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ABSTRACT: The purpose of this study is a better understanding of the encapsulation and interaction
two azomethines (FUR and TIO) into BN nanotube [BNNT(6,6-8)]. The electronic and adsorption
properties of the molecules FUR and TIO over the BNNT were theoretically investigated in the solvent
water with the B3LYP/6-31G* level of theory. With the non-bonded interaction of two azomethines, the
electronic properties of the BN nanotube can be significantly changed. The electronic spectra of the
molecules FUR, TIO and complexes FUR/BNNT and TIO/BNNT were calculated by TD-DFT method for
the study of adsorption effects. According to the NBO results, the molecules FUR, TIO and BNNT(6,6-
8) play as both electron donor and acceptor at the complexes FUR/BNNT and TIO/BNNT. On the other
hand, the charge transfer is occurred between the bonding, antibonding or nonbonding orbitals in the
molecules azomethine and BNNT(6,6-8). As a consequence, BNNT(6,6-8) can be considered as a

delivery or absorbent system.
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INTRODUCTION

The carbon nanotubes are as one of the attractive ma-
terials in which are used in field of physic, biotechnol-
ogy, biomedicine and bio-chemistry due to their unique
mechanical and electronic properties [1]. Boron nitride
nanostructure has the band gap energy of about 6 eV
[2]. Different electronic, optical and magnetic proper-
ties are expected to be revealed [3]. Therefore, many
studies on Boron nitride nanomaterials such as Boron
nitride nanotubes [3,4], Boron nitride nanocapsules [3],
Boron nitride clusters [3,5] and Boron nitride nanopar-
ticles [6,7] have been reported. It is expected that these
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compounds are useful for the electronics, semiconduc-
tor with high thermal stability and nanowires [8]. The
Boron Nitride Nanotubes (BNNTs) have a band gap of
about 5.5 eV [9]. Azomethines are one of the largest
and most diverse combinations of synthetic organic
dyes are being used today [10]. Azo compounds are ex-
tremely important and are moderately strong and chem-
ically stable and colorants and broadly utilized sub-
stances in the textile, paper, coloring agents for foods
and cosmetics industries [11,12]. Azo groups were
reported to establish a variety of biological activities
containing antibacterial, antifungal, pesticidal, antiviral
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and anti-inflammatory activities [13,14]. Azomethines
are also used in photoluminescence materials [15], op-
tical materials and devices [14], organic light-emitting
diodes [16], photovoltaic cells [17] and polarizing
films [13,14]. Density functional theory (DFT) stud-
ies provide more useful information on the interaction
between nanotubes and delivered drug molecules. The
adsorption and interaction of anticancer drugs such as
cisplatin [18], carboplatin [19], paclitaxel [20], meth-
otrexate [21] and doxorubicin [22] with BN nanotubs
have already been studied. DFT studies can provide
more useful information on the interaction between
nanotubes with various compounds such as drugs
and dye molecules [23-26]. Sheikhi and co-workers
[2] have investigated interaction between a new azo-
methine derivative and BN(6,6-7) Nanotube by DFT
calculations. They are discussed on electronic proper-
ties, chemical shift tensors, electronic spectra natural
charge of the azomethine and BN(6,6-7) Nanotube
in the complex BN(6,6-7)/azomethine. In the current
study, our purpose is to understand the ability of BN
nanotube for the encapsulation of the two azomethines
(OE,4E)-4-(2-phenyldiazenyl)-N-(2-furfurylidene)
benzenamine (FUR (OE,4E)-4-(2-phenyldiazenyl)-
N-(2-thiophenylidene)benzenamine (TIO) [27] based
on DFT calculations. We have studied thermody-
namic parameters, frontier molecular orbitals (FMO),
quantum molecular descriptors, natural bond orbit-
als (NBO), and absorption spectrum of the molecule
FUR, TIO, BNNT(6,6-8) and complexes FUR/BNNT
and TIO/BNNT.

COMPUTATIONAL METHODS

In the current study, the interaction and encapsulation
between two azomethines including FUR and TIO
with the BNNT(6,6-8) are taken into consideration.
The Polarized Continuum Model (PCM) [10] was
used for the calculations of solvent effect. The quan-
tum chemical calculations have been performed using
the density functional theory (DFT) calculations at the
B3LYP/6-31G* level of theory by the Gaussian 09W
program [28] for optimization of the molecule FUR,
TIO, BNNT(6,6-8), and complexes FUR/BNNT and
TIO/BNNT. We have defined the adsorption energies
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(E,) [2] of FUR and TIO over BN nanotube that is
determined by using the following equations:

Ead = EFUR/BNNT - [EFUR + EBNNT] (1)
Ead = ETIO/BNNT - |:]-ETIO + EBNNT] (2)
Where, E_ . oo and E o are the adsorption en-

ergies of the molecules FUR and TIO on the BNNT
FUR? ET[O and EBNNT are
energies of the molecules FUR, TIO and BN nano-
tube, respectively.

Natural bond orbital (NBO) [8], density of states
(DOS), and frontier molecular orbitals (FMO) analy-
sis [29] were performed by using B3LYP method and
6-31G* basis set. The thermodynamic parameters,

molecular orbital (MO) calculations of the investi-

nanotube, respectively. Also, E

gated compounds such as E, . E . energy gap
between LUMO and HOMO were performed. The
optimized molecular structures, DOS plots and the
orbital’s graphs were visualized by and Gauss view
[30] and GaussSum [31] programs. Time Dependent
Density Functional Theory (TD-DFT) method [32]
was used for the calculation of electronic transitions
of the molecules FUR, TIO and the complexes FUR/
BNNT and TIO/BNNT.

