaction energy
of nanotube, INH molecule and nanotube/INH complex
are calculated from Eqs. 2-4 and the calculated results
are given in Table 1. Inspections of results indicate
that the interaction energy of all adsorption models is

exothermic. Consequently, a negative value of the inter-
action energy indicates an attractive interaction between
the INH molecule and nanotube; therefore, the combin-
ing energy of the hybrid systems is negative. It is notable
that the strongest and lowest interaction are occurred in
the C-f model and A-a model with —51.79 kcal/mol and
—28 kcal/mol respectively. Furthermore, the deformation
energy values for the relaxed structures of all adsorption
models indicate that significant curvature in the geom-
etry of nanotube and INH molecule is occurred, when
the INH molecule adsorbed on the surface of GaNNTs.
Comparison results reveal that the deformation energy
of nanotube for the A and D models are positive and for
the B and C models are negative. The negative value of
deformation energy displays that the deformation pro-
cess of molecule is spontaneous and stable. However, the
deformation energies of all models for INH molecule are
negative. Furthermore, the deformation energy of INH
molecule at the C-e model is more than other those mod-
els and B-c model is lower than those model. Comparison
results indicate that the more total deformation energy of
nanotube/INH complex is occurred in the A and D mod-
els. It is known that as the interaction becomes stronger,
the deformation degree of the nanotube after absorbing
the INH molecule becomes more. It is noticeable that the
differences between the dipole moments in these systems
can be attributed to nature of impurity atoms. As we can
see in Table 1 dipole moment of the A-c, B-c, C-c and
D-c models are more than other those models, and are in
the following order: C-c > A-c>B-c>D-c; and the high
dipole moment illustrates the high reactivity of the title
complex (see Fig. 3).
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Fig. 3 Comparison of the adsorption energy and dipole moment A-a
to D-f optimized models (see Fig. 1)

Thermodynamic parameters

For deep understanding the interaction of INH molecule
and GaNNTs, the thermodynamic parameters such as
Gibbs free energy, enthalpy, entropy of system are calcu-
lated and results are given in Table 2. As shown in Table 2,
the AH,; values for all models are negative between
—19.86 and —104.21 kcal/mol, showing that the adsorp-
tion process is exothermic and favorable in thermodynamic
approach. However, the AS,, values for all adsorption

models are negative and it is unfavorable in thermodynamic
approach, because in adsorption process two reactants are
combined and produced one product. On the other hand,
AG,,, values of all adsorption models are negative between
—5.61 and —89.93 kcal/mol. The negative values of AG,,
denoted that the adsorption of INH on the surface of pris-
tine and Ni doped GaNNTs is spontaneously in thermody-
namic approach. The infrared (IR) spectrum of all adsorp-
tion models are calculated and results are given in Fig S1
in supplementary data. Comparison of IR spectrum of all
models indicate that the adsorption position are affected on
the number of intensity and adsorption peaks.

The natural bond orbital (NBO) analysis

In order to understanding the interaction between INH
molecule and nanotube the Ap o) and Apyikeny NBO
and Mulliken charge density on the INH molecule is cal-
culated. The p, and p, is the NBO or Mulliken charge
on the INH molecule before and after adsorbing pro-
cess respectively. As seen in Table S4 in supplementary
data, it is found that the Apien@nd Apypo, values of
INH molecule are in range of +0.42 lel to +0.53 lel and
+0.44 lel to +0.54 lel respectively. The positive values of
the Apgpuikeny a0d Apype) values in all adsorption mod-
els confirm that the INH molecule in this process act as

Table 2 Thermodynamic

. AE (kcal/mol)
parameters for adsorption

AH (kcal/mol)

AG (kcal/mol) AS (Cal/mol.K) ACv (Cal/mol.K)

isoniazid on GaNNTs for A-a

’ A-a -92.84 -93.43
;:oi;—lf) adsorption models (see Ab ~99.90 ~100.49
A-c -99.31 -98.72
A-d —103.62 —104.21
A-e -92.84 -93.43
A-f -97.10 -97.69
B-a -19.92 -19.92
B-b -34.93 -34.93
B-c —26.48 —26.48
B-d —19.86 —19.86
B-e -30.56 -30.56
B-f —40.96 —40.96
C-a —85.63 -86.22
C-b -97.08 -86.22
C-c -99.17 -99.76
Cd —-101.10 —101.69
C-e —103.62 —-104.21
D-a —25.63 -26.22
D-b -25.36 -25.95
D-c -32.70 -33.31
D-d -26.25 —26.85
D-e -21.86 -22.45
D-f -36.85 -37.44

