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In this study, the interaction of 1,3,4-oxadiazole with pristine and B-, Al-, Ga-doped C60 fullerenes were
examined by density functional theory (DFT) for the first time. The results demonstrate that doping B, Al,
Ga atoms on C60 enhance the chemical reactivity, however, reduces the electronic sensitivity toward the
oxadiazole. Besides, doping B, Al, Ga atoms bring about a rise in the adsorption energy and energy gap.
The highest adsorption capacity was calculated by doping Al, which is about �42.78 kcal.mol�1. The
WBI and FBO analyses indicate that possible bonding interactions with N or O atoms in the oxadiazole
produce a considerable change in charge carrier mobility which in line with the map of electron density.
From the RDG analysis, the interaction between the oxadiazole and Al-doped C60 is in a strong interac-

tion region, whereas B- and Ga-doped C60 are weak. The sensing capability of these systems tends to
weaken by doping B, Al, Ga atoms.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Recently, oxadiazoles and their derivatives have attracted
intense scrutiny due to their various biological actions such as
cytotoxic, antibacterial, antioxidant and anti-inflammatory [1–4].
More specifically, 1,3,4-oxadiazole and its derivatives, which is a
thermally stable neutral aromatic molecule, has received substan-
tial attention in the anti-diabetic, anti-malarial, antimicrobial, anti-
cancer, analgesic, and anti-inflammatory [5–11].

Carbon-based materials (CBNs) such as fullerenes, graphene,
and nanotubes have been used in many applications because of
their excellent properties [12–23]. Among them, fullerenes, espe-
cially C60, have been taken into consideration as a novel drug-
delivery system and a sensor. Herein, many studies have been per-
formed to detect different types of molecules using fullerene cages,
but theoretical calculations have demonstrated that pure C60 is not
much chemically reactive towards well-known gas molecules,
owing to their weak interaction and poor charge transfer [17,24].
To overcome these difficulties, doping one or more atoms on CBNs
has been performed to raise their surface reactivity and thus sens-
ing efficiency [24–30]. For example, the adsorption capability of
C60 for gas molecules improves by doping B, N, or Si [31–35]. The
electronic properties C60 heterofullerenes are much sensitive for
iodine detection by doping S atom [36]. Besides, an electron-
deficient B-doped C60 gives rise to an enhancement in the adsorp-
tion energy of the O2 molecule [37]. The electron-rich N doping can
modulate the electronic structure of C60 [38–42].

Recently, oxadiazoles, especially 1,2,4 and 1,3,4 regioisomers,
have emerged for their interesting biological properties as anti-
cancer agents because they have high cytotoxicity towards malig-
nant cells [43]. To reduce their cytotoxic effects on healthy cells
and thus provide better anticancer efficacy, drug delivery tools,
which are biocompatible and biodegradable, are used to deliver
molecules in their active sites [25]. In this context, we carry out
a first-principles evaluation on the interaction of 1,3,4-oxadiazole
with pristine and B-, Al-, Ga-doped C60 using density functional
theory (DFT) calculations for the first time. To get insights into
the interactions of the oxadiazole with pristine and B-, Al-, Ga-
doped C60, the binding energy, the orbital energies (HOMO, LUMO),
HOMO-LUMO energy gap, the density of states (DOS), vertical ion-
ization potential and vertical electron affinity, chemical hardness,
electrophilicity index are reported. To better understanding the
bonding nature, the RDG, WBI and FBO analysis were analyzed in
detail.
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Fig. 1. (Colour online) Relaxed structures of the complexes of the oxadiazole onto the pristine (A1, A2), Al-doped (B1, B2), B-doped (C1, C2), and Ga-doped (D1, D2) C60

fullerenes.
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2. Computational details

The interaction and the existence of a stable relationship
between oxadiazole molecule and pristine, B-, Al-, and Ga-doped
C60 fullerenes were performed based on DFT calculations using
the B3LYP functional and 6-311G(d,p) basis set [44] and the addi-
tion of an empirical dispersion term of Grimme’s three-parameter
[45]. Vibrational frequency are also calculated using Gaussian-09
program package [46] at the same level of theory. Adsorption ener-
gies (Eads) for optimized complexes were calculated by following
equation:

Eads ¼ E
oxa:
full:

� ��
orE

oxa:
dopedfull:

� ��
� E full:ð Þf orE dopedfull:ð Þg

� E oxa:ð Þ þ E BSSEð Þ ð1Þ

2

where E oxa:
full:

� �
and E oxa:

dopedfull:

� �
are the total energies of the oxadi-

azole molecule adsorbed upon pristine and doped C60 fullerenes,
respectively. E(BSSE) is also known as the basis set superposition
error (BSSE), which is calculated by the counterpoise method to
determine highly accurate adsorption energy [47].

