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Quantum mechanical investigation of 4-hydroxy phenyl azobenzene adsorption on the boron nitride nanotubes
F. Azarakhshi*, S. Hajibabaie, N. Farhadyar
Department of Chemistry, Varamin-Pishva Branch, Islamic Azad University, Varamin, Iran

Received: 21 May 2016; Accepted: 24 July 2016

ABSTRACT: In this study, the adsorption of 4-hydroxy phenyl-azobenzene on the surface of (4, 0) zigzag
open-end boron nitride nanotube (BNNT) has been investigated by quantum calculations. In order to
find the preferred adsorption site, different positions and orientations were considered. The impacts
of donor-acceptor electron delocalization on the structural and electronic properties and reactivity of
(4, 0) zigzag boron nitride nanotube (BNNT) in interaction with 4-hydroxy phenyl-azobenzene was
investigated based on the Density Functional Theory (DFT) calculations. Thermodynamic functional
analysis suggesting thermodynamic favourability for adsorption of azo dye on (4, 0) zigzag BNT in
both gas and aqueous phases. Delocalization of charge density between the bonding and antibonding
orbitals calculated by NBO (natural bond orbital) analysis. In the reaction of BNNT with azo dye, the
total electronic energy (Eel), azo dye-BNNT dipole moment (5.74 D), resonance energy (E2), HOMOLUMO energy bond gaps, density of state (DOS), adsorption energies (ΔEAd) and structural parameters
were calculated.
Keywords: Adsorption; BNNTs; Density functional theory (DFT); Energy gap; Hydroxy phenyl azobenzene; NBO;
Quantum mechanical investigation

INTRODUCTION
After the discovery of carbon nanotubes, the existence
of boron nitride nanotubes (BNNTs) was predicted by
Chopra (Chopra, et al., 1995) and Rubio (Rubio, et al.,
1994) theoretically based on the structural analogies between the parent materials for CNTs and BNNTs, both
being layered materials composed of layers of hexagonal lattices. BNNTs possess excellent mechanical properties, chemical stability and high thermal conductivity
(Pouch and Aterovita, 1990, Karnezos, 1990, Blase, et
al., 1994 & Wilder, et al., 1998). BNNTs are electrical
insulators with a bandgap of 5.5 eV, basically indepen(*) Corresponding Author-e-mail: fa_azarakhshi@yahoo.com

dent of tube chirality and morphology (Blase, et al.,
1994). This independence from tube chirality makes
boron nitride nanotubes much more tractable. BNNTs
are more chemically inert and structurally stable than
CNTs. BNNT has semiconductor behaviour that is interesting for applications in nanoscale devices. These
kinds of systems are suitable for biological applications
(Golberg & Bando, 2001) because they are soluble in
water (Huei, et al., 2012) and have prominent anticancer properties provided that they exhibit low toxicity
(Raffa, et al., 2012; Ciofani, et al., 2009). Nanotube
surface functionalization allows the fabrication of de-

F. Azarakhshi et al.

σ∗O47−H57
LPN20
E2

DE

Scheme 1. Schematic representation of the second order
perturbation energies (E2) and the energy gaps between donor and acceptor orbitals in the reaction between BNNT with
azo dye
Fig 1. (a) The optimized structure of azo dye-BNNT, (b) The

vices such as biosensors (Wu & Yin, 2011) and visible light emitting diodes (Gao, et al., 2011). Taking
into account the above mentioned facts it is required to
continue exploring the nanotube surface and ends as
covalent or non-covalent functionalization with different functional molecules or groups to make electronic
properties. Recently adsorption of different molecules
toward nanostructures has been studied (Baierle, et
al., 2006, Akdim, et al., 2009, Mukhopadhyay, et al.,
2010, Krishnakumar & Swaminathan, 2012, Kaur, et
al., 2015). There is sufficient published experimental
information about the dye removal as environmental
pollution from textile wastewater but there is no quantitative theoretical published data about the estereoelectronic effect on the electronic properties and reactivity of boron nitride nanotube (BNNT) in interaction

contours shows range of estereoelectronic interactions of
azo dye molecule with B12N12H8 nanotube surface

with azo dyes. In this study, (4, 0) zigzag BNNT have
been carried out to adsorption of 4-hydroxy phenylazobenzene dye by DFT method. Also, the stereoelectronic orbital interactions and stabilization energies (E2) associated with electronic delocalization and
their influences on the structural properties of azo dyeBNNT were quantitatively.

