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ABSTRACT
In this work, by using density functional theory, the adsorption of Nitramide (NH2NO2)
molecule on the surface of pristine, B, As and B&As doped (4,4) armchair aluminum nitride
nanotube (AlNNTs) is investigated. From optimized structures the adsorption energy,
deformation energy, natural bond orbital (NBO), atom in molecule (AIM), quantum parameters,
reduced density gradient (RDG) and molecular electrostatic potential (MEP) are calculated. The
calculated results indicate that the adsorption energy values of NH2NO2 on the surface of
pristine, As, B and B&As doped AlNNTs complex are negative and favorable in viewpoint of
thermodynamic. Moreover the adsorption of NH2NO2 molecule on the surface of B&As doped
AlNNTs is more stable and favorable than other models. It is notable that with doping B&As
atoms in AlNNTs the deformation energy of NH2NO2 and nanotube are less than other models.
The results of AIM and RDG outcomes demonstrate that nature of binding NH2NO2…AlNNTs
is covalent bond type, indicates strong interactions. The results of NBO & Mullikan partial
charge transfer, HOMO-LUMO, total charge transfer parameters (ΔN) and molecular
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electrostatic potential (MEP) display that the charge transfer occurred from NH2NO2 molecule
toward nanotube surface and electrical properties of system change significantly from original
state. The results of this study reveal that the B&As doped AlNNTs is a good adsorbent for
NH2NO2 molecule.
Keywords: Nitramine, B, AS, B&As doped, AlNNTs, DFT, AIM, NBO

Introduction
Shortly after successful discovery and synthesis of carbon nanotubes [1‒3], intensive
attentions have been dedicated to discovery and synthesis non-carbon nanotubes from the third
and fifth group elements, which are neighbors of carbon in the periodic table, are an interesting
subject of many researches [4‒8]. One of them is Aluminum nitride nanotube (AlNNTs). The
results of Zhang et al. indicated that AlNNTs in a hexagonal network is energetically favorable
with sp2 hybridization for both N and Al atoms [9]. Tondare et al., and Wu et al., [10‒11]
synthesized successfully the AlNNTs through different methods, the results of these study
demonstrate that the electronic properties and semiconductor behavior of AlNNTs is independent
of length, tubular diameter and chirality. The results of other studies reveal that the onedimensional nanostructures of AlN have several unique properties such as high thermal
conductivity at low temperature, high electrical resistivity, a moderately low dielectric constant,
high dielectric breakdown strength, low thermal expansion coefficient close to the one of silicon,
good mechanical strength, excellent chemical stability, and nontoxicity [12‒13]. Aluminum
nitride (AlN) nano materials are widely used in technological applications, mainly in micro and
optoelectronics, such as laser diodes and solar-blind ultraviolet photodetectors and
semiconductors [14‒15]. Tuning the electronic structures of the semiconducting AlNNTs for
specific application is evidently important in building specific electronic and mechanical devices
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[16‒18]. Adsorption of chemical species affects the electrical properties of AlN materials and it
is a fundamental interest in development of potential electronic sensors [19‒20]. The charge
transfer between the nanotube and the adsorbate can increase or decrease the carrier density in
semiconducting sheets, and thus significantly affects the electrical conductance of the material.
Based on these observations, several groups have suggested the application of AlN sheets as
promising gas sensors [21]. Rastegar et al. have recently showed that an AlN sheet can detect
low concentration of NO2 in the presence of NH3 [21]. So far, adsorptions of some gaseous
molecules including NH3, H2, N2, CO, formaldehyde and CO2 on the AlNNTs have been
reported [22‒26]. These studies showed that the pristine type of the AlNNTs is not sensitive
toward NH3 and CO molecules. Other research indicated that O-doped AlNNTs would be a
potential candidate for NH3 molecule detection [27]. The potential possibility of single-walled
pristine AlNNTs as a gas sensor for SO2 molecule detection is confirmed that the adsorption
energy of SO₂ molecule is not so large to hinder the recovery of AlNNTs and therefore the
sensor will possess short recovery times [28]. The results of Ahmadi Peyghan et al. and Baei et
al.[29‒31] indicated that the electric field effect increase the electrical and sensivity of AlNNTs
toward to CO and O2 molecules. Beheshtian et al. [32‒38] investigated the interaction and
adsorption of H2, hydrogen cyanide, nitrous oxide, CO gas, sulfide dioxide, nitrogen dioxide and
H2S gas on the surface of the pristine and doped models of AlNNTs. These results confirmed
that AlNNTs could selectively detect this gas in the presence of other molecules. Seif et al. [39]
results confirm that the chemical shielding (CS) parameters for the O-decorated AlNNTs at the
sites of various