It is well known that the B3LYP functional can underestimate
adsorption/binding energies, and some form of dispersion should
be included in the DFT exchange-correlation functional to get accu-
rate results. For example, the following recent study on fullerenes
has shown dispersion effects to be quite important for fullerenes
[48]. The B3LYP functional can also significantly underestimate
HOMO/LUMO energies since it only has a 20% fraction of nonlocal
exchange, as opposed to a 100% fraction that the exact exchange-
correlation functional is known to obey. One way to obtain



Fig. 2. (Colour online) Adsorption energy ðEadsÞ and interaction distance ðdintÞ of the
complexes of the oxadiazole onto the pristine (A1, A2), Al-doped (B1, B2), B-doped
(C1, C2), and Ga-doped (D1, D2) C60 fullerenes.
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accurate HOMO/LUMO energies is to use a range-separated func-
tional, such as those used in the following studies to obtain accu-
rate energies [49,50].

Density of state (DOS) calculations were performed by utilizing
GaussSum program [51]. For oxadiazole molecule adsorbed upon
pristine and doped C60 fullerenes, the quantum molecular descrip-
tors [52] chemical hardness (g), chemical potential (m), elec-
trophilicity index (x) and maximum amount of electronic charge
index DNtotð Þwere calculated from Koopman’s theorem [53], which
gives an easy way to identify the ionization potential ðIÞ and elec-
tron affinity ðAÞ through the energies of the highest occupied
molecular orbital (-EHOMO) and the lowest unoccupied molecular
orbital (-ELUMO), using orbital energies as following: g ¼ ðI � AÞ=2,
x ¼ l2=2g and DNtot ¼ �l=g. Besides, the vertical ionization
potential VIPð Þ and vertical electron affinity VEAð Þ were calculated

using the following expressions: [VIP ¼ Ecation � Eneutral] and

[VEA ¼ Eneutral � Eanion]. Multiwfn program [54] was carried out to
obtain Wiberg bond index (WBI) and Fuzzy bond order (FBO),
which allow to more understand the relationship between the
molecule and surface.
Fig. 3. (Colour online) The HOMO-LUMO energy gap (EgÞ of the complexes of the
oxadiazole onto the pristine (A1, A2), Al-doped (B1, B2), B-doped (C1, C2), and Ga-
doped (D1, D2) C60 fullerenes.
3. Results and discussions

The optimized geometries for interaction between oxadiazole
and the pristine or doped C60 fullerenes and the two most stable
Table 1
The structural and energetic properties of pristine (A) and Al-doped (B), B-doped (C) and G
(A1, A2), Al-doped (B1, B2), B-doped (C1, C2) and Ga-doped (D1, D2) C60 fullerenes and th

A A1 A2 B B1 B2

Eads – �5.07 �5.98 – �42.78 �19.24
dint – 3.63 3.33 – 1.99 2.03
HOMO �6.40 �6.25 �6.51 �5.75 �5.14 �5.57
LUMO �3.66 �3.53 �3.79 �5.37 �3.65 �4.11
Eg 2.74 2.72 2.71 1.38 1.50 1.45
VIP 7.61 7.44 7.62 6.89 6.26 6.66
VEA 2.45 2.33 2.51 3.24 2.56 2.99
g 1.37 1.36 1.36 0.69 0.75 0.73
l �5.03 �4.89 �5.15 �5.06 �4.40 �4.44
x 9.23 8.81 9.77 18.55 12.93 13.38
DNtot 3.67 3.60 3.80 7.34 5.88 6.03
WBI – – – – 0.63 0.42
FBO – – – – 0.77 0.48
fmin – 13.75 12.21 – 23.41 21.44

3

complexes for each configuration (pristine, Al-, B- and Ga-doped
C60 fullerene) have been presented in Fig. 1. Also, the optimized
cartesian coordinates for interactions between oxadiazole and
pristine/doped C60 fullerenes are given in Tables S1-S8 (as Support-
ing Information).