=79.78 —45.61 -2.42
—86.02 —48.54 -2.68
-86.18 —46.03 —2.47
—89.93 —47.88 -2.11
=79.79 —45.78 -2.42
-83.76 —46.70 —1.82

=7.30 —42.26 5.44
-19.66 -51.21 3.37
—11.82 —49.17 3.50

-5.61 —47.79 5.64
-14.87 —52.61 4.15
-25.19 -52.89 3.43
=72.68 —44.81 —1.81
=72.86 —46.70 -1.82
—85.95 —46.33 -2.58
-87.30 —48.26 -2.20
—89.93 —47.89 -2.11
—14.02 —40.93 4.24
—11.80 —47.49 5.30
-19.49 —46.36 6.16
—13.71 —44.06 6.47

=7.62 —49.75 6.74
-22.86 —48.90 5.53
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electron donor. These results confirm that the electron
flow spontaneously from the INH molecule toward nano-
tube. This result is in agreement with the positive values
of maximum amount of electronic charge (AN) transfer.
Comparison results display that the Apyp0, values of B-a
and D-a models are more than those other models (see
Table S5 in supplementary data).

From NBO results, the interaction between the bond
orbitals, antibond orbitals, Rydberg extra valence orbit-
als, bond bending effect and hybridization and covalency
effects in polyatomic wave functions are investigated [40,
41]. For each donor NBO and acceptor NBO, the stabili-
zation energy with delocalization i — j is presented as the
second-order perturbation interaction energy E®:

F2
i (16)

€ —¢&

E® =g,

where q; is donor orbital occupancy ¢; and ¢; are orbital
energies and Fj is the off-diagonal NBO Fock matrix ele-
ment. Delocalization of electron density between occupied
and unoccupied orbitals could be considered as accep-
tor—donor interactions. The extracted results of NBO cal-
culations are given in Table S6 in supplementary data. The
selected transition cN42-Ga32 as donor electron orbital
and n*G52/Ni orbital as acceptor electron for the A and B
models and the selected transition 6Ga61-N71 as donor
electron orbital and RY*NS51/Ni orbital as acceptor elec-
tron for the C and D models are shown in Fig. 4. As we
can see in Fig. 4 the second order perturbation interaction
energy E® of the A-b, B-f (spin B), C-f and D-a (spin B) is
more than other those models. Inspections of NBO results
in Table S6 in supplementary data indicate that the most
important common interaction with the highest energy E?
in all models is: in A models transition donor to accep-
tor orbital a, b, ¢, d, e and f with Ez,(kcal/m01)=46.43, 7.42,
25.66, 22.97, 46.42, and 4.01 respectively; in B mod-
els transition donor to acceptor orbital g, h, i, j, and k
with Ez,(kca,,mol)=78.37, 13.45, 10.08, 18.44, 50.23 and
37.64 respectively, in C models transition donor to accep-
tor orbital m, n, o, p and q with Ez,(kcal,mol)= 10.20, 5.38,
6.37, 8.44, 5.36 and 6.99 respectively, in D models tran-
sition donor to acceptor orbital 1, s, t, X, y and z with
Ez/(kcal/mo]): 126.05, 127.89, 23.51, 14.94, 34.29 and 27.73
respectively(see Table S6 in supplementary data).

These results display that the transition from donor
orbital to acceptor orbital depend to position of adsorbent
and doping atom. It is notable that the doping impurity
atoms in nanotube change significantly the E?® values
and charge transfer between donor and acceptor orbit-
als. These results lead to Ni-doped GaNNTs having
higher polarizability than INH molecule, and so the INH

oN42-Ga32—- n*Ga52/Ni 12.21

E @ kcal.mol!

&' ()
N
&8 &

E® kcal.mol™!
—_ N Y
w (=) W

(=}

w

Fig. 4 The stabilization energy (E®) of donor and acceptor orbitals
for adsorption isoniazid on GaNNTs for A-a to D-f optimized models
(see Fig. 1)

adsorption change significantly the electrical properties
of nanotube from original state.