27

Al and

15

N atoms alter significantly from pristine models. The computational

results of Raissi et al. [40] showed that COCl2 molecule adsorbed on the pristine AlNNTs
through weak van der Waals interaction, which means that the adsorption is physisorption
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process. Nitramide is a chemical compound with the molecular formula H₂NNO₂. Nitramide
derivatives are widely used as explosives examples include RDX and HMX in military
explosive, propellant and fuel applications. In last years, extensive theoretical and experimental
have been applied to study the interaction of NH2NO2 compound with nanomaterial and
nanotubes [41‒42]. In the previous study we found that the adsorption energy of NH2NO2
molecule on the surface of pristine and Ni functionalized GaNNTs is in range ‒6.59 to ‒48.16
Kcal/mol and is physisorption type [43]. On the other work we found that the adsorption process
of nitramide molecule on the exterior surface of pristine and C-replaced BN nanosheet is
exothermic and the deformation energy results displayed that the geometry and structure of BN
nanosheet and nitramide in the BN nanosheet/NH2NO2 complex change significantly from the
original state [44]. Following our pervious studied [45‒46], the main objective of this work is to
investigate the adsorption and interaction of NH2NO2 molecule on the surface of pristine and
B&As doped AlN nanotube. The considered adsorptions models of NH2NO2 molecule from H
and O head on the surface of nanotube is named with a and b indexes and the pristine, B, As and
B&As doped AlNNTs is defined with A, B, C and D models. The structural, chemical reactivity,
quantum parameters, adsorption energy, deformation energy, reduced density gradient (RDG),
atom in molecule (AIM) and molecular electrostatic potential (MEP) parameters for all selected
models are calculated. The obtained results can be useful to examine the performance of
AlNNTs to detect and adsorb of nitramine molecule.

Computational section
In this study the selected models of A-a, A-b, B-a, B-b, C-a, C-b, D-a and D-b adsorption
models on the surface of pristine, B, As and B&As doped models are optimized by using density
functions theory at the B3LYP/6-31G(d, p) level of theory with performing the GAMESS suite
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of programs [47‒48]. The optimization criteria (Max. force= 0.00022, RMS force= 0.00032,
Max displacement =0.0002 and RMS displacement= 0.0008) and in here, there is no imaginary
vibrational frequency.

A-a

A-b

B-a

B-b

C-a

C-b

D-a

D-b

Fig. 1 2D views of (NH2NO2) molecule on the surface of pristine, B, As and B&As doped (4,4) armchair AlNNTs
for A-a to D-b adsorption models

The optimized results are given in Fig. 1, at all models, for preventing the dangling bonds at the
edges of the nanotube the ends of the nanotube are saturated by hydrogen atoms. The adsorption
energy (Eads) and thermodynamic parameters involve (∆H, ∆S and ∆G) for NH2NO2 adsorption
on the surface of the pristine and B, As, B&As doped AlNNTs are calculated by Eq. (1):
M  M AlNNTs / NH 2NO 2  (M AlNNTs  M NH 2NO 2r )  BSSE

M : E ads , G , S , H

(1)

where MAlNNTs-NH2NO2 is the total energy and thermodynamic parameters of the complex
consisting of NH2NO2 gas and AlNNTs, while MAlNNTs and MNH2NO2 are the total energies and
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thermodynamic parameters of AlNNTs and NH2NO2 respectively. The BSSE is basis set
superposition errors. For all adsorption models the BSSE values energy are in range 0.0002 to
0.014 Kcal/mol and all calculated energy are corrected. The HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital) are calculated at the above level of
theory. HOMO is an electron donor and LUMO can accept electrons. By using the HOMO and
LUMO energies, the quantum descriptive involve gap energy (Egap), electronic chemical
potential (μ), global hardness (η) and charge transfer parameters (ΔN) [40‒44] are calculated at
the above level of theory (see Eqs 2-5), and obtained results are listed in Table 1.
E gap  E LUMO  E HOMO )
E HOMO  E LUMO
2
E
 E HOMO
  LUMO
2