RESULTS AND DISCISSION

Optimized Structures

At first, we optimized the structures of the molecules
FUR, TIO, BN nanotube and the complexes FUR/
BNNT and TIO/BNNT using B3LYP/6-31G* level of
theory in a solvent water. The optimized structures are
shown in Figs. 1,2.

Table 1 shows the thermochemical parameters such
as the sum of electronic and thermal energies (E+T),
sum of electronic and thermal enthalpies (E+H), sum
of electronic and thermal free energies (E+G), and en-
tropy (S) of the molecules FUR, TIO, BNNT(6,6-8)
and complexes FUR/BNNT and TIO/BNNT optimized
using B3LYP/6-31G* level of theory. According to
the summarized results in Table 1, with the interaction
of the molecules FUR and TIO with BNNT(6,6-8), the
thermal, gibbs and enthalpy energies values decrease.
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Fig. 1. The optimized geometry of the BN nanotube (a), FUR (b), TIO (c) and DOS plots using B3LYP/6-31G* level of theory.

Energy values reflect the reduced reactivity and in-
creasing the stability of the molecules FUR and TIO in
non-bonded interaction with BNNT(6,6-8). The cal-
culated energies for the complex TIO/BNNT are the
most negative rather than the complex FUR/BNNT,
therefore the complex TIO/BNNT has the most stabil-
ity comparing with the complex FUR/BNNT.

Electronic Properties

The frontier molecular orbitals including HOMO and
LUMO are indicated as important parameters in the
chemical reactions [32]. The HOMO and LUMO ener-
gies show the ability to donate an electron and obtain
an electron respectively [10]. The molecular orbitals
have a important role in charge transfer phenomenon
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in molecular systems [10]. The energy gap between
HOMO and LUMO orbitals (Eg = E, = E,ou0) 18
an significant factor in determining electrical transport
properties in molecules [8]. We have studied the inter-
molecular interaction effects between the molecules
FUR, TIO with BNNT(6,6-8) on the electronic prop-
erties. The computed results are listed in Table 2.

The adsorption energies (E_,) of the molecules FUR
and TIO over the BNNT(6,6-8) are computed about
0.65 eV and 0.70 eV, respectively, therefore, the in-
teraction of the FUR and TIO with the BNNT(6,6-8)
is endothermic (Table 2). It is indicated a strong che-
misorption in the complex FUR/BNNT comparing
with TIO/BNNT. After the adsorption of molecule
FUR toward BNNT(6,6-8), the energy of HOMO is
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increased from -6.47 in BN nanotube to -5.71, while
the energy of LUMO is decreased from -0.07 eV to
-2.51 eV in the complex FUR/BNNT. The energy of
HOMO is increased from -6.47 eV in BN nano ring
to —5.74 eV in the complex TIO/BNNT, whereas the
energy of LUMO is decreased from -0.07 eV to -2.56
eV. The frontier orbitals graphs of the molecules FUR,
TIO, BNNT(6,6-8), FUR/BNNT and TIO/BNNT is
displayed in Fig. 3. As shown in Fig. 3, the electron
density of HOMO orbital in the BNNT(6,6-8) is main-
ly situated on nitrogen atoms, whereas the LUMO or-
bital is localized on boron atoms. The electron density
of HOMO and LUMO orbitals in the molecule FUR
is mainly localized on the whole molecule, whereas

HEB C

JJO??J
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Energy (eV)

Fig. 1. The optimized geometry of the complexes FUR/BNNT (a), TIO/BNNT (b) and DOS plots using B3LYP/6-31G* level of
theory.

the electron density of HOMO orbital in the molecule
TIO is mainly localized on thiophene ring and the
electron density of LUMO orbital is mainly localized
on the whole molecule. The HOMO and LUMO or-
bitals of the complexes FUR/BNNT and TIO/BNNT
focus only on the molecule FUR and TIO.

The energy gap values of the title molecules and
complexes are reported in Table 2. Calculated DOS
plots [8] in Fig. 1,2 also display the energy gaps of
the investigated structures. As can be seen from Ta-
ble 2, the energy gaps are decreased from 6.40 eV in
BNNT(6,6-8) to 3.20 and 3.18 eV in the complexes
FUR/BNNT and TIO/BNNT, respectively. These re-
sults show a basic increasing in electrical conductivity

Table 1. The thermochemical parameters of the molecules FUR, TIO, BNNT(6,6-8), and complexes
FUR/BNNT and TIO/BNNT calculated by B3LYP/6-31G* level of theory.

Parameters FURFU TIO BNNT FUR/BNNT TIO/BNNT
E+G (Hartree) -970.039 -1293.026 -3361.804 -4331.793 -4654.776
E+H (Hartree) -969.972 -1292.957 -3361.678 -4331.624 -4654.607
E+T (Hartree) -969.973 -1292.958 -3361.679 -4331.625 -4654.608
S (cal/mol.K) 142.407 145.239 265.155 356.339 356.110
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Table 2. The computed electronic properties of the molecules FUR, TIO, BNNT(6,6-8) and the complexes

FUR/BNNT and TIO/BNNT at the B3LYP/6-31G* level of theory in the solvent water.

