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Abstract

Herein, we evaluated the adsorption of thiazole over the surface of BC,N nanotube using PBE and M06-2X functionals and 6-
311G** standard basis set. We considered one and two thiazole molecules over the outer sidewall of BC,N nanotube.
Furthermore, we found that the adsorption energy of thiazole (state II) from its nitrogen head on the boron atom of BC,N
nanotube is greater than other states (about —0.90 eV by PBE and — 1.09 eV by M06-2X functional). It was found that the energy
gap of BC,N nanotube is significantly reduced from 0.61 to 0.25 eV after the thiazole adsorption (state IT). Our results also
indicated that the electronic and optical properties of BC,N nanotube are significantly altered on the adsorption of thiazole.
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Introduction

Thiazoles (C3NH3S) and their derivatives have been regularly
discovered as a vital compound of novel and structurally var-
ious accepted products that reveal numerous biological behav-
ior such as thiamine, penicillin G, amphetamine drugs, and
vitamin By which are served as an electron descend. They
are used as systematic reagents and lively center in the study
of important evolution of metals such as cadmium, lead, cop-
per, and gold [1-3]. Thiazole coenzyme structure is most for
decarboxylation of a-ketoacids [4]. Thiazole is a heterocyclic
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compound that contains anti-inflammation, anti-hypertension,
antibacterial, and anti-human immunodeficiency virus effects
[5-8]. In later years, significant efforts led to the creation of
tube-like structures. The full substitute for carbon in the CNT
construction, as a result of alternating boron and nitrogen
atoms, leads to the configuration of boron nitride nanotubes
(BNNTs) with relatively diverse electronic properties while
compared with its carbon-based analog [9—15]. BN nanotubes
are also semi-conductive with an energy gap of 5.5 eV [16,
17]. The electronic properties of nanostructure material can
therefore be considerably adapted to the existence of defects,
more than ever as substitution dopants are incorporated into
the honeycomb structure [18-20]. In addition to BNNTS, oth-
er types of nanotubes such as B-C-N nanotubes have been
synthesized by electrical arc discharge, pyrolysis, laser abla-
tion, and other recently with laser vaporization, motivating a
large number of theoretical investigations [21-27]. The BC,N
nanotube is well known as one of the most stable forms of the
BCN layers based and nanotube class which shows acceptable
features including low toxicity, high oxidative stability, and
optoelectronic properties [28, 29]. In a theoretical study in
2003, Schmidt et al. showed that the beginning of substitution
of C impurities in a BNNT structure induces an important
decrease of the configuration energy when compared with
other types of national defects [30]. Also, the first-principles
calculations by Wu et al. showed that the substitution of C
atoms can produce spontaneous magnetization [31]. Some
time ago, B—C—N thin films with diverse chemical
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compositions were organized by chemical steam deposition
(CVD) using BCl;, N,, H,, CCly, or still acetylene (C,H,)
[32-34]. Peyghan et al. have theoretically studied the reactiv-
ity and electronic sensitivity of perfect, Al-doped, and double-
antisite defect BC,N nanotubes on the adsorption of HCN
molecule by DFT calculations. They found that the B-B
antisite defect can significantly reduce the energy gap of ad-
sorbent than other states [35]. For instance, Noei and Peyghan
[36] have shown that BC,N nanotube is a promising material
for the detection of formaldehyde. Baei and co-workers have
found BC,N nanotubes to be acceptable candidates for ad-
sorption of ClI" and F ions using DFT calculations [37].
Anafcheh and Ghafouri investigated the details of nitriloxide,
azide, and azomethine adsorptions with BC,N nanotube by
MO06-2X functional, and they have found that the values of
interaction energies demonstrate the exothermic character of
this study [38]. Thiazole and its derivatives as drug constitu-
ent(s) have great potential in a wide range of biological activ-
ities [39, 40]. On the other side, the thiazole ring is present in
several anticancer drugs, such as thiazofurine, sulfathiazole,
dasatinib, and bleomycin [41]. To our knowledge, a density
functional theory (DFT) study of the interaction of thiazole
with the surfaces of BC,N nanotube (BC,NNT) has not been
reported. The main goal of this study surveys around the ad-
sorption mechanism of thiazole on BC,N nanotube. However,
we expect that our studies can provide a better condition for
thiazole adsorption upon the surface of BC,N nanotube that
may have the advantages with respect to its biocompatibility,
solubility, and drug delivery.