N  




(2)
(3)
(4)
(5)

These parameters reflect the reactivity, conductivity, and optical properties of the molecule. A
molecule having small gap energy is more polarizable and is generally associated with a high
chemical reactivity and low kinetic stability.
Results and discussion
Adsorption properties and thermodynamic parameters
The optimized structures of the A-a, A-b, B-a, B-b, C-a, C-b, D-a and D-b adsorption
models are presented in Fig. 1. The calculated average Al–N bond lengths of the pristine, B, As
and B&As doped AlNNTs are 1.47, 1.45, 2.40 and 2.15 Å respectively (see Table S1 in the
supplementary data), this result is in good agreement with the other reports [28‒33]. To examine
the adsorption properties of NH2NO2 molecule on the surface of pristine, B, As and B&As
doped AlNNTs, the adsorption energies and thermodynamic parameters for all considered
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models are calculated using Eq. 1. The calculated adsorption energies and thermodynamic
parameters of NH2NO2/nanotube complex are summarized in Table 1.
Table 1 Thermodynamic parameters (Kcal/mol), adsorption energy(Kcal/mol), deformation energy(Kcal/mol), solvent
effect parameters (Kcal/mol) and dipole moment ((Debye) of NH 2NO2 adsorption on the surface of pristine
and B, As and B&As doped AlNNTs Models A, B, C and D
A-a
Ε ads
Ε def (AlNNTs)
Εdef NH2NO2
Εbin complex
ΔG
ΔH
Δμ
ΔG solvation

-32.02
-7.96
-6.20
-49.80
-19.25
-31.02
4.84
25.09

A-b
-31.74
-7.96
-8.54
-48.24
-18.51
-30.05
4.61
22.27

B-a
-33.48
-7.96
-6.26
-47.71
-20.45
-32.67
4.94
24.61

B-b
-34.88
-9.18
-7.99
-52.07
-22.97
-34.57
4.93
27.23

C-a

C-b

-34.88
-9.18
-7.99
-52.07
-18.67
-30.90
4.78
23.36

-34.71
-6.96
-3.90
-38.57
-19.38
-29.23
4.17
22.08

D-a
-35.40
-5.26
-0.87
-41.53
-19.62
-32.79
4.73
23.85

D-b
-36.11
-5.81
-1.09
-43.02
-21.16
-33.96
4.74
25.24

Based on the calculated results, it has been found that the adsorption energy for all adsorption
models are negative, which means that the adsorption process is favorable and spontaneous.
Inspection of results confirm that the adsorption energy of D-a and D-b models when the
NH2NO2 molecule vertically approaches to the outer surface of nanotube with H and O heads, is
more stable than other models. These results suggest that with doping B and As atoms the
adsorption of NH2NO2 molecule on the surface of AlNNTs increase significantly from privative
models and adsorption process are more favorable than pristine models. On the other hand the
dipole moment of NH2NO2/nanotube complex in all models is in range 4.17 to 4.94 Debye and
alter slightly with adsorbing NH2NO2 molecule. The recovery time of the sensor device based on
the conventional transition state theory is calculated by Eq. 6.

   01 exp (  Ead / kT )

(6)

where T is temperature, k is the Boltzmann’s constant, and  0 is the attempt frequency.
According to this equation, the average recovery time of A-a, B-a , C-a and D-a models are
2.07× 1011 , 2.42 × 1012 , 2.53× 1013 and 6.05× 1013 s respectively. These results demonstrate that
the interaction between nanotube and NH2NO2 molecule at all models is strong, and the pristine,
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B, As and B&As doped AlNNTs is suitable for making adsorbent of NH2NO2 molecule. The
recovery time for A-a model is lower than those other models and so the interaction and
adsorption of NH2NO2 molecule on the pristine surface of AlNNTs is weaker than those other
models. To better investigate the adsorption properties NH2NO2 molecule on the surface of
pristine, B, As and B&As doped AlNNTs, the deformation energy (Edef) of NH2NO2, nanotube
and NH2NO2/ nanotube for all adsorption models are calculated by using Eqs (7-9):
E def