Property FUR TIO BNNT FUR/BNNT TIO/BNNT
Dipole moment
3.354 3.113 0.000 2.726 2.671

(Debye)
E(Hartree) -970.258 -1293.241 -3362.454 -4332.638 -4655.669
E,ovo (€V) -5.43 -5.47 -6.47 571 -5.74
E, o (€V) 213 2221 -0.07 -2.51 -2.56
Eg (eV) 3.30 3.26 6.40 3.20 3.18
E, (eV) - - - 0.65 0.70
I(eV) 5.43 5.47 6.47 571 5.74
A (eV) 2.13 221 0.07 2.51 2.56
x (eV) 3.78 3.84 3.27 4.11 4.15
n(eV) 1.65 1.63 3.20 1.60 1.59
(V) -3.78 -3.84 -3.27 -4.11 -4.15
o (eV) 433 4.52 3.34 5.28 5.41
S (eV) 0.303 0.306 0312 0312 0314
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Fig. 3. The calculated HOMO, LUMO orbitals the molecules FUR, TIO, BNNT(6,6-8) and the complexes FUR/BNNT and TIO/
BNNT at the B3LYP/6-31G* level of theory.
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of the complexes rather than the isolated BNNT(6,6-
8). According to the results, we believe that the encap-
sulation of TIO into BNNT(6,6-8) is better due to the
lower energy gap (3.26 eV) rather than the molecule
FUR (3.30 eV). The quantum molecular descriptors
for the title systems such as ionization potential (I),
electron affinity (A), global hardness (1)), electronega-
tivity (%), electronic chemical potential (u), electro-
philicity (o) and chemical softness (S) are computed
according to follows equations, respectively [8]:

=-E oy G)
A=E, 0 )
n=1-A2 ®)]
y=1+A/2 (6)
u=(1+A)2 (7
©=p%2n ()
S=1/2n 9)

That is reported in Table 2. The stability of the mol-
ecules is related to hardness which is a tool to un-
derstand chemical reactivity [1]. As shown in Table
2, the values of global hardness (1) for BNNT are
3.20 eV and after capsulation of FUR and TIO into
BNNT are changed to 1.60 and 1.59 eV in the com-
plexes FUR/BNNT and TIO/BNNT, respectively.
This result indicates that the n value of BNNT(6,6-8)
decrease with the interaction of FUR and TIO with
BN nanotube and the complex FUR/BNNT (1.60 eV)
is harder than the TIO/BNNT (1.59 eV). The reactiv-
ity of TIO is higher due to the lower n value (1.63

eV) compared with FUR (1.65 eV). The electronic
chemical potential (un) of the complexes FUR/BNNT
and TIO/BNNT also decreased. Therefore, the com-
plexes have a high chemical activity, low chemical
stability and they are the soft systems rather than two
azomethine and BNNT(6,6-8). The dipole moment
value of BNNT(6,6-8) is increased by encapsulation
of the molecules FUR and TIO from 0.000 to 2.726
and 2.671 Debye in complexes FUR/BNNT and TIO/
BNNT, respectively (see Table 2). The change of di-
pole moment after encapsulation of two azomethine
into BNNT(6,6-8) indicates a charge transfer between
two azomethine and BN nanotube.

NBO analysis
NBO analysis is an important method for studying in-
tra- and inter-molecular bonding and interaction be-
tween bonds in molecular systems [32]. The electron
delocalization from donor orbitals to acceptor orbitals
describes a conjugative electron transfer process be-
tween them [33]. For each donor orbital (i) and accep-
tor orbital (j), the stabilization energy E® associated
with the delocalization i—)j is calculated [32]:

€ ¢

E® = AEij =q; (10)
The stabilization energy (E®) describes the amount
of the participation of electrons in the resonance be-
tween atoms of the molecules [8]. The high E®, the
more donation tendency from electron donor orbitals
to electron acceptor orbitals [32]. The NBO analysis
for complexes FUR/BNNT and TIO/BNNT have been

(a)
Fig. 4. The optimized structures of the complexes FUR/BNNT and TIO/BNNT at the B3LYP/6-31G* level of theory with atom
numbering.
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performed by B3LYP/6-31G* level of theory and the
results are reported in Table 3 (Atoms numbering is
according to Fig. 4).

According to the results of NBO analysis, the n—m*
transitions from FUR to BNNT(6,6-8) occur as m(N1-
N2)—-n*(B36-N116),t(N1-N2)—>n*(N70-B79),

m(N1-N2)—n*(N78-B87) with stabilization energies
(E@) about 0.11, 0.13, 0.06 kcal/mol respectively. It
is observed that m(N1-N2)—n*(N70-B79) interac-
tion has the highest resonance energy (0.13 kcal/
mol) rather than other n—n* transitions. The c—m*
transitions from FUR to BNNT(6,6-8) also take place

Table 3. The donor-acceptor interactions and second-order perturbation energies
(E®, kcal/mol) related to charge transfer between FUR and BNNT(6,6-8) in complex FUR/BNNT

calculated using the B3LYP/6-31G* method.