Pristine C60 fullerene consists of two hexagons and the other
shared between a hexagon and pentagon. In this study, the two
hexagons and a hexagon and pentagon bond distance of pristine
C60 fullerene is found as 1.45 and 1.39 Å, which are in good agree-
ment with the experimental data (1.45 and 1.40 Å) of Hedberg
et al. [55].

In this study, we initially substituted one of the C atoms with
the dopant atom as B, Al and Ga and conjugated it with the func-
tional group of oxadiazole and the obtained complexes were opti-
mized. Compared to Al and Ga atoms, B atom has a smaller
diameter than C atom. It is seen that all the dopant atoms caused
certain deformations at the point where they were doped in the
C60 fullerene (see Fig. 1). It is worth noting that deformation
becomes more pronounced because the size of Al and Ga atoms
are larger than a C atom. However, it is found that there is no imag-
inary frequency that implies the transition state at a saddle-point
on the potential energy surface.

Depending on the interaction between oxadiazole and
pristine/doped C60 fullerene, there are eight stable complexes
called A1, A2, B1, B2, C1, C2, D1 and D2. As shown in Fig. 1, two
stable oxadiazole/fullerene complexes were found in which the
a-doped (D) C60 fullerene as well as interaction between oxadiazole and the pristine
e two stable complexes (dint is Å, Eads is kcal mol�1, and the others are in eV).

C C1 C2 D D1 D2

– �27.93 �5.75 – �34.90 �12.97
– 1.61 2.48 – 2.05 2.19
�6.06 �5.17 �6.15 �5.81 �5.18 �5.62
�4.77 �3.70 �4.85 �4.45 �3.69 �4.19
1.29 1.47 1.30 1.36 1.50 1.44
7.23 6.28 7.20 6.95 6.29 6.76
3.59 2.60 3.60 3.32 2.60 3.10
0.65 0.73 0.65 0.68 0.75 0.72
�5.41 �4.43 �5.10 �5.13 �4.44 �4.51
22.66 13.37 19.70 19.40 13.16 13.93
8.37 6.03 7.73 7.57 5.93 6.18
– 0.86 0.13 – 0.70 0.48
– 0.76 0.14 – 0.82 0.31
– 40.02 12.32 – 23.03 18.97



Fig. 4. (Colour online) Density of states (DOS) of the complexes of the oxadiazole onto the pristine (A1, A2), Al-doped (B1, B2), B-doped (C1, C2), and Ga-doped (D1, D2) C60

fullerenes.
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oxadiazole attaches to the C/Al/B/Ga atoms from its nitrogen (com-
plex N-C/Al/B/Ga; A1, B1, C1 and D1) or oxygen (complex O-C/Al/B/
Ga; A2, B2, C2 and D2) atom.
4

Adsorption energy ðEadsÞ and interaction distance ðdintÞ of com-
plexes are found to be �5.07 kcal.mol�1 and 3.63 Å (for A1 com-
plex) and �5.98 kcal.mol�1 and 3.33 Å (for A2 complex),



Fig. 5. (Colour online) Vertical ionization potential (VIP) and vertical electron
affinity (VEA) of the complexes of the oxadiazole onto the pristine (A1, A2), Al-
doped (B1, B2), B-doped (C1, C2), and Ga-doped (D1, D2) C60 fullerenes.

Fig. 6. (Colour online) Chemical hardness (g) and maximum amount electronic
charge index (DNtot) of the complexes of the oxadiazole onto the pristine (A1, A2),
Al-doped (B1, B2), B-doped (C1, C2), and Ga-doped (D1, D2) C60 fullerenes.

Fig. 7. (Colour online) The electrostatic potential (ESP) charges of the complexes of
the oxadiazole onto the pristine (A1, A2), Al-doped (B1, B2), B-doped (C1, C2), and
Ga-doped (D1, D2) C60 fullerenes.
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indicating weak interaction, which probably is due to the existence
of physisorption between oxadiazole and C60 fullerene. Further-
more, it clearly seen that the Eads increases significantly after
5