AlNNTs

E def

NH 2 NO 2

 E AlNNTs in complex  E AlNNTs

(7)

 E NH 2 NO 2in complex  E NH 2 NO 2

(8)

E int  E nanotub / NH 2 NO 2 complex  E AlNNTs in complex  E NH 2 NO 2in complex

(9)

here the EAlNNTs in complex and ENH2NO2 in complex are the total energy of AlNNTs and NH2NO2 in
the NH2NO2/AlNNTs complex, when NH2NO2 and AlNNTs are absent oneself respectively. The
Eint is interaction energy for NH2NO2/AlNNTs complex. Based on the calculated results of Table
1, the deformation energy values of the nanotube and NH2NO2 molecule at the all adsorption
models are negative. The negative values of deformation energy indicate that the molecular
deformation is spontaneous and the molecular structures of compound change spontaneously
from original state. The deformation energy of nanotube in the B-b (‒9.18 Kcal/mol) and C-a
(‒9.18 Kcal/mol), are more negative than other models and so the deformed structure in these
models are more stable than other models. The deformation energy of NH2NO2 molecules in the
A-b model (‒8.54 Kcal/mol) is more than other models. It is notable that with doping B& As
atoms in the D-a and D-b models the deformation energy of NH2NO2 molecule are less than
other models. Which means the curvature in the geometry of NH2NO2 in the As&B doped
AlNNTs/NH2NO2 complex is significantly smaller than other system. Thus, the As&B doped
AlNNTs can better protect the geometries of NH2NO2 compared to pristine, B and As doped
AlNNTs. On the other hand, comparing deformation energy of NH2NO2 and nanotube indicate
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that the curvature in the structure NH2NO2 and nanotube at all adsorption models are almost the
same.

The thermodynamic parameters involve enthalpy (∆H), Gibbs Free energy in gas phase

(∆G)and Gibbs Free energy in water phase (∆G

solvation)

for adsorption of NH2NO2 molecule on

the surface of pristine, B, As and B&As doped AlNNTs are calculated by Eq. 1 and results are
listed in Table 1. As displayed in Table 1, the ∆H, and ∆G values for all adsorption models are
negative. Comparison results indicate that the ∆H, and ∆G values for all adsorption models in
range (‒29.23 to ‒33.96) and (‒18.51 to ‒22.97) Kcal/mol respectively. The enthalpy and Gibbs
free energy value of B-b model is more than other models and the adsorption of NH2NO2 in this
model is more exothermic and spontaneous than other models. The infra‒red (IR) spectrum of all
adsorption models are determined from output of thermodynamic calculation, and the calculated
results are given in the Fig S1 in supplementary data. Comparison the IR spectrum of all
adsorption models show that the maximum epsilon ( intensity of peak) each spectrum is shown
in the frequency 1000 cm‒1 and with doping B, As and B&As atoms the altitude of the
maximum epsilon increase significantly from pristine model due induction effect of the doping
atoms. On the other hand, when adsorption of NH2NO2 is investigated in an aqueous medium,
the results indicate that the amount of Gibbs free energy in this system is positive, and the
adsorption of NH2NO2 on the surface of pristine, B, As and B&As doped AlNNTs is
unspontaneous in thermodynamic approach. Comparison results indicate that the ∆G

solvation

of

the A-a (pristine model) and D-b model (B&As-doped) is more than other models and adsorption
of NH2NO2 on the surface of nanotube in these models are more unfavorable than other models.
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The HOMO and LUMO orbitals and quantum descriptors
One of the most important terms in the study of interaction NH2NO2 with nanotube is the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
and related quantum parameters. The HOMO and LUMO orbitals density for all adsorption
models are displayed in Fig 2.