Donor (i) Acceptor (j) E®? (kcal/mol) E()-E(i)° (a.u.) F(,j) (a.u)
w(N1-N2) *(B36-N116) 0.11 0.43 0.006
©*(N70-B79) 0.13 0.43 0.007
n*(N78-B87) 0.06 0.44 0.005
6(C4-H23) *(N86-B95) 0.94 0.60 0.022
1*(N94-B103) 0.43 0.60 0.015
w*(B96-N97) 0.82 0.60 0.021
T*(B104-N105) 1.42 0.60 0.028
6(C5-H24) T*(N94-B103) 0.61 0.61 0.018
n*(N102-B111) 1.01 0.61 0.023
o(C7-H25) *(B56-N65) 2.98 0.59 0.040
6(C8-H26) 7*(N50-B59) 0.93 0.60 0.022
n*(N58-B67) 0.66 0.60 0.019
6(C10-H27) *(N90-BI1) 0.34 0.62 0.014
n*(B100-N101) 0.13 0.62 0.009
nl(N1) T*(N42-B51) 0.12 0.47 0.007
n*(B60-N61) 0.12 0.47 0.007
n*(B68-N69) 0.07 0.48 0.006
n1(N2) n* (N78-B87) 0.08 0.48 0.006
n*(B88-N&9) 0.12 0.47 0.007
7*(N106-B115) 0.08 0.48 0.006
n1(N9) *(B44-N45) 0.38 0.42 0.012
w*(N54-B63) 0.26 0.43 0.010
n1(022) T*(B52-N53) 0.55 0.66 0.017
n*(N62-B71) 0.06 0.66 0.006
n2(022) T*(N62-N71) 0.09 0.42 0.006
n(N50-B59) o*(C8-H26) 0.37 0.79 0.016
6(B56-N58) 6*(C7-H25) 0.07 1.20 0.008
5(B56-N65) o*(C7-H25) 0.05 1.20 0.007
n(B56-N65) 6*(C7-H25) 1.73 0.80 0.035
n(B58-N67) o*(C8-H26) 0.08 0.79 0.007
n(B60-N61) 6*(C12-H28) 0.18 0.77 0.011
n(B60-N61) 6*(C12-H28) 0.18 0.77 0.011
5(B60-H120) o*(C12-H28) 0.11 0.89 0.009
o(B63-N65) o*(C7-H25) 0.07 1.19 0.008
n(B64-N66) o*(C7-H25) 0.23 0.80 0.013
(B96-N97) o*(C4-H23) 0.34 0.80 0.016
(N98-B107) 6*(C4-H23) 0.06 0.82 0.007
6*(C16-H31) 0.22 0.78 0.012
6(B99-H132) o*(C19-H33) 0.25 0.89 0.013
n(B100-N101) 6*(C10-H27) 0.09 0.72 0.008
© (N102-B111) 6*(C5-H24) 0.85 0.78 0.024
o*(C10-H27) 0.06 0.72 0.006
7(B104-N105) 6*(C4-H23) 1.35 0.81 0.031

a E@ Energy of hyperconjucative interactions.
® Energy difference between donor and acceptor i and j NBO orbitals.
¢ F(i, j) Is the Fock matrix element between i and j NBO orbitals.
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in complex FUR/BNNT and they have the higher
resonance energies (E®) rather than m—n* transi-
tion. The important c—n* transitions are including
0(C4-H23)—n*(N86-B95),6(C4-H23)—n*(B104-
N105),06(C5-H24)—>n*(N102-B111),6(C7-
H25)—n*(B56-N65),6(C8-H26)—n*(N50-B59)
interactions with stabilization energies (E®) of

0.94, 1.42, 1.01, 2.98, 0.93 kcal/mol, respective-
ly. The important n—n* transitions are such as
n1(N9)—n*(B44-N45),n1(N9)—n*(N54-B63),
nl1(022)—n*(B52-N53) interactions with reso-
nance energies (E®) of 0.38, 0.26, 0.55 kcal/mol, re-
spectively. The results of NBO analysis shows that
n—oc* and o—c* transitions from BNNT(6,6-8) to

Table 4. The donor-acceptor interactions and second-order perturbation energies (E(2), kcal/
mol) related to charge transfer between TIO and BNNT(6,6-8) in complex TIO/BNNT calculated

using the B3LYP/6-31G* method.