COMPUTATIONAL DETAILS
The structures of B12N12H8 nanotube and azo dye
molecules was optimized at the B3LYP/6-31G* level

Table 1. The calculated B3LYP/6-31G* relative energy difference values (DE0), DEThermal and thermodynamic parameters [ΔH, ΔG (in hartree) and ΔS (in cal mol-1 K-1)] differences in gas & aqua phases for azo
dye-B12N12H8

in gas phase
in aqua phase

DG

DH

DS

DE0

DEThermal

-0.307
-0.333

-6.972
-6.909

0.009
0.009

-7.643
-7.580

-6.382
-6.317

Table 2. The calculated B3LYP/6-31G* electronic energy values (Eel) (in kcal mol-1) for azo
Dye, B12N12H8 and azo dye-B12N12H8 and binding energy (BE) (in kcal mol-1) for azo
dye-B12N12H8 in gas & aqua phases

Azo dye -B12N12H8

Azo dye

B12N12H8

BE (kcal/mol)

in gas phase
-1009620.668
-1009622.237

-406613.804
-602998.894
in aqua phase
-406614.118
-603000.149

184

-7.9691
-7.9692
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of theory by using Gaussian quantum chemical package (Frisch, et al., 2004). The B3LYP is commonly
used functional in the study of different nanostructures
method (Seminario & Politzer, 1995). The vibrational
frequencies have been calculated at the same level of
theory, which enable us to confirm real minima. NBO
analysis was then performed using the B3LYP/6-31G*
level for the adsorption interaction of 4-hydroxy phenyl-azobenzene yellow dye on the BNNT by the NBO
analysis 5.G program via the PC-GAMESS interface
(Glendening, et al., 2004). The stabilization energies
associated with electron delocalization are proportional to S2/DE where S is the orbital overlap and DE
is the energy differences between the donor and acceptor orbitals. Also, stereoelectronic orbital interactions
are anticipated to be more effective for anti rather than
the syn or gauche arrangement between the donor and
acceptor orbitals, and the stabilization should increase
as the acceptor orbital energy decreases and the donor
orbital energy increases (Dionne & St-Jacques, 1987,
Epiotis, et al., 1977) (Scheme 1):

Table 3. Calculated stabilization (resonance) energies associated with donor-acceptor interactions, off-diagonal elements (a.u.) and orbital energies (a.u.) for azo dye-BNT

azo dye-BNT
from (BNT) to (azo)
LP1N20® σ*O47-H57
σB13-N20→ σ*O47-H57
σB19-N20→ σ*O47-H57
Σ
from (azo) to (BNT)
σ*O47-H57→ LP*2B22
LP1O47→ σ*N15-B22
LP1O47→ σ*B22-N24
LP1O47® LP*2B22
LP1O47→ LP*1B22
σO47-H57 → σ*N15-B22
Σ

E2

Fij

∆E

16.59
0.43
0.43
17.45

0.102
0.019
0.019

0.73
1.08
1.08

1.15
0.94
0.43
5.60
0.50
0.36
8.98

0.029
0.026
0.018
0.054
0.019
0.018

0.75
0.90
0.97
0.56
0.69
1.10

4-hydroxy phenyl-azobenzene dye on the surfaces of
BNNT for the optimized structure of azo dye-BNT
was calculated -7.969 (kcal/mol) in gas & aqua phases

Stabilization or resonance energy a (S2/DE)
E

= -3.373 eV

LUMO

RESULTS AND DISCUSSION
∆E= 2.196 eV

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 azo dye on
(4, 0) BNNT in both gas and solvent phases (Table 1).
The azo dye molecule has been sat in the different sites to be close to the B12N12H8. The binding
energy (BE) of 4-hydroxy phenyl-azobenzene dye
on the BNNT is determined through the following
equation (1):

E

= -5.569 eV

HOMO

(a)

DE adsorption = Binding Energy ( BE ) =
E ( azo dye − B12N12H8 )
-  E ( azo dye ) + E ( B12N12H8 ) 

(1)

Where E(azo dye-B12N12H8) is the total energy of
the BNNTs interacting with azo dye, E(azo dye) and
E(B12N12H8) are total energies of the azo dye and
pure BNNT respectively. The binding energy (BE) of