A-a HOMO

A-a LUMO

A-b HOMO

A-b LUMO

B-a HOMO

B-a LUMO

B-b HOMO

B-b LUMO

C-a HOMO

C-a LUMO

C-b HOMO

C-b LUMO

D-a HOMO
D-a LUMO
D-b HOMO
D-b LUMO
Fig. 2 The HOMO-LUMO orbital distribution of (NH2NO2) molecule on the surface of pristine, B, As and B&As
doped (4,4) armchair AlNNTs for A-a to D-b adsorption models
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Inspection of outcomes indicate that the HOMO orbital density at the all adsorption models are
distributed around nanotube surface specially around adsorption position area. Whereas the
LUMO orbital density is localized around NH2NO2 molecule. The most density of LUMO orbital
in the A-b, B-a and B-b models has distributed throughout the nanotubes in the adsorption
region. As result, the surface of the nanotube is a good place to attack electrophilic species and
the surface of NH2NO2 molecule is a good place to attack nucleophilic species. However in the
nanotube/NH2NO2 complex a significant overlap and electron density transfer can be performed
between the HOMO orbital of NH2NO2 and the LUMO of nanotube. These results agree with
the results of the NBO (Δρ NBO) and Mulliken (Δρ Mulliken) partial charge transfer, charge transfer
parameters (ΔN) and the adsorption energy (see Table 2). The positive values of ΔρNBO, ΔρMulliken
and ΔN in Table 2 demonstrate that the charge transfer occurs toward nanotube. Noticeably, the
charge transfer between NH2NO2 molecule and nanotube of D-a and D-b (B&As doped) models
with ∆N≈1.61, Δρ

Mulliken≈0.16

|e|

and

Δρ

NBO≈0.13

|e| which are more than other adsorption

models. From these results, it can be suggested that the stabilization of the NH2NO2/nanotube
complex is mainly governed by electrostatic interactions.
From HOMO and LUMO energy the quantum descriptor are calculated, these parameters are
used to establish correlation in various chemical and biochemical systems and to characterize the
chemical reactivity and kinetic stability of the molecule [49‒51].
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Table 2 Quantum parameters and Mulliken &NBO charge of NH2NO2 adsorption on the surface of
pristine and B, As and B&As doped AlNNTs Models A, B,C and D
EHOMO/eV
ELUMO/eV
Egap/eV
µ/eV
ƞ/eV
EFL/eV
(∆ϕ)/eV
ΔN
Δρ Mulliken
Δρ NBO

A-a

A-b

B-a

B-b

C-a

C-b

D-a

D-b

-7.89
-1.38
6.51
-4.63
3.25
-4.63
4.63
1.42
0.08
0.04

-7.58
-1.22
6.22
-4.40
3.18
-4.40
4.40
1.38
0.03
0.23

-7.82
-1.42
6.41
-4.62
3.20
-4.62
4.62
1.44
0.08
0.04

-7.82
-1.39
6.43
-4.61
3.22
-4.61
4.61
1.43
0.08
0.05

-7.30
-1.40
5.90
-4.35
2.95
-4.35
4.35
1.47
0.10
0.07

-7.72
-1.75
5.97
-4.74
2.99
-4.76
4.76
1.58
0.17
0.14

-7.28
-1.71
5.57
-4.50
2.78
-4.50
4.50
1.61
0.16
0.12

-7.33
-1.70
5.63
-4.51
2.81
-4.51
4.51
1.60
0.16
0.13

The calculated gap energy between HOMO and LUMO energies is listed in Table 2, and the
density of state graph of NH2NO2/nanotube system for all models are shown in Fig. 3. The
density of states (DOS) of a system describes the number of states per interval of energy at each
energy level that are available to be occupied by electrons.

A-a

A-b

B-a

B-b

C-a

C-b

D-a

D-b

Fig. 3 The DOS plots of (NH2NO2) molecule on the surface of pristine, B, As and B&As doped (4,4) armchair
AlNNTs for A-a to D-b adsorption models