Donor (i) Acceptor (j) E®? (kcal/mol) E()-E(1)"°(a.u.) F(@,j)r (au)
n(N1-N2) n*(B40-N41) 0.09 0.44 0.006
1*(B68-N69) 0.07 0.45 0.005
n*(N78-B87) 0.11 0.44 0.006
o(N1-N2) 1*(N86-B95) 0.75 0.60 0.020
©*(N94-B103) 1.66 0.60 0.030
1*(B104-N105) 1.22 0.60 0.026
o(C7-H25) n*(N46-B55) 1.04 0.60 0.024
1*(B64-N66) 1.66 0.59 0.030
o(C8-H26) ©*(N58-B67) 0.90 0.60 0.022
nl(N1) w*(B40-N41) 0.10 0.48 0.006
n*(N42-B51) 0.11 0.47 0.007
n*(N50-B59) 0.12 0.48 0.007
©*(B60-N61) 0.09 0.47 0.006
1*(B68-N69) 0.16 0.49 0.008
nl(N2) n*(N78-B87) 0.15 0.48 0.008
w*(B96-N97) 0.13 0.48 0.007
©*(N106-B115) 0.15 0.48 0.008
nl(N9) w*(B44-N45) 0.29 0.42 0.010
n*(B52-N53) 0.14 0.42 0.007
n1(S22) *(B52-N53) 0.36 0.72 0.015
n*(N62-B71) 0.05 0.73 0.006
n2(S22) n*(B43-N117) 0.08 0.32 0.005
n*(N62-B71) 0.19 0.33 0.007
n(N50-B59) o*(C8-H26) 0.10 0.79 0.008
o(B51-H122) o*(C12-H28) 0.10 0.90 0.009
n(B52-N53) 0*(C21-S22) 0.08 0.50 0.006
7 (N54-B63) o0*(C7-H25) 0.10 0.80 0.009
n(B56-N65) o*(C7-H25) 1.21 0.80 0.030
©(N58-B67) o*(C8-H26) 0.58 0.79 0.020
6(B59-N61) c*(C12-H28) 0.06 1.18 0.007
n(B60-N61) 0*(C8-H26) 0.06 0.80 0.007
c*(C12-H28) 0.86 0.78 0.024
6(B60-H120) c*(C12-H28) 0.15 0.90 0.011
n(N62-B71) o*(C7-H25) 0.06 0.81 0.007
©(N90-B91) o*(C10-H27) 0.08 0.72 0.007
n(N94-B103) 0*(C4-H23) 0.17 0.81 0.011
1(N98-B107) c*(C16-H31) 0.55 0.79 0.019
6(B99-H132) c*(C19-H33) 0.30 0.89 0.015
n(B100-N101) o*(C5-H24) 0.19 0.78 0.012
n(N102-B111) o*(C5-H24) 0.55 0.78 0.020
1(B104-N105) 0*(C4-H23) 1.61 0.81 0.034

@ E@ Energy of hyperconjucative interactions.
b Energy difference between donor and acceptor i and j NBO orbitals.
° F(i, j) Is the Fock matrix element between i and j NBO orbitals.
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FUR also occur in complex FUR/BNNT. Among the
c—c* electron charge transfers are such as o(B56-
N58)—c*(C7-H25),6(B60-H120)—c*(C12-H28),
6(B99-H132)—c*(C19-H33) with stabilization en-
ergies (E?®) 0.07, 0.11 and 0.25 kcal/mol respec-
tively. According to NBO analysis, the main n—c*
interactions are m(B56-N65)—c*(C7-H25), n(N102-
B111)—0c*(C5-H24),7(B104-N105)—c*(C4-H23)
transitions with resonance energies (E?®) about 1.73,
0.85, 1.35 kcal/mol, respectively. Thus, FUR and
BNNT(6,6-8) acts as both electron donor and electron
acceptor, therefore charge transfer take place between
FUR and BNNT(6,6-8) in the complex FUR/BNNT.
The NBO analysis shows that n—n*, c—7n*, n—>n*
transitions from TIO to BNNT(6,6-8) take place in
complex TIO/BNNT (Table 4). As shown in Table
4, the m—m* transitions from TIO to BNNT(6,6-
8) take place as m(NI-N2)—n*(B40-N41), n(N1-
N2)—-n*(B68-N69), m(N1-N2)—n*(N78-B87) in-
teractions with resonance energies (E®) about 0.09,
0.07 and 0.11 kcal/mol, respectively. The c—n* tran-
sitions from TIO to BNNT(6,6-8) are such as o(N1-
N2)—n*(N86-B95),6(N1-N2)—n*(N94-B103),
o(N1-N2)—n*(B104-N105),6(C7-H25)—n*(N46-
B55),6(C7-H25)—>n*(B64-N66),6(C8-

H26)—n*(N58-B67) interactions with stabiliza-
tion energies (E®) about 0.75, 1.66, 1.22, 1.04,
1.66 and 0.90 kcal/mol, respectively. The o(N1-
N2)—n*(N94-B103) and o(C7-H25)—n*(B64-N66)
interactions have the higher resonance energy (1.66
kcal/mol) rather than the other c—=w* transitions.
The important n—7* transitions in the complex TIO/
BNNT is observed for nl(N9)—n*(B44-N45) and
nl(S22)—n*(B52-N53) interactions with stabiliza-
tion energies (E@) about 0.29 and 0.36 kcal/mol, re-
spectively. Also, the m—oc* and c—c* transitions
from BNNT(6,6-8) to TIO occur in complex TIO/
BNNT. According to results of NBO analysis, the im-
portant 6—c* interaction from BNNT(6,6-8) to TIO
is such as ¢*(B99-H132)—c*(C19-H33) transition
with resonance energy (E®) of 0.30 kcal/mol. Accord-
ing to NBO analysis, the important m—c* interac-
tions from BNNT(6,6-8) to TIO are including n(B56-
N65)—0c*(C7-H25),1(B60-N61)—0c*(C12-H28),
n(B104-N105)—c*(C4-H23) transitions with reso-
nance energies (E®) about 1.21, 0.86, 1.61 kcal/mol,
respectively. Thus, TIO and BNNT(6,6-8) acts as both
electron donor and electron acceptor in the complex
TIO/BNNT and therefore charge transfer take place
between TIO and BNNT(6,6-8).