Computational methods

In this research, the full geometry optimizations, optical struc-
tures, and electronic properties on the adsorption process of
thiazole interacting with (6, 0) zigzag BC,NNT were studied
by using density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations, where the
ends of the BC,NNT were saturated with hydrogen atoms.
The influence of thiazole adsorption on BC,NNT surfaces as
a functional group and its effects on the electronic and optical
properties of the nanotube were studied using the GAMESS
program package [42]. All the atomic geometrical parameters
of the structures were permitted to relax in the optimization at
the DFT level within the generalized-gradient approximation
functional with the Perdew-Burke-Ernzerhof (PBE) [43] and
MO06-2X functionals [45, 46] at the 6-311G** standard basis
set [44]. To evaluate the accuracy of the PBE results, the PBE-
D3 functional was also carried out to study the adsorption of
thiazole on the BC,N nanotube surface. Moreover, the time-
dependent density functional theory (TD-DFT) has been car-
ried out by the M06-2X and CAM-B3LYP in the gas phase
regime [47]. To calculate total energies, the self-consistent
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field (SCF) convergence limit was set to 1.0 x 10~® a.u. over
energy and electron density. All calculations were fully opti-
mized with the optimization criteria (max. force = 0.00045,
RMS force = 0.0003, max. displacement = 0.0018, and RMS
displacement = 0.0012). To study the interaction between the
thiazole molecule and BC,N nanotube, the adsorption energy
(E.q) was calculated using Eq. (1):

Ead = E (Thiazole/BC2NNT) ~E (Thiazole) “E (Bcoxnnt) + BSSE (1)

where E(thiazolescann 18 the total energy of the complex
consisting of thiazole molecule and BC,N nanotube, while
E Thiazole) and Econn) are the total energies of thiazole mol-
ecule and BC,NNT, respectively. Basis set superposition error
(BSSE) for the adsorption energies was corrected using the
counterpoise method [48]. The values of HOMO energy
(Enomo), LUMO energy (Epuymo). energy gap (Eg), and
Fermi level (Ef)) parameters are calculated by the obtained
results of the total density of state (TDOS) spectrum using
GaussSum program [49]. The natural bond orbital (NBO)
analysis was calculated at the same level of theory.

Result and discussion
Structural properties and adsorption energies

In this section, we discuss the structural properties containing
the bond lengths and bond angles for the BC,NNT and
thiazole-attached (6, 0) BC,NNT listed in Table 1. Figure 1
represented the structures of the optimized (6, 0) zigzag
BC,NNT and thiazole molecule. Based on PBE (B3LYP)
functional, the length of C—S, C—N, and C=C bonds in the
free thiazole is found to be 1.720 (1.734), 1.375 (1.378), and
1.361 (1.366) A respectively. Abdel-Sattar et al. experimen-
tally reported the length of C—S, C—N, and C=C bonds for the
thiazole ring is 1.721, 1.379, and 1.321 A [50]. Therefore, we

Table 1 Selected bond lengths and bond angles optimized of thiazole
interacting with BC,N nanotube
Nucleus PBE

Base 1 I I v \%
Bond length (A)
B-C 1.539 1.545 1.606 1.547 1.551 1.603
N-C 1.430 1.425 1.407 1.420 1.418 1.405
B-N 1.452 1.451 1.532 1.539 1.541 1.549
c-C 1.371 1.370 1.370 1.370 1.363 1.371
Bond angle (°)
C-B-N 11833 11838 110.10 11836 110.63 110.15
B-C-B 110.84 110.81 116.60 110.82 11577 116.32
B-N-C 12246 12240 123.71 12248 12379 122.53
CcC-B 11621 116.17 116.11 116.19 11746 116.13
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Fig. 1 Optimized structures of
BC,N nanotube and thiazole and
their TDOS plots

have found that the PBE-D functional is more suitable (be-
cause of its closeness to the experimental data) than the
B3LYP-D functional to recognize the accuracy of the geom-
etry optimizations. After optimization, we studied the interac-
tion of thiazole over the surface of BC,N nanotube which
leads to the changes in the average B-N bond lengths of the
structure (see Fig. 2). For example, the average B-N bond
length increased from 1.452 A in the BC,NNT to 1.541 A in
state IV (see Table 1). The length of B-N and B—C bonds was
altered significantly from 1.452 and 1.539 A by PBE func-
tional and 1.439 and 1.540 A by M06-2X functional in the
free model to 1.532 and 1.606 A by PBE and 1.531 and 1.601
A by M06-2X functional in state IT, which is in good agree-
ment with the calculated results by Wand and co-workers
[51]. The significant changes in the bond length of B-N in
the thiazole-loaded BC,NNT in states IT and V are correlated
to the covalent addition of thiazole on the BC,NNT, leading to
a change in hybridization from sp® to sp’ at the B-N bond.
Furthermore, the bond angle of the complexes, summarized in
Table 1, indicates some difference in comparison with the
perfect and thiazole-attached BC,NNT complex in about five
sites, reflecting various structural deformations. The different
infrared (IR) vibration modes of the pure BC,N nanotube is
confirmed by B-N, C-N, and C—C at 1415, 1211, and 1693
cm ', respectively, showing the formation of BC,N nanotube
[52]. The IR spectra show the bands at 1495 and 1588 cm™'
assigned to skeletal vibrations of thiazole ring and the bands at
3242, 3273, and 3300 cm ™' corresponding to C—H stretching
vibrations of the molecule. The band at 770 cm ™' is assigned
to C-S stretching vibration [53]. The IR spectra of the
thiazole-loaded BC,NNT in state IT show a medium to sharp
band at 1496 cm ' corresponding to v(C=N) of the thiazole