(b)
Fig. 2. (a) LUMO and HOMO molecular orbitals of azo dyeB12N12H8, (b) DOS diagram of azo dye-B12N12H8
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and results showed that the physical adsorption reaction was occurred (Table 2).
The bonding-antibonding orbital interactions and
the stabilization energies (E2) associated with electron
delocalization and their influences on the structural
properties of azo dye and BNNT and also, density of
state (DOS) were quantitatively investigated by the
NBO approach based on B3LYP/6-311+G** level of
theory. The NBO analysis showed that the most stabilization energies associated with electron delocalization
related to LP1N20®σ*O47-H57 and LP1O47® LP*2B22 for
azo dye-boron nitride nanotube compound. Also, there
is a direct relationship between the orbital overlap (S)

matrix and the off-diagonal elements (Fij). Increase of
the off-diagonal elements (Fij) values could increase
the LP1N20® σ*O47-H57 and LP1O47® LP*2B22 electron
delocalization (Table 3). So the stabilization energies
related to electron delocalization are explained the
electronic behaviour of azo dye and BNNT during the
adsorption reaction.
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. 2). Moreover, the decrease of
the bonding orbital occupancies and the increase of

Table 4. B3LYP/6-31G* calculated structural parameters for azo dye, B12N12H8 and azo dyeB12N12H8
Compound

azo

Bond lengths (Å)

BNNT

Compound
Bond lengths (Å)

Compound

azo-BNNT

Bond lengths (Å)

rN7-N8

1.263

r13-15

1.451

rN39-N40

1.263

r11-12

1.405

r13-20

1.474

r43-44

1.407

r12-13

1.399

r15-22

1.477

r44-45

1.402

rC12-O15

1.363

r22-24

1.451

rO15-H25

0.970

Bond angles (°)

Bond angles (°)

rC44-O47

1.355

rO47-H57

0.988

θ 15-13-20

117.5

r13-15

1.443

θ 4-7-8

114.7

θ 13-20-19

100.7

r13-20

1.498

θ 7-8-9

115.0

θ 19-21-22

114.6

r15-22

1.486
1.447

θ 11-12-15

117.1

θ 21-22-15

116.4

r22-24

θ 13-12-15

122.7

θ 21-22-24

119.5

Bond angles (°)

θ 12-15-25

109.2

Torsion angles (°)

Torsion angles (°)

θ 36-39-40

114.7
115.1

φ 13-20-19-21

61.1

θ 39-40-41

φ 4-7-8-9

180.0

φ 20-19-21-22

-21.5

θ 43-44-47

117.5

φ 11-12-15-25

180.0

φ 21-22-15-13

24.3

θ 45-44-47

122.6

φ 13-12-15-25

0.0

φ 13-15-22-24

-179.8

θ 44-47-57

112.6

θ 15-13-20

116.6

θ 13-20-19

97.8

θ 13-15-22

114.5

θ 21-22-15

115.1

θ 21-22-24

119.5

Torsion angles (°)
φ 36-39-40-41

180.0

φ 43-44-47-57

180.0

φ 45-44-47-57

-0.0

φ 13-20-19-21

64.8

φ 20-19-21-22

-22.7

φ 21-22-15-13

26.5

φ 13-15-22-24

179.5
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the anti-bonding orbital occupancies in the BNNTs
cause to electron distribution in these compounds.
Representative structural parameters for azo dye,
B12N12H8 and azo dye-B12N12H8 are calculated at
the B3LYP/6-311+G** level of theory (Table 4). Importantly, the results give evidence that in azo dyeB12N12H8, the rO47-H57 bond length is significantly
lengthier compared to that in azo dye and the q44-47-57
and q21-22-15 bond angles are shorter compared to that
in azo dye and B12N12H8 nanotube also, the f13-20-19-21
and f20-19-21-22 torsional angles in azo dye-B12N12H8
are lengthier compared to B12N12H8 nanotube.
These facts can be explained by the estereoelectronic
interactions associated with electron delocalization
(see Table 4).
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CONCLUSIONS
Bases on the results the BNNTs are effective adsorbents for the dye removal from textile wastewater.
Therefore, the investigation of Electronic Behaviour
of azo dye- BNNT can provide valuable information
about its electronic and structural properties and reactivity of boron nitride nanotubes in interaction with
4-hydroxy phenyl-azobenzene dye. The energy bond
gaps show that charge density transfer occurs during
the reaction. The binding energy (BE) of 4-hydroxy
phenyl-azobenzene dye on the surfaces of BNNT in
gas & aqua phases showed that the physical adsorption reaction was occurred.
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