Table 5. Electronic absorption spectrum of the molecule FUR and complex FUR/BNNT calculated by TDB3LYP/6-31G*

method
FUR
Excited Wavelength Excitation Configurations Composition Oscillator
State (nm) Energy (eV) (corresponding transition orbitals) Strength (f)
S,—S, 481 2.57 H-1-L (90%), H-1-L+1 (9%) 0.00
S,—S, 407 3.04 H—L (98%) 1.42
H-2—L (32%), H—L+1 (60%), H-3—L (3%),
S,—S, 338 3.66 0.05
3 H-3—L+1 (2%)
H-3—L (39%), H-2—L (40%), H-6—L (4%),
S,—S, 316 391 0.01
H-6—L+1 (3%), H-3—L+1 (4%), H>L+1 (6%)
S,—S, 308 4.02 H-1-L+1 (86%) H-1—L (9%) 0.00
H-4—L (70%), H-3—L (7%), H-2—L (6%),
S,—S, 307 4.03 0.00
H-1-L+1 (2%), H>L+1 (4%), H—>L+3 (8%)
H-4—L (17%), H-3—L (31%), H-2—L (18%), H—>L+1 (23%),
S,—S, 299 4.13 0.01
H-6—L (3%), H-2—L+1 (4%)
S,—S, 292 424 H-5—L (82%), H—L+2 (11%), H-5—L+1 (3%) 0.00
H-6—L (35%), H-3—L+1 (33%), H-6—L+1 (5%),
S,—S, 262 4.72 0.17
H-3—L (6%), H-2—L+1 (9%), H—L+1 (3%)
S,—S,, 260 4.75 H-3—L+1 (13%), H-2—L+1 (75%), H-3—L (4%), H—>L+4 (3%) 0.12
H-6—L (14%), H-4—L+1 (57%), H-3—L+1 (16%), H>L+2 (5%),
S, —S 253 4.89 0.02

HoL+3 (3%)
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H-5—L (11%), H-4—L+1 (12%), H—L+2 (59%),

S —S 252 4.90 0.03
0o H-6—L (2%), H-5—L+1 (4%), H-1—-L+2 (8%)
S, =S, 251 4.92 H-1-L+2 (92%) H—L+2 (5%) 0.00
H-6—L (27%), H-4—L+1 (27%), H-3—L+1 (20%), H-2—L+1
Si—S., 248 4.98 0.05
(5%), H->L+1 (2%), H>L+2 (5%), H—L+3 (4%), H—>L+4 (3%)
H—LA3 (71%), H-6—L (4%), H-4—L (6%),
S —S 245 5.05 0.06
0 Pls H-1—-L+3 (9%)
S,—S,, 243 5.08 H-1-L+3 (91%) H—L+3 (7%) 0.00
S,—S,, 231 5.36 H-7—L (83%), H-5—L+1 (7%) 0.02
S,—S 230 5.38 H-5—L+1 (71%) H-7—L (8%), H-2—L+2 (8%), H—>L+2 (8%) 0.00
H-6—L+1 (68%) H-6—L (4%), H-3—L+1 (4%),
S —S 219 5.65 0.00
o H-2—-L+2 (5%), H-L+4 (8%), H—>L+5 (3%)
S,—S,, 217 5.69 H-1—-L+4 (84%), H-1—L+5 (10%), H-6—L+1 (2%) 0.00
FUR/BNNT
Excited Wavelength Excitation Configurations Composition Oscillator
State (nm) Energy (eV) (corresponding transition orbitals) Strength (f)
H-1-L (78%), H-3—L (9%), H-2—L (4%),
514 2.41 0.00
S,—S, H-1-L+1 (7%)
S,—S, 420 2.94 H—L (97%) 0.84
S,—S, 395 3.13 H-3—L (12%), H-2—L (86%) 0.00
S,—S, 391 3.16 H-3—L (76%), H-1—L (14%), H-2—L (9%) 0.00
S,—S, 368 3.36 H-4—L (92%), H-6—L (6%) 0.02
S,—S, 358 3.45 H-5—L (97%) 0.00
S,—S, 346 3.57 H-7—L (95%), H-8—L (2%) 0.00
S,—S, 345 3.59 H-8—L (94%) 0.00
H-10—L (17%), H-9—L (14%), H-6—L (24%), H—=L+1 (31%),
S,—S, 341 3.62 0.02
H-10—L+1 (2%)
S,—S, 339 3.65 H-9—L (68%), H-6—L (21%), H—>L+1 (6%) 0.00
H-10—L (38%), H-9—L (15%), H-6—L (22%),
S,—S, 334 3.70 H-13—-L (2%), H-12—-L (3%), 0.01
H-11-L (4%), H-10—L+1 (2%)
H-13—L (13%), H-11—-L (24%), H-1—-L+1 (37%), H-14—L (4%),
S,—S, 319 3.88 H-10—-L (7%), H-3—L+1 (3%), 0.00
H-1-L (3%), H>L+2 (2%)
H-135L (11%), H-115L (15%), H-1—>L+1 (43%), H-14—L (6%),
S,—S,s 318 3.89 H-12—L (2%), H-10—L (7%), 0.00
H-3—L+1 (2%), H-1—L (3%), HL+2 (2%)
H-13—L (26%), H-12—L (35%), H-11—L (33%),
Si—S., 312 3.96 0.00
H-10-L (3%)
H-13—L (14%), H-12—L (49%), H-11—-L (18%),
S,—S,s 311 3.97 0.00
H-10—L (10%) H—L+1 (2%)
H-6—L (20%), H—L+1 (52%), H-13—L (7%),
S —S 310 3.99 0.00
o H-12—L (5%), H-10—L (5%), H-4—L (2%)
S,—S,, 305 4.05 H-14—L (80%), H-13—L (12%) 0.00
S,—Ss 301 4.11 H-3—L+1 (34%), H-2—L+1 (47%), H-1—L+1 (8%) 0.00
S,—S, 300 4.13 H-15—L (84%), H-17—L (5%) 0.00
H-19—L (37%), H-16—L (34%), H-2—L+1 (13%), H-3—L+1
S,—S, 299 4.14 0.00

