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ABSTRACT: In this study interaction of phenothiazine sulfur dye with (5, 5) armchair open-end
boron nitride nanotubes (BNNTs) in interaction (with a length of 7 Å) was investigated. The impacts
of the estereoelectronic effect associated with donor-acceptor electron delocalizations, dipole-dipole
interactions and total steric exchange energies on the structural and electronic properties and reactivity
of semiconductors of (5, 5) armchair open-end boron nitride nanotube (BNNT) in interaction with
7-hydroxy phenothiyazine 3-one sulphure dye was studied based on the Density Functional Theory
(DFT) calculations by using the B3LYP/6-31G* level of theory in gas phase and water solution.
Delocalization of charge density between the bonding or lone pair and antibonding orbitals calculated
by NBO (natural bond orbital) analysis. These methods are used as a tool to determine structural
characterization BNNTs during the adsorption reactions in the gas phase. In order to investigate of
conductivity and electronic properties of (5, 5) open-end boron nitride nanotube (BNNT) in the reaction
with 7-hydroxy phenothiyazine 3-one sulphure dye, the thermodynamic functions, the total electronic
energy, dipole moment, orbital energies, charge density, density of state (DOS), LUMO-HOMO energy
bond gaps, Adsorption energies (EAd) were calculated. The calculated LUMO-HOMO energy bond gap
show that charge density transfer occurs within the molecules and the semi-conductivity of BNNTs
could be justified.
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INTRODUCTION
The prediction of the carbon nanotubes (CNTs) by (Injima, 1991), which can be metallic or semiconductor in
character, depending on their chirality and their diameter; CNTs have recently revealed as materials of different properties and various applications in gas storage,
sensors and in environment applications. In 1994 (Rubio, et al., 1994) theoretically suggested the existence
(*) Corresponding Author - e-mail: fa_azarakhshi@yahoo.com

of the boron nitride nanotubes (BNNTs), which were
synthesized, by (Chopra, et al., 1995). BNNTs possess
excellent mechanical properties, high thermal conductivity, chemical stability; unique properties including
tensile strength, stiffness and deformation are the features of BNNTs, and resistance to the oxidation, among
other properties. Boron nitride nanotube (BNNT) has
unique properties of semiconductor behaviour. BNNT
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Dipole Moment = 6.356 Debye
Point Group = C1
E(RB3LYP) = -3468.19457756 a.u.
Fig. 1. The optimized structure of sulfur dye-BNNT

has a smaller band gap of a material that is interesting
for applications in nanoscale devices. Previously adsorption of different molecules toward nanostructures
has been studied (Kaur, et al., 2015, Azarakhshi, et
al., 2011, Azarakhshi, et al., 2012, Masnabadi, et al.,
2013, Politzer, et al., 2005, Peralta-Inga, et al., 2003,
Peyghan, et al., 2013, Beheshtian, et al., 2013, Baei,
et al., 2013, Farmanzadeh & Ghazanfary, 2014, Peyghan, et al., 2013, Soltania, et al., 2012). There is sufficient published experimental information about the
dye removal from textile wastewater but there is no
quantitative theoretical published data about the electronic properties and reactivity of boron nitride nanotube (BNNT) in interaction with sulfur dye. In this
study, (5, 5) armchair BNNT have been carried out
to adsorption of 7-hydroxy phenothiazine 3-one dye
as environmental pollution by DFT method. Also, the
stabilization energies (E2) associated with electronic
delocalization and their influences on the structural
properties of sulfur dye-BNNT were quantitatively investigated by the NBO (Natural Bond Orbital) analysis (Glendening, et al., 2004). The resonance energies
(LPg σ* or π*) are proportional to S2/DE where S is
the orbital overlap and DE is the energy differences
between the donor and acceptor (LP and σ* or π*) or-

bitals (Dionne and St-Jacques, 1987).

COMPUTATIONAL DETAILS
The structures of (5, 5) armchair BNNT (B30N30H20)
nanotube and sulfur dye molecules was optimized at
the B3LYP/6-31G* level of theory by using Gaussian quantum chemical package (Frisch, et al., 2009).
The B3LYP is commonly used functional in the study
of different nanostructures method (Seminario and
Politzer, 1995). The vibrational frequencies have been
calculated at the same level of theory, which enable
us to confirm real minima. The sulfur dye molecule
has been sat in different sites to be close to the BNNT
(Figs. 1, 2). The Adsorption energies (EAd) of 7-hydroxy phenothiazine 3-one dye on the BNNT are determined through the following equation (1):
DE adsorption
=

E(sulfur dye − BNNT) − [E(sulfur dye) + E ( BNNT )]

