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A B S T R A C T   

We have performed to study the possibility of a stable interaction between favipiravir drug molecule and BN- 
doped C60 (CBN) heterofullerene. The structural, electronic, reactivity and optical properties for the 
mentioned interactions are examined in detail. Adsorption energies between favipiravir drug and CBN hetero
fullerene are calculated in the range of − 3.41 and − 23.95 kcal/mol. The adsorption energy of configuration A is 
− 23.95 kcal/mol means that B–O bonding in configuration A is stronger than that of B–N and C–O in other 
configurations. The results mean that the O atom of favipiravir interacts strongly with B atom of the hetero
fullerene. The smallest value of the Eg (0.4 eV) means that charge transfer can easily occur between occupied and 
unoccupied orbitals of the favipiravir and CBN heterofullerene. The charge transfer from adsorbed the favipiravir 
to CBN heterofullerene was confirmed by the WBI and FBO analyses. From the absorption peaks obtained 
UV–visible (UV–vis) spectra indicate that all configurations can absorb in the visible light region. Finally, these 
results may guide drug delivery systems.   

1. Introduction 

Today’s viruses have become a global health problem and are among 
the main causes of mortality in the world. Therefore, there is now an 
urgent need for novel perspectives to virus treatments more specific and 
effective [1]. 

Favipiravir also known as avigan or T-705 is an antiviral drug against 
viruses [2] and has the potential to treat many viral infections including 
Ebola [3–5] and Sars-Cov-2 [6,7]. It has been subjected to numerous 
studies related to the drug development industry up to date [8]. Espe
cially, favipiravir is also one of many approved drugs being tested as a 
possible treatment for Covid-19, and so it is nowadays a hot topic. 

Traditional drugs like oral and injection medicines are quickly and 
extensively spread in the body, affecting adversely many systems and 
causing the manifestation of the side and toxic effects [9]. In addition, it 
can be sometimes necessary to use higher doses of a drug in order to 
achieve the desired effect [10]. Nanotechnology plays a vital role in drug 
the delivery [11] and has always made it easy to control the place and 
time as well as the speed of drug release in the body [12,13]. In recent 
years, C60 fullerenes as carrier material have been utilized for delivery of 

many drugs to specific diseased cells [14–23]. Similarly, fullerene de
rivatives also have been widely used in many applications as nano
carriers [24] due to their various advantages such as decreasing the side 
effects, increasing the efficacy of the drug and highly symmetrical 
spherical nanoparticles. It has concluded that the C60 fullerene may lead 
to π − π stacking interaction with some drug molecules [25] while 
doping the C60 through impurity atoms is among the best methods to 
change the weak π − π stacking interactions to the strong chemical 
bonds [26]. With impurity atom substitutions, it is also possible to 
change the charge distribution properties of fullerene, which leads to a 
significant increment of the adsorption properties of them and makes 
them possible candidates as sensors by causing changes in the energy 
gap [27,28]. In addition, fullerene and its derivatives also have been 
widely used in many applications as nanocarriers due to their various 
advantages such as decreasing the side effects and increasing the effi
cacy of the drug as well as high thermal stability, highly symmetrical 
spherical nanoparticle, and high solubility in biological fluids [29,30]. 
The BN-doped C60 (CBN) heterofullerene is the most commonly used 
among fullerene derivatives and firstly reported by Erkoç [31], who 
proposed that it is a good candidate for optical applications due to its 
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optimum bandgap and its unique properties [32–34]. In spite of the wide 
applications for C60 fullerenes the theoretical studies of the interaction 
with different drugs are actually quite a few, there has been only one 
limited study of the interaction of drug molecules with CBN hetero
fullerene [35]. In that study, it is reported that CBN heterofullerene is 
utilized as a carrier to deliver the isoniazid molecules [35]. To the best of 
our knowledge, there is no study of the interaction of favipiravir drug 
molecule with CBN heterofullerene. Besides, it is important to know that 
long-term clinical trials and experimental researches are needed to 
assess the efficacy of prepared drug samples, but to obtain beforehand 
enough information; computational-based researches may provide a fast 
and safe way in order to find the most promising samples for drug 
development. 

The main aim of this study was to employ density functional theory 
(DFT) in association with the B3LYP functional to clarify the possible 
interaction mechanism of CBN heterofullerene with favipiravir drug 
molecule and to understand the potential use of CBN heterofullerene as a 
drug delivery tool. Within this framework, it is aimed to determine 
whether CBN heterofullerene adsorb favipiravir molecule as a drug 
carrier candidate. 