A high DOS at a specific energy level means that there are many states available for occupation.
A DOS of zero means that no states can be occupied at that energy level. In general, a DOS is an
average over the space and time domains occupied by the system. The DOS plots of all
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adsorption models are calculated at the ‒12 to 5 eV (see Fig . 3). Comparison results indicate that
the number of DOS peaks with doping B atom at B-a, B-b models and D-a and D-b models is
more than pristine and As doped AlNNTs. These results confirm that doping B atom and
adsorbing NH2NO2 molecule is caused a significant change in the characteristic features of the
DOS. On the other hand, the gap energy between HOMO and LUMO orbitals in range 5.57 to
6.51 eV. With doping B&As atoms the gap energy decrease significantly from original values
and this result demonstrates a considerable changes has occurred. Moreover, when the NH2NO2
molecule adsorbs on the surface of B&As doped AlNNTs, the global hardness and electrical
potential of the system are significantly decreased indicating that the reactivity of the system is
increased. Comparison results indicate that the reactivity and conductivity of NH2NO2/nanotube
system decrease in order: A-a> B-a>C-a>D-a and these results in agreement with adsorption
thermodynamic parameters. These outcomes clearly show that with doping B, As and B&As
increase the sensivity of AlNNTs to adsorb and detect of NH2NO2 molecule.
To gain more insight into conductivity and charge transfer between NH2NO2 and nanotube in the
A-a, A-b, B-a, B-b, C-a, C-b, D-a and D-b models the Fermi level energy (EFL) of system and
calculated values are given in Table 2. The EFL of all adsorption models is in range ‒4.35 to
‒4.76 eV. The variations of Fermi level energies reveal that a remarkable number of electrons
transfer during the interaction between nanotube and NH2NO2 molecule, as results the electronic
properties of system change significantly from original state, which significantly affected the
electrical conductance of system.
The work function parameters (∆ϕ) of systems are calculated using follow equation:

here Einf

  E inf  E FL
(10)
is the electrostatic potential at infinity and EFL is the Fermi level energy. In this

consideration, the electrostatic potential at infinity is assumed to be zero. As known, the work
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function parameter of a system is the least amount of energy required to remove an electron from
the Fermi level to a point far enough not to feel any influence from the material [52]. The
emitted electron current densities in a vacuum are theoretically described by the following
classical equation:

j  AT 2 exp(  / kT )

(11)

where A is called the Richardson constant (A/m2), T is the temperature (K). The work function
values for A-a, B-a, C-a and D-a adsorption models are 4.63, 4.62, 4.35 and 4.50 eV (see Table
2). According to eq. 11 the emitted electron current density of system is exponentially related to
the negative value of ∆ϕ. Comparison results reveal that the work function of As and B&As
doped AlNNTs is lower than pristine and B doped and so the emitted electron current densities
of C-a and D-a adsorption models is more than A-a and B-a models. It may be conclude that , the
dipole moment of As and B&As doped AlNNTs is more than pristine and B doped, thereby the
dipole moment these systems is more than pristine and B doped and these results are
significantly in agreement with adsorption energy, conductivity of system.

Atom in molecule method
To further understand, the bonding navigate between NH2NO2 and nanotube and electrical
properties of between them, the electron densities (ρ) and Laplacian of electron, densities (▽2ρ)
at bond critical point (BCP), the potential energy (VBCP), the total electronic energy (HBCP), and
the kinetic energy (GBCP) of the bond in critical points are calculated using AIMALL program
[53‒54]. The calculated results are given in Table 3.
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Table 3 The atom in molecule (AIM) parameters of NH2NO2 adsorption on the surface of pristine and B, As
and B&As doped AlNNTs Models A, B, C and D