(3%), H—L+3 (3%)

*H-HOMO, L-LUMO
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Fig. 5. UV spectrum of the FUR (a), complex FUR/BNNT (b), TIO (c), complex TIO/BNNT calculated by TDB3LYP/6-31G*

method.

Electronic Structure and Excited States

In order to investigation of the encapsulation effect of
FUR and TIO into BNNT(6,6-8) on the A, we have
computed the UV/Vis spectra of the molecules FUR,
TIO and the complexes FUR/BNNT and TIO/BNNT
using TD-DFT calculations at B3LYP/6-31G* method
with considering 20 excited states which is reported
in Tables 5,6. These tables indicate the &, oscillator
strength (f), and excitation energies (E).

The analysis of the calculated UV spectrum for the
FUR exhibits A at 407 nm (f = 1.42) (see Table 5).
The charge transfer at A, = 407 nm is related to the
excited state S—S, with one electron configuration
such as H—L (98%). The other excited states of FUR
have very small intensity and do not play any role in
the formation of electron spectrum of the title com-
pound (Table 5). The computed electronic absorption
spectrum of FUR in the solvent water is shown in Fig.
5(a). The calculated value of & __ is in good agreement
with the experimental values [27]. With the encapsu-
lation of FUR into the BNNT(6,6-8), A is observed
at 420 nm (f = 0.84). The charge transfer atA_ =420
is related to the excited state S;—S, and is defined by
eight configurations including H—L (97%) (Table 5).
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The other excited states of the complex FUR/BNNT
have very small intensity and do not play any role in
the formation of electron spectrum of this molecular
system (Table 5). The theoretical electronic absorp-
tion spectrum of FUR/BNNT is observed in Fig. 5(b).

According to the theoretical UV spectrum of the
FUR, A is observed at 409 nm (f = 1.36) (Table 6).
The charge transfer at A = 409 nm is related to the
excited state S —S_ with one electron configurations
such as H—L (96%). The calculated value of A__ is
in good agreement with the experimental values [27].
After the encapsulation of TIO into the BNNT(6,6-8),
A .. appear at 423 nm (f = 0.85). The charge transfer
ath =423 is related to the excited state SO—S2 and
is defined by one configuration including H—L (98%)
(Table 6). The other excited states of FUR and com-
plex TIO/BNNT have very small intensity and do not
play any role in the formation of electron spectrum of
the title compound (Table 6). The theoretical electron-
ic absorption spectra of FUR and complex TIO/BNNT
in the solvent water are shown in Fig. 5(c),(d). Thus,
we found that encapsulation of the molecules FUR
and TIO into the BNNT(6,6-8) enhances the value of
A

ma:

_and it can be considered as a bathochromic shift.
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Table 6. Electronic absorption spectrum of TIO and complex TIO/BNNT calculated by TDB3LYP/6-31G* method.

TIO

Excited Wavelength Excitation Configurations Composition Oscillator

State (nm) Energy (eV) (corresponding transition orbitals) Strength (f)
S,—S, 513 241 H-1-L (88%), H-1->L+1 (12%) 0.00
S,—S, 409 3.02 H—L (96%) 1.36
s s 21 16 H-2—L (22%), H—L+1 (66%), H-3—L (7%), o

— . .

o H-3—-L+1 (3%)

S,—S, 329 3.76 H-1-L (12%), H-1-L+1 (86%) 0.00
S S 12 - H-3—L (48%), H-2—L (37%), H-7—L (4%), 0.02
— . .