The interactions of some molecular orbitals of the two
constituents in the favorable adsorption systems with the
largest E® values show the more intensive interaction
between donor and electron acceptor bonding or anti-
bonding orbitals considered. The results of NBO analysis
confirm that intermolecular interaction of this complex is
stronger than the other complexes because of more total
charge transfer energy. In addition, it is found that the great-
est stabilization energy for Ni-doped complex is accord-
ance with the shortest interaction distance.

QTAIM calculations

For deep understanding the electrical properties of INH
adsorption on the surface of GaNNTs, the electron’s wave
functions are extracted from the optimized structures, and
according to Bader’s quantum theory of atoms in molecules
(QTAIM), electron densities (p) and Laplacian of electron,
densities (V?p) at bond critical point (BCP) were calcu-
lated using AIMALL program [42-44]. The properties
Pecp V2ps the total electronic energy (Hyep), the potential
energy (Vgcp) and the kinetic energy (Ggcp) of the bond
critical points are closely related to the type and strength
of the interactions between the attractive atom pairs. The
properties of ppcps V29, Hyeps Vpep, and Gyep for the A-a,
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A-b, A-c, A-d, A-e, B-b, B-¢e, C-a, C-b, C-d, C-f, D-c and
D-f due to binding INH and GaNNTs are calculated and
all results are listed in Table S7 in supplementary data.
The value of pgep can reflect the interaction strength. The
pecp Of the D-f (0.3229) and B-e model (0.04481) is sig-
nificantly larger than those other adsorption models. In
addition, the D-f model possesses the more positive Hgcp
and the larger absolute values of V?p, Ggcp, and Vgcp than
other those models. These results indicate that the cova-
lent bonding interactions between INH and nanotube are
stronger than those other models. So should be more effec-
tive to adsorb and sense INH. The values of Gpcp and Vigep
for all adsorption models are positive. Comparison results
show that in the A-a, A-b, A-c, A-e, C-b, C-d, D-c and D-f
models the V2p and Hgcp are positive. The positive values
of all V?p confirm the noncovalent nature of these interac-
tions. With respect to the sign of Laplacian of electron den-
sity on BCPs data, existence of electrostatic type of interac-
tions, which is a subset of noncovalent interactions, would
be proved.

Molecular electrostatic potential

For determining the molecular size, shape as well as posi-
tive, negative and neutral electrostatic potential regions in
terms of color grading the molecular electrostatic potential
(ESP) are calculated for all adsorption models [45—47].
The electrostatic potential (ESP) and contour potential of
all adsorption models are given in Fig. S2 in supplemen-
tary data. In case of ESP, the red color represents the nega-
tive charges or the electrophilic regions and the blue color
represents the positive charges or the nucleophilic regions.
According to the result of Fig. S2 in supplementary data,
there is a significant electron density, and negative poten-
tial, red, around nanotube adsorption position and the posi-
tive potential, blue color, are localized around INH mole-
cule. It indicates that a low charge is transferred from the
INH molecule toward the nanotube ones resulting in a weak
ionic bonding in the GaNNTs/INH complex. Therefore, it
is expected that the interaction between INH molecule and
nanotube, after adsorption process, caused that the exterior
layer of nanotube rich of charge and INH molecule surface
poor of charge. The contour map of all models show that
the layers of red color strongly overlap on around adsorbent
compound and the blue color layers strongly overlap on far
from adsorption position.

HOMUO and LUMO orbitals
The HOMO (the highest occupied molecular orbital) and
the LUMO (the lowest unoccupied molecular orbital)

orbital energy are used to understand the nature and electri-
cal properties of GaNNTs/INH complex. Based on the 72