A-a
A-b
B-a
B-b
C-a
C-b
D-a
D-b

ρ

∇2ρ

G

H

V

0.0531
0.0498
0.0488
0.0413
0.0418
0.0451
0.0448
0.0459

-0.0773
-0.0811
-0.0803
-0.0861
-0.0640
-0.0701
-0.0714
-0.0742

0.0756
0.0765
0.0751
0.0804
0.0606
0.0665
0.0669
0.0693

-0.0169
-0.0046
-0.0052
-0.0057
-0.0033
-0.0036
-0.0044
-0.0048

0.0739
0.0718
0.0698
0.0747
0.0572
0.0628
0.0625
0.0645

As known, the negative values of ▽2ρ and HBCP refer to strong interaction (strong covalent
bond), the positive values of ▽2ρ and H values denote the weak covalent interactions (strong
electrostatic bond) and the positive value of ▽2ρ and negative value of HBCP define medium
strength as partially covalent bond. According to outcomes of table 3, the values of ▽2ρ and
HBCP for all adsorption models is negative and refers to strong interaction (strong covalent bond).
These results demonstrate that the bonding navigate between nanotube and NH2NO2 molecule
[(NH2NO2…pristine, B, As and B&As doped AlNNTs] is covalent bond type, indicates strong
interactions.
Natural bond orbital
In this work, to investigate the charge transfer behavior between nanotube and adsorbent
interaction we calculate the natural bond orbital (NBO) parameters [55]. This method is an
effective tool to determine the chemical interpretation of hyper‒conjugative interaction and
electron density transfer from the filled lone pair electron. For this reason, the stabilization energy
(E2) associated with the delocalization between each donor (i) and acceptor (j) orbital is
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using

Eq.

Fij2

12:

(12)

 j  i

where qi is donor orbital occupancy,  i and  j are orbital energies and Fij is the off‒diagonal
NBO Fock matrix element. The larger values of E(2) indicate, the strong interaction between
electron donors and electron acceptors, and more donating tendency from electron donors to
electron acceptors and the greater the extent of conjugation of the whole system. The calculated
results for E(2) values and corresponded donor and acceptor orbitals for A-a, A-b, B-a, B-b, C-a,
C-b, D-a and D-b adsorption models around of B, As and B&As doped position are listed in
Table 4.
Table 4 The stabilization energy for donor and acceptor orbital of NH 2NO2 adsorption on the surface of
pristine and B, As and B&As doped AlNNTs Models A, B, C and D
Structure

A-a
A-b
B-a
B-b
C-a
C-b
D-a
D-b

Donor(i)
σ N32-Al42
σ N32-Al42
σ N32-Al42/B
σ N32-Al42/B
σ N32-Al42
σN42/As-Al32
σ N32-Al42/B
σ N32-Al42/B

→
→
→
→
→
→
→
→
→

Acceptor(j)
σ⃰Al34-N32
σ⃰Al34-N32
σ⃰Al34-N32
σ⃰Al34-N32
σ⃰Al34-N32
σ⃰Al32-N31
σ⃰Al34-N32
σ⃰Al34-N32

E(2) (Kcal/mol)

6.14
5.96
3.55
4.07
6.15
5.67
4.29
4.46

Ej-Ei

Fij

(a.u.)

(a.u.)

0.90
0.92
1.05
1.04
0.95
0.67
1.05
1.09

0.067
0.066
0.055
0.059
0.068
0.055
0.034
0.063

The strong intramolecular hyper conjugative interaction of donor orbital to acceptor orbital for
A-a, B-a, C-a and D-a occur in the  N 32  Al 42   * Al 34  N 32 . Inspection of results reveal that
the order of E(2) value for adsorption of NH2NO2 from H site is: C-a>A-a>D-a> B-a and from O
site is: A-b>C-b>D-b>B-b. These results demonstrate that, when NH2NO2 molecule from H site
adsorbed on the surface of the As-doped AlNNTs and from O site adsorbed on the surface of the
pristine AlNNTs the strongest charge transfer interaction is occurred between NH2NO2 molecule
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and nanotube and so the electrical properties and adsorption energy of these forms are larger than
other states. It is notable that with doping B atom in all adsorption models (B-a and B-b models)
the E(2) values are lower than other those models and so the least charge transfer is occurred in
them.

Molecular electrostatic potential (MEP)
To better understand of charge distribution around adsorption position, the molecular
electrostatic potential (MEP) [56‒57] plots for all adsorption models are calculated and result are
shown in Fig. 4. Here to specify the different values of the electrostatic potential on the surface
adsorption area a different colors are used.
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A-a ESP

A-a contour

A-b HOMO

A-b contour

B-a ESP

B-a contour

B-b ESP

B-b contour

C-a ESP

C-a contour

C-b ESP

C-b contour

D-a ESP
D-a contour
D-b ESP
D-b contour
Fig. 4 The MEP Plots of (NH2NO2) molecule on the surface of pristine, B, As and B&As doped (4,4) armchair
AlNNTs for A-a to D-b adsorption models