2. Computational details 

Using DFT calculations based on the reliable B3LYP functional with 
basis set 6-31G (d,p) [36] and an empirical dispersion term of Grimme’s 
three-parameter [37], we have performed to study the possibility of a 
stable interaction between favipiravir drug molecule and CBN hetero
fullerene. To model the possible interactions, the favipiravir drug 
molecule and CBN heterofullerene were optimized and then the position 
of the drug around heterofullerene based on the structure the lowest 
energies were tested. Optimized structures and their vibrational fre
quencies were carried out using Gaussian 09 [38]. 

The adsorption energy (Ead) between favipiravir drug molecule and 
CBN heterofullerene is calculated using the following expression: 

Ead =E(CBN +Drug) − E(CBN) − E(Drug) + E(BSSE)(1)

where E(CBN+Drug) is the total energies of the adsorbed favipiravir on 
CBN heterofullerene. E(CBN) and E(Drug) are the total energies of CBN 
heterofullerene and favipiravir, respectively. E(BSSE) is known as the 
“basis set superposition error”, which is calculated by the counterpoise 
method to achieve highly accurate adsorption energy functional pre
diction [39]. 

The B3LYP functional gives systematically underestimate HOMO/ 
LUMO energies. Moreover, an efficient way to transmit accurate 
HOMO/LUMO energies is to use a range-separated functional, such as 
those used in the following studies to obtain accurate energies [40,41]. 
We should also mention that the structures studied here are very large 
with high degrees of freedom which make it very difficult to use larger 
basis sets. Therefore, 6-31G (d, p) basis set which contains a reasonable 
number of basis set functions was used for the calculations. 

The vertical ionization potential (VIP) and vertical electron affinity 
(VEA) are calculated using the following expressions: [VIP = Ecation −

Eneutral] and [VEA= Eneutral − Eanion]. In these expressions, the VIP is the 
energy difference between the ground state of the cation (Ecation) and the 
ground state of the neutral (Eneutral) at the geometry of the neutral. VEA is 
defined as the energy difference between the ground state of the neutral 
and the ground state of the anion (Eanion) at the geometry of the neutral. 
Besides, the chemical hardness (η), electrophilicity index (ω) and the 
maximum amount of electronic charge index (ΔNtot) are also calculated. 
It is also worth to note that a hard molecule corresponds to a large en
ergy gap as a manifestation of the principle of maximum hardness [42]. 
ω and ΔNtot parameters are also defined as a measure of the ability of a 
specification to accept electron. 

For favipiravir drug molecule adsorbed on the CBN heterofullerene, 
the Wiberg bond index (WBI) and Fuzzy bond orders (FBO) are 

performed using the Multiwfn program [43]. 

3. Results and discussions 

In DFT calculations, obtaining a good initial guess during energy 
optimization is a key factor to find out proper geometry with the lowest 
energy conformation, thus, it is important to consider all possible con
figurations when different systems interact with each other. Moreover, 
there is no negative frequency that implies the transition state at a 
saddle-point. In this context, possible interactions between CBN heter
ofullerene and favipiravir drug molecule were performed and among 
obtained structures, eight different configurations were evaluated and 
sorted according to relative energies (ΔE) in this study, as depicted in 
Fig. 1. The relative and adsorption energies of theoretically predicted 

Fig. 1. (Colour online) The optimized configurations of favipiravir adsorbed on 
CBN heterofullerene computed at B3LYP/6-31G(d) level of theory (Green (B), 
Brown (C), Blue (N), Purple (H), Red (O)). 
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geometries are shown in Fig. 2. Depending on the location of the favi
piravir on CBN heterofullerene, large changes of the ΔE were predicted 
at the B3LYP level. In this study, the ΔE of configuration A is found to be 
the configuration with lowest energy where a single O atom from the 
favipiravir is bounded to B atom of the CBN heterofullerene. On the 
other hand, the ΔE of configuration B is predicted as 3.19 kcal/mol 
which is much higher than the most stable configuration. The ΔE of 
configurations C, D, E, F and G are found as 4.31, 4.65, 10.77, 11.28 and 
11.93 kcal/mol, respectively. The ΔE is found as 20.76 kcal/mol which 
is the biggest value among other configurations, when N and O atoms 
from the favipiravir are bounded to C and B atoms of the CBN hetero
fullerene (configuration H). The considerable fluctuations in the ΔE are 
due to the interactions between N and O atoms of the favipiravir and the 
B and C atoms of the CBN heterofullerene in the different positions. 
When it comes to the adsorption energies (Ead), which are calculated in 
the range of − 3.41 and − 23.95 kcal/mol, O atoms from the favipiravir 
interacts strongly with B atoms of the CBN heterofullerene. The negative 
Ead reveals that favipiravir adsorption onto the CBN heterofullerene 
surface was an exothermic process and energetically favorable. The 
interaction between O atoms of the favipiravir and B atom of the CBN 

Fig. 2. (Colour online) Relative energy (ΔE) and adsorption energy (Ead) for 
the optimized configurations of favipiravir adsorbed on CBN heterofullerene. 