8
2
O 00O IO O
-10 Energy (eV) 5
g Thiazol
s H
4
2 :

L T
-10 Energy (eV) S

ring and the bands at 1419 and 1689 cm™' assigned to B-N
and C—C stretching vibrations [52]. The IR spectra of thiazole/
BC,NNT complex indicate medium to sharp bands within
1104-1175 cm™ "' because of out-of-plane deformations of
the aromatic C—H groups of the five-membered thiazole ring
[54]. The enthalpy change (AH) and the Gibbs free energy
change (AG) for state I1 as the most stable configuration were
computed at 298.14 K and 1 atmosphere. Computed values of
AG and AH in state [T were — 0.29 and — 0.93 eV respectively.
The calculated results again exhibit that the BC,N nanotube
has a strong interaction with the thiazole molecule to facilitate
the recovery of the nanotube.

Negative values of the adsorption energy (exothermic) of
thiazole molecule loaded to the BC,NNT surface in the states
I and III were — 0.13 and — 0.11 eV, respectively, proving to
be an electrostatic interaction. Using the NBO analysis, no
significant charge transfer (I, 0.014 |e|) takes place from mol-
ecule to tube, unlike state in III, a weak charge transfer (about
0.032 |e|) occurred from tube to molecule showing that the
molecule acts an electron acceptor. In state II, the interaction
of B atoms in the BC,NNT improves the adsorption behavior
of thiazole (from its N head). The corresponding computed
adsorption energy and distance interaction values were found
to be —0.90 eV and 1.657 A, respectively, indicating that this
interaction is exothermic due to the negative partial charge on
the nitrogen atom (— 0.366 e) of the molecule which makes it
reactive over Lewis acid sites of boron atoms in the structure
of' nanotube. NBO charge reveals that about 0.277 |e] is trans-
ferred from the molecule to tube (II), indicating that the inter-
action between two species is covalent in nature. We consider
the effect of dispersion correction energy at the DFT-D3 on
the thiazole-BC,NNT system. Each functional seems to
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Fig. 2 The optimized geometries
and their PDOS plots of BC,N
nanotubes interacting with
thiazole molecule

generate the various behavior in the adsorption energy. The
PBE-D3 functional predicts slightly higher energetic differ-
ences between the thiazole and BC,NNT when compared
with PBE. The PBE-D3 functional in the most stable state
(IT) can change E,q by as much as 0.3 eV on the thiazole-
BC,NNT system. The computed E,4 and charge which is
transferred for the thiazole to the BCo,NNT are about —
0.99 eV and 0.255 |e| respectively by the PBE-D3 functional,
suggesting a strong interaction. In contrast to PBE functional,
when two thiazole molecules are attached to the same boron
atom of BC,NNT surface (V), the values of adsorption energy
and the distance interaction are changed to — 1.0 eV and 1.625
A. Politzer et al. previously showed that boron atoms are re-
active to the electron-rich N atom of thiazole [55]. For the
most stable configurations, the adsorption energy and distance
interaction of thiazole on the BCZNNT surface were calculat-
ed to be — 1.09 eV and 1.647 A in state Il and — 0.58 eV and
1.648 A in state V by M06-2X functional, indicating a higher
tendency for adsorption while also indicating an increase in
the interaction distance when compared with the PBE func-
tional. The M06-2X and PBE-D3 functionals show a little
difference in the prediction of absorption energy between the
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thiazole and BC,NNT. Moradi et al. investigated the interac-
tion between thiazole and BNNT in the gas and solvent
phases. Their calculations indicate that the values of adsorp-
tion energy for the thiazole over BNNT were — 0.34 and —
0.56 €V, while about 0.04 and 0.06 electrons were transferred
from the thiazole to the nanotube in the gas and solvent
phases, respectively [38]. However, the charge transfer and
adsorption energy of I, IIl, and IV states indicate non-
covalent interaction between thiazole molecule and BC,N
nanotube, as presented in Table 2. In contrast, the adsorption
energy of thiazole on the outer wall of BP nanotube [2] is
about — 0.22 eV by B3LYP method after the use of basis set
superposition errors (BSSE). The average adsorption energy
per molecule in states IV and V was equal to — 0.27 and —
0.41 eV per molecule (see Table 2), respectively. While this is
high, it corroborates that the thiazole molecule in state V could
be stabilized from its N head over the B atom of the tube (see
Fig. 3). The adsorption energy value of hydrogen fluoride
(HF) upon the exterior wall of BC,N nanotube was calculated
to be — 1.0 eV using B3LYP functional by Peyghan and Noei
[34]. In the most stable state (V), it is comprehensible that the
dipole moment value of BC,NNT is reduced with an increase
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Table 2 Adsorption energy (E,q),