(1)
Where E(sulfur dye-BNNT) is the total energy of the
BNNTs interacting with sulfur dye, E(sulfur dye) and
E(BNNT) are total energies of the pure BNNT and
sulfur dye respectively. NBO analysis was then per152
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BNNT, in order to obtain the most stable adsorption
mode; sulfur dye set at the different positions of (5,
5) BNNT and the structural energies was calculated.
The data shows that the adsorption energy value for
optimized structure of sulfur dye- BNNT at 25ºC and
Pressure= 1atm in gas and solvent phases is equal to
-2176326.779 kcal/mol and -2176328.745 kcal/mol
respectively. Chloroform was used as a solvent with
the best adsorption energy value. The adsorption energies (EAd) of 7-hydroxy phenothiazine 3-one dye on
the surfaces of BNNT for the optimized structure of
sulfur dye-BNNT was calculated in gas phase (-3.117
kcal/mol) and solvent phase (-3.623 kcal/mol) and results showed that the physical adsorption reaction was
occurred (Table 1).
Also, the HOMO/ LUMO energy gap (Eg) for sulfur dye-BNNT (Eg= 2.925 eV) was calculated (Fig.
3). Earlier studies indicated the usefulness of calculations of (NBO analysis) for the investigation structural properties and reactivity of boron nitride nanotubes (BNNTs). Herein, NBO analysis was performed
at the B3LYP/6-31G* level of Density Functional
Theory (DFT) on the optimized models. The results of
HOMO and LUMO molecular orbitals justify the nonbonded interactions and electron transfer from sulfur
dye to BNNT and inverse from BNNT to sulfur dye.
So that the shape related to molecular orbitals shows
the HOMO and LUMO orbitals spread on sulfur dye.
The results of stabilization energies (E2) calculations
associated with electron delocalization confirm the
shape of HOMO and LUMO orbitals. The bondingantibonding orbital interactions and also the stabilization energies (E2) associated with electron delocalization and their influences on the structural properties
of sulfur dye and BNNT were quantitatively investigated by the NBO approach based on B3LYP/6-31G*

Fig. 2. Contour lines represent the range of atoms involved
in electron resonance in the adsorption reaction of a dye
molecule on (5, 5) BNNT

formed using the B3LYP/6-31G* level for the adsorption interaction of 7-hydroxy phenothiazine 3-one dye
on the BNNT by the NBO (Natural Bond Orbital)
analysis 5.G program (Glendening, et al., 2004).

RESULTS AND DISCUSSION
Thermodynamic functional analyses on the fully optimized geometries were calculated. The free Gibbs
energy (ΔG) and enthalpy (ΔH) values are negative
and entropy (ΔS) values are positive, that suggesting
thermodynamic favourability for attachment of sulfur
dye on (5, 5) BNNT in both gas and solvent phases.
Figure 1 shows the optimized structure of sulfur dye-

Table 1. The calculated Electronic Energy and Adsorption Energy (Ead) in (kcal/mol) for sulfur dye-BNNT
in both gas and solvent phases
Sulfur dye- BNNT

Sulfur dye

BNNT

Electronic Energy (kcal/mol) in gas phase
-2176326.779

-668205.447

-1508118.215

Electronic Energy (kcal/mol) in solvent phase (chloroform)
-2176328.745

-668206.906

-1508118.215
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Adsorption Energy (kcal/mol)
-3.117
-3.623
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behaviour of sulfur dye and BNNT during the adsorption reaction (Table 2). The NBO result shows the partial charges on the whole of atoms. The stability and
reactivity of a molecule relates to energy bond gaps,
which means the molecule with least HOMO-LUMO
energy gap is more stable because of high electron
delocalization between HOMO & LUMO orbitals
(Fig. 3). Moreover, the decrease of the bonding orbital
occupancies and the increase of the anti-bonding orbital occupancies in the BNNTs cause to electron distribution in these compounds. The energy bond gaps
show that charge density transfer occurs during the
reaction.

Table 2. Calculated resonance energies associated with
electron delocalization (donor-acceptor interactions), orbital
overlap (off-diagonal elements) (a.u.) and orbital energies
(a.u.) for sulfur dye-BNNT
Sulfur dye -BNNT

E2

∆E

Fij

from (BNT) to (sulfur dye)
π N20 - B27 g s* C92 - O95
LP (1) N26 g s* C91 - H100
π* N20 - B27 g s* C92 - O95

0.05
0.44
0.06

0.84
0.70
0.49

0.006
0.018
0.013

π*B24 - N32 g s* C91 - H100
S
from (sulfur dye) to (BNT)

0.10

0.42

0.015

s C92 - O95 g π* N20 - B27
π C92 - O95 g π* N20 - B27
π C92 - O95 g s* B27 - N29
LP (1) O95 g s* N20 - B27
LP (1) O95 g π* N20 - B27
LP (1) O95 g s* B27 - N29
LP (2) O95 g s* N20 - B27
LP (2) O95 g π* N20 - B27
LP (2) O95 g s* N26 - B27
LP (2) O95 g s* B27 - N29

0.14
0.07
0.10
0.57
2.19
0.23
0.37
3.54
0.18
0.24
0.08
0.07
7.78

1.12
0.45
0.86
1.15
0.76
1.17
0.73
0.34
0.74
0.76
0.05
0.08

0.012
0.005
0.008
0.023
0.038
0.015
0.015
0.032
0.010
0.012
0.004
0.004

π C88 - C91 g π* B24 - N32
π C92 - O95 g π* N20 - B27
S

0.65

CONCLUSIONS
The adsorption of sulfur dyes on the surface of (5, 5)
armchair BNNT has been studied by using DFT method. Bases on the results, the BNNTs are effective adsorbents for the dye removal from textile wastewater.
Therefore, the investigation of Electronic Behaviour
of sulfur dye- BNNT can provide valuable information
about its structural properties and reactivity of BNNTs
in interaction with sulfur dyes. The results show it is
clearly possible to apply armchair BNNTs as a semiconductor, at the presence of sulfur dyes and therefore
can potentially be used for sulfur dyes adsorbent.

level of theory. The NBO analysis showed that the
most stabilization energies associated with electron
delocalization related to LP (1) O95 g π* N20-B27
and LP (2) O95 g π* N20-B27 for sulfur dye- BNNT
compound. So the stabilization energies related to
electron delocalization are explained the electronic

Fig. 3. LUMO and HOMO molecular orbitals of sulfur dye- BNNT and DOS spectrum
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