The blue color represents the positive charges distribution or the nucleophilic regions and the red
color represents the negative charges distribution or the electrophilic regions. Based on the
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outcomes in the A-a, A-b, B-a, B-b, C-a, C-b, D-a and D-b models a significant electron density,
and negative potential, red color, are localized on the surface of nanotube and maximum positive
electrostatic potential are observed around adsorption position and it is localized on the surface
of NH2NO2 molecule. These results have a good agreement with NBO charge transfer, ∆N and
quantum parameters. It can be clearly observed that in the B-b model with doping B atom the
positive electrostatic potential around adsorption position is more than other models.

Reduced density gradient (RDG) and NCI index
One of the interesting methods to investigate the intramolecular interactions and evaluate the
nature of the weak interactions is non‒covalent interaction index (NCI) that it related to the
non‒covalent interaction and the reduced density gradient (RDG) is calculated by Eq. 13:
RDG (r ) 

1
2(3 )

2 1/3

 (r )
 (r ) 4/3

(13)

Non‒covalent interactions are characterized by small values of RDG. These isosurface expand
over interacting regions of the complex. The product between electron density ρ(r) and the sign
of the second lowest eigenvalues of electron density hessian matrix (λ2) has been proposed as a
tool to distinguish the different types of interactions. The scatter graphs of RDG versus sign(λ2)
ρ(r) for all adsorption models are shown in Fig. 5. The X‒axis and Y axis are sign(λ2)ρ(r) and
RDG function respectively. The sign(λ2)ρ(r) and NCI‒RDG plots are obtained with Multiwfn
program[58]. The sign (λ2)ρ(r) is utilized to distinguish the bonded (λ2<0) interactions from
nonbonding (λ2>0) interactions.
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A-a

A-b

B-a

B-b

C-a

C-b
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D-b

Fig. 5 The RDG Plots of (NH2NO2) molecule on the surface of pristine, B, As and B&As doped (4,4) armchair
AlNNTs for A-a to D-b adsorption models

In the RDG scatter, graph red color circle shows the attractive interactions, blue color circle
denotes strong repulsive interactions and green circle implies low electron density,
corresponding to Van der walls interactions. These isosurface are located on the reaction sites of
the NH2NO2/AlNNTs complex. It clearly observed that in the pristine and As and B&As doped
AlNNTs in the A-a, A-b, C-a, C-b, D-a, and D-b models more electron density localized in λ2<0
region and the attractive interactions interactions is increase. The results of RDG scatter
demonstrate that the interaction of NH2NO2 from H head on the surface N atom of nanotube is
stronger than other positions, and it is recommended that the pristine and As, B&As doped
AlNNTs are a good adsorbent toward NH2NO2 molecule. These results are in very good
agreement with the thermodynamic and adsorption energies results.

Conclusions
In this study, the DFT methods is utilized to investigate the NH2NO2 adsorption
characteristic on the surface of pristine, B, As and B&As doped (4, 4) armchair AlNNTs at the
B3LYP/6-31G (d, p) level of theory. Inspection of results confirm that the adsorption energy of
all models are negative and however the adsorption process of D-a and D-b models is more
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stable than other models. The negative values of deformation energy of all models indicate that
the molecular curvature is occurred spontaneously from original state. The order of E(2) value for
adsorption of NH2NO2 from H site is: C-a>A-a>D-a> B-a and from O site is: A-b>C-b>D-b>Bb. The values of ▽2ρ and HBCP for all adsorption models is negative and refers to strong
interaction (strong covalent bond) between nanotube/NH2NO2. The results of HOMO-LUMO,
NBO, AIM, MEP confirm that the charge transfer occurred from NH2NO2 molecule toward
nanotube. These results are in very good agreement with the thermodynamic and adsorption
energies results. The average recovery time of A-a, B-a, C-a and D-a models are 2.07× 1011 ,
2.42 × 1012 , 2.53× 1013 and 6.05× 1013 s respectively. These results demonstrate that the
interaction between nanotube and NH2NO2 at all models is strong, and the pristine and B, As and
B&As doped AlNNTs is favorable for making adsorbent of NH2NO2 molecule.
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