dopants are introduced to C60 fullerene (see Fig. 2). In two stable
complexes for Al-doped configuration, oxadiazole molecule is
adsorbed from its Al --- N (B1 complex) and Al --- O (B2 complex)
heads on Al-doped C60 fullerene; the distance between two struc-
ture was calculated to be 1.99 and 2.03 Ǻ, and Eads were about
�42.78 and �19.24 kcal.mol�1 (see Table 1). For B- and Ga-
doped configurations, similarly, oxadiazole is adsorbed from its
B/Ga --- N (C1/D1 complexes) and B/Ga --- O (C2/D2 complexes)
heads on doped C60 fullerene. Results indicate that mainly the B,
Al, and Ga atoms in doped C60 fullerenes than C atoms more likely
to have an interaction with the N and O atoms of oxadiazole mole-
cule (see Fig. 1). In addition, Eads values are about �19.24, �5.75
and �12.97 kcal.mol�1 for B2, C2 and D2 complexes, indicating
that there are relatively weak interactions between oxygen and
dopant atoms. Therefore, the oxadiazole do not adsorb efficiently
on the surface of the doped C60 fullerene through these configura-
tions. A comparison of the calculated Eads and dint for the adsorption
of oxadiazole on the Al-, B- and Ga-doped C60 fullerene shows that
the bind of N on the doped C60 fullerene (B1, C1 and D1 complexes)
is much stronger than that of O.

The HOMO-LUMO energy gap (EgÞ values for interaction
between oxadiazole molecule and Al-, B- and Ga-doped C60 fullere-
nes are much lower than that of pristine C60 fullerene (see Fig. 3),
that is, an increase in energy gap energy causes a reduction in the
electrical conductivity after dopants are introduced to C60 fuller-
ene. It is concluded that B-, Al- and Ga-doped C60 fullerenes can
detect the occurrence of oxadiazole molecule better than pristine
C60. As seen in Table 1, the Eg of C60 fullerene (A) is found to be
2.74 eV, that of the pristine C60 fullerene configuration is calculated
in the range of 2.72 (A1 complex) to 2.71 eV (A2 complex) after
oxadiazole interaction. These results display that the Eg remains
invariant and no distinct change of energy gap energy is observed
by the oxadiazole adsorption for these configurations. After oxadi-
azole adsorption, the Eg of the Al-, B- and Ga-doped configurations
increases from 1.38 (B configuration) to 1.50 (B1 complex) and
1.45 eV (B2 complex), from 1.29 (C configuration) to 1.47 (C1 com-
plex) and 1.30 eV (C2 complex) and from 1.36 (D configuration) to
1.50 (D1 complex) and 1.44 eV (D2 complex), respectively (see
Table 1). These results indicate that adsorption decreases the elec-
trical conductivity of the configurations. Fig. 4 shows the density of
states (DOS) in the energy range �10 to �0.5 eV. After oxadiazole
adsorption, a big shift near the HOMO levels compared to that of
the pristine C60 fullerene was seen, whereas LUMO levels do not
shift to higher energy. Our results clarify after oxadiazole adsorp-
tion the energy gaps for interaction between oxadiazole and doped
C60 fullerene has noteworthy decreases. Therefore, it is concluded
that Al-doped C60 fullerene can be a better candidate for the carrier
of oxadiazole.

After oxadiazole adsorption the VIP of the Al-, B- and Ga-doped
configurations decreases from 6.89 (B configuration) to 6.26 (B1
complex) and 6.66 eV (B2 complex), from 7.23 (C configuration)
to 6.28 (C1 complex) and 7.20 eV and from 6.95 (D configuration)
to 6.29 (D1 complex) and 6.76 eV (D2 complex), respectively (see
Table 1). Similarly, the VEA of the Al-, B- and Ga-doped configura-
tions decreases generally when dopants are introduced to C60 full-
erene. All these results clearly show that dopant atoms decrease
generally the ionization potential and electron affinity of the con-
figurations (see Fig. 5).

After oxadiazole adsorption, the Eg of the Al-, B- and Ga-doped
configurations increases from 0.69 (B configuration) to 0.75 (B1
complex) and 0.73 eV (B2 complex), from 0.65 (C configuration)
to 0.73 eV (C1 complex) and from 0.68 (D configuration) to 0.75
(D1 complex) and 0.72 eV (D2 complex), respectively (see Table 1).
Besides, the Ntot of Al-, B- and Ga-doped configurations decreases
generally when dopants are introduced to C60 fullerene. This can



Fig. 8. The reduced density gradient (RDG) scatter plots of the complexes of the oxadiazole onto the pristine (A1, A2), Al-doped (B1, B2), B-doped (C1, C2), and Ga-doped (D1,
D2) C60 fullerenes.
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be due to the relatively more strongly nucleophilic property, rela-
tively higher hybridization levels, and out of plan character of the
dopant atoms compared to C. This infers that the reactivity of oxa-
diazole molecule is relatively high in these configurations owing to
6

the high g and lowx andDNtot that leads to decreases significantly
the chemical reactivity (see Fig. 6). A comparison of the calculated
electronic parameters for the adsorption of oxadiazole on the Al-,
B- and Ga-doped C60 fullerene indicate that the bind of N on the



Fig. 9. (Colour online) Contour maps of electron densities of the complexes of the oxadiazole onto the pristine/doped C60 fullerenes.
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doped C60 fullerene (B1, C1 and D1 complexes) is lower in reactiv-
ity than that of O.