highest occupied molecular Parameters Thiazole Base I I 11 v \%

orbital (HOMO), lowest

unoccupied molecular orbital Eqyq (eV) - -0.13 -0.90 -0.11 -027 - 041

(LUMO), energy gap (Eg)energy,  HOMO (V) — 6.02 ~478  —382  —448  —423 ~202  -220

Fermi level (Epy), and dipole LUMO (V)  —1.55 —417  —442  —423 485 170 —1.90

moment (DM) of thiazole

adsorbed on BCNNT surfacesby B €V) 447 061 0.60 025 0.62 032 030

PBE functional AE, (%) - 1.64 59.01 3.28 47.54 50.82
Ep (&V) ~379 —448  —412  —453  —454 — 441 —410
DM (Debye) 1.36 28.16 27.50 27.94 29.83 26.49 25.51

in adsorption energy. The total dipole moment value of BC,N
nanotube was equal to 28.16 Debye (X =— 1.4826, Y=0.0, Z
= — 28.1264) and thus it decreases to 25.51 Debye in state V
(X =-1.0737, Y = 0.0125, Z = — 25.4924). Nevertheless,
because of the molecule asymmetry, the dipole structure along
the BC,N nanotube axis (here, the Z-axis) reveals the same
behavior as the adsorption energy and more alters according to
the molecular orientation (state V), while the change of total
dipole moment in the state II is different (X =—8.9131, Y =—
0.0001, Z = —26.4850).

Our results represent negative adsorption energy values for
complexes II and V that is chemical functionalization of the
adsorbed molecule to BC,N nanotube surface, while for the
other complexes, it is physisorption in nature. In Fig. 4, we
depicted the electron charge density distribution around BC,N
interacting with thiazole molecule in state II of the considered
configurations. Clearly depicted in Fig. 4, the charge density is
localized around the separated interacting systems and there is
significant overlapped charge density under the covalent

Fig. 3 The optimized geometries
and their PDOS plots of BC,N
nanotubes interacting with two
thiazole molecules

interaction scheme leading to the chemical adsorption and
high binding energy of the thiazole to the BC,N nanotube.
In Fig. 5, we show a map of total electron density (TED) that
can be used to confirm our calculations based on the chemical
strong bonding of thiazole in the interaction with BC,N nano-
tube in states II and V. TED plot in states II and V indicate
that an efficient charge transfer occurs between the thiazole
and the BC,N nanotubes.

The highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) in the BC,N nano-
tube and thiazole-attached BC,N nanotube model were stud-
ied and summarized in Table 2. According to TDOS spec-
trum, the values of HOMO energy were changed from —
4.78 eV (base) to — 3.82 (I), — 4.48 (II), — 4.23 (III), — 2.02
(IV), and — 2.20 eV (V), and simultaneously the energies of
LUMO were altered from — 4.17 eV (base) to — 4.42 (I), —
4.23 (II), — 4.85 (III), — 1.70 (IV), and — 1.90 eV (V).
Energies of HOMO and LUMO of zigzag BC,N nanotube
was about — 5.41 and — 2.84 eV with the Fermi level (Eg))
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Fig. 4 Calculated the electron
charge density of BC,N nanotube 10.4
interacting with thiazole molecule