@ Springer

HOMO and LUMO configuration models of INH molecule
in Fig. S3 in supplementary data, it can be observed that
for pristine model of GaNNTs in the A and C models the
HOMO orbital density are almost uniformly distributed
through the Ga-N bond of nanotube, due to donor elec-
tron effect of INH on the surface of nanotube. On the other
hand in the B and D models, the HOMO orbital density
is localized on the around Ni doped position of nanotube.
It is notable that the LUMO orbital density is localized
around INH molecule. In all models after INH adsorption
the nucleophilicity of nanotube electrophilicity of INH
molecule are increased. The positive values of Ap of NBO
and Mulliken confirm this process. The energy gaps (E,)
between HOMO and LUMO for all adsorption models are
calculated and results are listed in Table S8 in supplemen-
tary data. As we can see in Table S8 in supplementary, with
doping Ni atom the spin of electrons split to a and 3 spin
(see models B and D) on the other hand, the E, values of
all adsorption models are in range 3.61-6.49 eV. It is nota-
ble that with doping Ni atom, the E, values for spin a of
B and D models decrease significantly from original val-
ues and so the conductivity of system increases. Whereas
with adsorbing INH the E, values for different configura-
tion of INH adsorption alter slightly from original states.
From HOMO and LUMO results the density of state (DOS)
plots of all adsorption models are calculated in range —15
to +10 eV by using GaussSum software and results are
shown in Fig. S4 in supplementary data. In the HOMO and
LUMO region, 8 and 13 peaks are displayed respectively.
It is clearly observed that in virtual orbitals more peak
maxima are observed than occupied orbital. The altitude of
all peaks in the HOMO and LUMO region change slightly
from original values and with doping Ni atom in the gap
region it can be seen one and two small peaks and then due
to this peak the Eg values of this system decrease and con-
ductivity of complex increase. These results confirm that
Ni doped is a good candidate to increase the conductivity
of GaNNTs and to making the sensor for detecting INH
molecule. The electronic chemical potential (1), global
hardness (7), electrophilicity index (®), electronegativity
(v), Fermi level (Eg;), and maximum amount of electronic
charge AN of the nanotubes/INH complex are calculated by
Egs. (6-14) and results are listed in Table S8 in supplemen-
tary data.

Inspections of results show that the global hardness (7)
values of all adsorption models are in range 1.8-3.97 eV.
Comparison results reveal the between global hardness
and the adsorption energy there is a linear relation, with
increasing global hardness the adsorption energy increase.

The electronegativity (y) values are in range
3.32-5.15 eV; the electronic chemical potential (1) are in
range —3.23 to —5.15 eV, and the maximum amount of
electronic charge AN are in range 1.31-2.41. The positive
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values of AN confirm that in all models, the INH molecule
has a donor electron effect and this result is in agreement
with NBO and HOMO-LUMO results. Comparison results
of the pristine and Ni-doped GaNNTs with all adsorption
models reveal that the electronic chemical potential (u)
values of all adsorption models slightly more that original
values and so adsorbing INH molecule increase the x and
decrease the stability of system. Table S8 in supplementary
data also shows that the Fermi level (Eg;) of the GaNNTs
increase slightly upon the adsorption of INH molecule. The
Fermi level is at the center of the Eg and equal to the chem-
ical potential. Clearly, the change of Ep; of nanotubes in
adsorption process modified its field emission currents. It
is found that HOMO energy of nanotube is increased after
adsorption of INH molecules on the surface of nanotube.
These results reveal that the interaction of INH molecule
with nanotube reduce their nucleophilic reactivates. To
study the field emission properties of INH molecule with
nanotube the work function (A®) of system is calculated
by Eq. 15. However, Eq. 17 theoretically describes the
emitted electron current densities in a vacuum

J = AT?expA®/KD) (17)

Here A and T are the Richardson constant (A/rnz)
and temperature (K) respectively. The calculated results
reveal that the work function of the all adsorption models
is in range of —1.81 to —3.25 eV. A negative work func-
tion change the donation of charge occurred from the INH
molecule toward the nanotube surface. Comparison results
show that the emitted electron current density of A-a, A-e
and C-a models are more than other those models.

Conclusions

In this theoretical research, we focused on the investiga-
tion of interaction between INH drug with pristine and
Ni-doped GaNNTs for employing them in possible sen-
sor and adsorption application. Inspections of results indi-
cate that the interaction energy of all adsorption models
is exothermic. It is notable that the strongest and lowest
interaction are occurred in the C-f model and A-a model
with —51.79 kcal/mol and —28 kcal/mol respectively.
The obtained results indicate that the most stable struc-
tures are A-d and D-e models with the adsorption energy
—107.14 kcal/mol. It is found that the Apg .,y and
Apnpo) values of INH molecule are in range of +0.42 lel
to +0.53 lel and +0.44 lel to +0.54 lel respectively. The
positive values of the Apikeny a0d Apypp, values in all
adsorption models confirm that the INH molecule in this
process act as electron donor. These results confirm that the
electron spontaneously flow from the INH molecule toward
nanotube. A negative work function change the donation of

charge occur from the INH molecule toward the nanotube
surface. Comparison results show that the emitted electron
current density of A-a, A-e and C-a models are more than
other those models.
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