Comparing to the pristine C60 fullerene after the adsorption, the
g of doped C60 fullerene is decreased significantly and thus this
decrease gives rise to low resistance to change in electronic config-
uration that leads to preferential adsorption on the doped C60 full-
erene. In addition, it was found that oxadiazole is physically
absorbed at the surface of Al-, B- and Ga-doped C60 fullerenes
and induces a redistribution of electron density with an observable
increase in electrostatic potential (ESP) charges on carbon atoms
(see in Fig. 7). We note that the electrostatic potential of the Al
atom is relatively larger compared to the C or other dopant atoms
which makes it a more electrophilic site for N or O atom of
oxadiazole.

The active sites for B-, Al- and Ga-doped C60 fullerenes accord-
ing to computed WBI and FBO analyses were considered boron,
aluminum, and gallium atoms, respectively. Table 1 shows the
bond of the N and O atoms in oxadiazole oriented to the Al/B/Ga
atom in doped C60 fullerenes. WBI and FBO reveal that doped
fullerenes show a strong interaction with the oxadiazole.
Comparing to the bond indexes and bond orders of the oxadiazole
7

and doped C60 fullerenes after the adsorption, dopant atoms tend
to prefer interacting with N atoms due to their higher WBI and
FBO values. In addition, the WBI and FBO analyses agree with the
adsorption energies and interaction distances shown in Table 1.

The RDG analysis was performed to understand the strength of
interactions between pristine/doped C60 fullerene and oxadiazole
(see Fig. 8). In these plots, the interaction between oxadiazole
and Al-doped C60 fullerene can be in a strong interaction region
in B1 and B2 complexes, whereas the interactions between the
oxadiazole and B- and Ga-doped C60 fullerene are weak. Further-
more, the repulsion interactions between oxadiazole and Al- and
Ga-doped C60 fullerene are slightly greater than that in the B-
doped C60 fullerene.

Fig. 9 shows the contour maps of electron density for interac-
tions between the N/O atoms and dopant atoms based on adsorp-
tion states of oxadiazole molecule onto the pristine/doped C60

fullerenes. It is clear that the N and O atoms in oxadiazole are ori-
ented to the Al/B/Ga atom in doped C60 fullerenes, and thus the
electron density is transferred from one of N atom or O atom to
dopant atoms. We note that the electron density of the dopant
atoms is significantly larger compared to the carbon atom which
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makes it a more electrophilic site for N or O atom of oxadiazole. We
also notice that the electron density of N-binding interactions with
dopant atoms is bigger than that of O-binding interactions (see
Fig. 9).

4. Conclusions

The adsorption behavior of oxadiazole molecule on pristine, B-,
Al- and Ga-doped C60 fullerenes have been predicted using density
functional theory (DFT). It is found that the dopant atoms improve
the chemical reactivity of C60 but reduce the electronic sensitivity
toward the oxadiazole. Furthermore, the adsorption energy and
energy gap for the interactions between the oxadiazole and the
B-, Al- and Ga-doped C60 increase in comparison with the pristine
C60. The highest adsorption capacity was also found when using Al
dopant with releasing energy about of �42.78 kcal.mol�1. WBI and
FBO analyses show a possible bonding interaction between the
dopants in fullerenes and the N or O atom in the oxadiazole mole-
cule, possibly due to a significant change in charge carrier mobility.
This result can be a sign of the existence of a stable relationship
between the N atom in the oxadiazole and Al atom in the doped
fullerene. It could be concluded that the oxadiazole can be better
adsorbed on Al/B/Ga sites of doped C60 fullerene with forming
the Al/B/Ga–N bond. The results of electron density also support
this possibility. Therefore, we note that Al-doped C60 fullerenes
would be preferable as a candidate for the adsorption of the
oxadiazole.
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