p -
0 3 6

of —4.48 eV by the B3LYP method, which agrees with other
theoretical reported values [33, 56, 57]. Energies of HOMO
and LUMO were increased to — 6.76 and — 2.64 ¢V by M06-
2X functional, respectively, whereas the value of Ey; was
about — 4.70 eV. Based on frontier molecular orbital (FMO),
the HOMO and LUMO orbitals in the most stable states are
more located near the B, N, and C atoms of the nanotube and
the nitrogen atom of the molecule as presented in Fig. 6. The
E, value of BC,N nanotube was found to be about 0.61 eV by
PBE functional, which is close to the obtained reports by
Soltani, Nejati, and Azevedo [57-59]. Based on the TDOS
spectrum, the value of the £, in state II is drastically reduced
to 0.25 eV due to the thiazole adsorption on the outer surface
of the tube, which leads to the hybridization of the 7 orbitals
which is more considerable for vast deformation. Hence, the
HOMO state is responsible for the decrement of £, in com-
parison with the LUMO state. This lowering of E, with the
adsorption of thiazole may be able to enhance the reactivity of
the system and result in charge transfer to happen between the
molecule and BC,NNT surface. The total density of state and
projected density of state (PDOS) plots of the adsorption of
thiazole on BC,N nanotubes are presented in Figs. 2 and 3.
The vertical lines show the Fermi level and the edge of the
valence band. As shown in Fig. 6, state II has a significant
reduction in the £, of the BC,N nanotube. Different structures

Fig.5 Calculated the total density
(ED) of BC,N nanotube
interacting with thiazole molecule

State 11
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of the PDOS indicate the dependency on the electronic struc-
ture of the system to the adsorption position and configuration
of the thiazole interaction with BC,N nanotube. Also, in all
considered system, the overlap population density of state
(OPDOS) shows the anti-bonding interaction of thiazole with
BC,N nanotube.

Optical properties of BC;N nanotube and thiazole

TD-DFT calculations were carried out to study the optical
band gap (F) and excitation wavelengths (A.) for BCoN
nanotube interacting with thiazole at M06-2X and CAM-
B3LYP functionals and 6-311G** basis set [60, 61]. The os-
cillator strength (f) suggests the strength of the absorption
and the H and L refer to the HOMO and LUMO states, re-
spectively. The computed UV-vis spectra for BC,N nanotube
demonstrate two optical energy gap at 3.03 and 3.46 eV and
show two excited states with the wavelengths of 358 and 408
nm, which are attributed to the inter-7 band transitions [57, 61,
62]. The thiazole molecule indicates two maximum bands
around A, = 223 nm (f; 0.008) and 203 nm (f; 0.086) by
the M06-2X functional. Compared with M06-2X functional,
the maximum bands at 221 nm (f; 0.007) and 207 nm (f;
0.086) are observed at the CAM-B3LYP functional. The ad-
sorption of thiazole on the outer surface of BC,N nanotube
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Fig. 6 HOMO and LUMO
orbitals of the interaction of
BC,N with thiazole molecule (IT)

Fig. 7 Uv-vis spectrum of the
structures
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indicated some changes in the optical absorption spectra of
this considered complex (see Fig. 7). In the TD-DFT calcula-
tion, an observed change of A, to a longer wavelength was
attributed to the bathochromic effect (redshift in state IT) with
a narrow wavelength band at 365 nm (f; 0.023) corresponding
to a HOMO—L + 1 (19%) transition (see Fig. 6) and an
optical band gap of 3.39 eV by the M06-2X functional [57].
Two very weak bands observed (see state IT) around 389 nm
(#,0.013) and 511 nm (f; 0.004) correspond to HOMO-5 — L
(41%) and HOMO—L (61%) transitions with optical band
gaps of 3.19 and 2.42 eV, respectively. In contrast with the
MO06-2X functional, we observed two maximum bands at
319 nm (f; 0.052) and 360 nm (f; 0.017) corresponding to
HOMO—L + 3 (16%) and HOMO—L + 3 (20%) transitions
and an optical band gaps of 3.87 and 3.44 eV by the CAM-
B3LYP functional, respectively.

Conclusions

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) computations were carried out to
illustrate adsorption properties of thiazole molecule toward
BC,N nanotube. Calculation results indicated that the only chem-
isorption can be taken place between thiazole and the outer sur-
face of BC,N nanotube (state IT), while physisorption can hap-
pen in the other studied states. Using DFT calculations, we found
the thiazole adsorption on BC,N nanotube (state IT) can signifi-
cantly change the energy gap (AE,; = 59%) of an adsorbent. We
have also found that the adsorption energy in state II increases
with respect to other states as the Fermi level decreased a bit. The
interaction between the thiazole and the BC,N nanotube surface
showed some changes in the optical absorption spectra of the
complex. The study demonstrates various optoelectronic and
charges transfer properties related to the orientation of thiazole
on the BC,NNT surface.
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