o H-3—L+1 (4%)
S8 307 403 H-4—L (21%), H-3—L (24%), H-2—L (28%), 0.00
— . .
o H—-L+1 (19%), H->L+3 (3%)
- 204 407 H-4—L (68%), H-3—L (6%), H-2—L (8%), 001
— . .
o7 H—L+1 (8%), H—>L+3 (5%)
S,—S, 291 425 H-5—L (82%), H-5—L+1 (4%), H—L+2 (9%) 0.00
Si—S, 277 4.46 H-6—L (89%), H-2—L+1 (6%) 0.01
S S 567 4.64 H-7—L (19%), H-3—L+1 (48%), H-2—L+1 (16%), 0.16
— . .
o H-7—-L+1 (3%), H-3—L (5%), H—>L+1 (2%)
H-3—-L+1 (20%), H-2—L+1 (66%), H-6—L (4%),
S,—S,, 266 4.65 H3L (3% 0.06
- 5)
S,—S, 256 4.84 H-1-L+2 (99%) 0.00
Sy—S,; 255 4.85 H-7-L (23%), H-4—L+1 (61%), H-3—L+1 (8%), H—>L+4 (2%) 0.00
- 252 4.90 H-7—L (37%), H-4—L+1 (36%), H-3—L+1 (9%), e
— . .
0T H-2—L+1 (3%), H-L+2 (3%), H—>L+4 (4%)
H-5—L (13%), H-5—L+1 (12%), H—>L+2 (60%),
S,—S,; 249 4.97 Ho1 143 (6%) 0.03
H-1-L+3 (93%)
Si—S16 248 4.98 HooL42 (4%) 0.00
— 0
Si—S,, 241 5.13 H—L+3 (84%), H-4—L (7%), H-4—L+4 (3%) 0.07
Si—S s 235 5.26 H-6—L+1 (89%) 0.04
Sy—S, 232 5.33 H-5—L+1 (74%), H—>L+2 (18%), H-2—L+2 (3%) 0.04
Si—Sy 226 5.46 H-1-L+4 (83%), H-1->L+5 (14%) 0.00
BNNT/TIO
Excited Wavelength Excitation Configurations Composition Oscillator
State (nm) Energy (eV) (corresponding transition orbitals) Strength (f)
s s s - H-1—L (75%), H-3—L (8%), H-2—L (7%), 0.00
— . .
Ul H-1-L+1 (8%)
S,—S, 423 2.92 H—L (98%) 0.85
S,—S, 397 3.12 H-3—L (20%), H-2—L (63%), H-1—L (16%) 0.00
S,—S, 391 3.16 H-3—L (70%), H-2—L (28%) 0.00
S,—S, 371 3.33 H-4—L (93%), H-6—L (6%) 0.00
S,—S, 360 3.44 H-5—L (97%) 0.00
S8 348 355 H-7—L (73%), H-6—L (15%), H-9—L (2%), 0.00
— . .
o H-8—L (4%), H—>L+1 (3%)
s s . 357 H-8—L (73%), H-7T—L (13%), H-6—L (5%), 0.00
— . .
098 H—-L+1 (4%)
H-8—L (20%), H-6—L (21%), H—L+1 (31%),
S,—S, 345 3.58 H-11—L (2%), H-10—L (7%), H-9—L (3%), 0.01
H-7—L (9%)
S—S,, 341 3.62 H-9—L (92%), H-6—L (3%), H—L+1 (2%) 0.00
H-11-L (13%), H-10—L (42%), H-6—L (22%),
S,—S,, 334 3.70 H-27—L (2%), H-17-L (2%), H-10—L+1 (2%), 0.01

H-7—L (2%)
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H-1L+1 (76%)

S,—S, 323 3.83 0.00
H-3—L+1 (4%), H-2—L+1 (5%), H-1—L (7%)
H-14—L (12%), H-13—L (11%), H-115L (53%), H>L+1
S,—S, 319 3.87 0.00
(10%), H-6—L (5%), H—L+2 (4%)
H-10—L (21%), H-6—L (17%), HL+1 (40%),
S,—S,, 317 3.90 H-14—L (3%), H-11-L (5%), H-4—L (2%), 0.00
H-1-L+1 (3%)
S,—S,, 313 3.94 H-12L (96%) 0.00
H-14—L (44%), H-13—L (15%), H-11—-L (18%), H-10—L
S,—S,, 312 3.96 0.00
(12%), H-12—L (2%), H—L+2 (2%)
H-14—L (15%), H-13—L (29%), H-2—L+1 (39%),
S S 307 4.03 0.00
v H-3—L+1 (9%)
H-145L (13%), H-135L (33%), H-2—L+1 (41%), H-35L+1
S,—S,, 306 4.04 0.00
(3%), H-1L+1 (2%)
H-15—L (69%), H-3—L+1 (14%), H-19—L (5%), H-2—L+1
S,—S,, 303 4.08 0.00
(3%), H-1L+1 (3%)
H-15—L (18%), H-3—L+1 (59%), H-17—L (3%), H-13—L
S,—S,, 302 4.09 0.00
(2%), H-2—L+1 (6%), H-1—L+1 (5%)
*H-HOMO, L-LUMO
CONCLUSIONS REFRENCES

In this study, we have investigated the thermodynamic
parameters, adsorption energies and electronic proper-
ties of FUR and TIO into BNNT(6,6-8) using DFT/
B3LYP calculations. The results show that the energy
gaps of the complexes FUR/BNNT and TIO/BNNT are
decreased rather than isolated BNNT(6,6-8). Therefore,
the electrical conductivity of the complexes increase
rather than the isolated BNNT(6,6-8). The reactivity
of TIO is higher due to the lower n value (1.63 eV)
rather than the FUR (1.65 eV). The complexes FUR/
BNNT and TIO/BNNT have a high chemical activity,
low chemical stability due to the decreasing electronic
chemical potential (1) and they are the soft systems
rather than two azomethines and BNNT(6,6-8). NBO
analysis predicted a charge transfer from the molecules
FUR and TIO to BNNT(6,6-8) and from BNNT(6,6-
8) to FUR and TIO. The encapsulation of the molecule
FUR into the BNNT(6,6-8) enhances the value of A,
(from 407 nm to 420 nm) and interaction of the TIO
with the BNNT(6,6-8) increases the value of A (from
409 nm to 423 nm), therefore they can be considered as
a bathochromic shift. We hope that our results from the
investigation of adsorption effects of two azomethines
(FUR and TIO) with BN nanotube can be used as in the
medicine chemistry as drug delivery system or in the
field of environmental chemistry as an absorbent sys-
tem in order to adsorption of the azomethine dyes.
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