Fig. 3. (Colour online) Density of states (DOS) for the optimized configurations of favipiravir adsorbed on CBN heterofullerene.  

İ. Muz et al.                                                                                                                                                                                                                                      



Physica E: Low-dimensional Systems and Nanostructures 135 (2022) 114950

4

heterofullerene in the different positions have an important influence on 
the Ead. In addition, binding of N atom from the favipiravir to CBN 
heterofullerene significantly decreases the Ead. We note that configura
tion A with most negative interaction energy − 23.95 kcal/mol is more 
favorable than the other configurations B (− 20.81 kcal/mol), C 
(− 19.22 kcal/mol), D (− 19.01 kcal/mol), E (− 13.69 kcal/mol), F 
(− 11.88 kcal/mol), G (− 11.69 kcal/mol) and H (− 3.41 kcal/mol) which 
means that CBN heterofullerene can be used in drug delivery systems. 

The charge transfer between the HOMO and LUMO energy levels is 
significant physical property for interacting systems [44]. Therefore, the 
HOMO/LUMO energy levels from density of states (DOS) analysis con
structed by GaussSum [45] (see Fig. 3) and the energy gap (Eg) from the 
energy difference between the HOMO and LUMO for all configurations 
are carried out to get an insight about the kinetic stability and chemical 
reactivity of the studied configurations, shown in Fig. 4. The HOMO and 
LUMO values are calculated as about − 3.89 and − 3.49 eV, respectively, 
and corresponding the Eg is predicted as 0.4 eV which is the smallest 
value for configuration C. On the other hand, the HOMO and LUMO 
energy levels for configuration F are found as − 4.60 and − 3.58 eV, 
respectively. The Eg corresponding to the HOMO and LUMO is 1.02 eV, 
which is greatest value than the other configurations A, B, D, E, G and H 
which change in the range of 0.57–0.75 eV. Overall, the smallest value 
of the Eg for configuration C means that charge transfer can easily occur 
between HOMO and LUMO energy levels thus gives rise to a change in 
the biological activity of the favipiravir and CBN heterofullerene 
configuration. That is, the change the position of the favipiravir on the 
CBN heterofullerene configuration give rise to an increase in the energy 
of the HOMO (− 3.89 eV) and a decrease in the energy of the LUMO 
(− 3.49 eV) of the configuration C, which favorably contributes to a 
decrease in the Eg, which further contributes to the charge-transfer 
process [46–48]. In addition, the molecular orbital patterns (HOMO 
and LUMO) of optimized geometries are presented (see Supporting In
formation; Figs. S1-S2). The HOMO is localized at the adsorbed favi
piravir molecule (for A, E, G and H configurations) and the LUMO is 
localized at the CBN heterofullerene. When it comes to B, C and D 
configurations, the HOMO is localized at the CBN heterofullerene and 
the LUMO is localized at the adsorbed favipiravir, whereas there is no 
localization in the LUMO for the F configuration. Moreover, the mo
lecular orbitals for HOMO and LUMO seem to be almost the same in the 
interaction of the parallel-positioned favipiravir molecule with fullerene 
(F configuration). We note that other configurations except F can be 
explained by the fact that the band gaps are almost identical to each 
other (see Fig. S1-S2). 

The vertical ionization potential (VIP), vertical electron affinity 

(VEA), chemical hardness (η), electrophilicity index (ω), and maximum 
amount of electronic charge index (ΔNtot) for CBN heterofullerene 
interacting with the favipiravir configurations are performed to deter
mine how the reactivity properties change with different configurations 
of the favipiravir on CBN heterofullerene (see Table S1). For the 
examined configurations, the greater VIP value of configuration F is 
5.73 eV, which decreases to 4.78 eV in the configuration H (see Fig. 5). 
This trend of the VIP is because of the increase in HOMO energy levels 
according to the electron-donating ability of the favipiravir towards CBN 
heterofullerene. It is obvious that configuration F is the most stability 
than that of the others, which means the large energy required to eject 
electrons from the configuration F. This result is also verified with the 
HOMO and LUMO energy levels (see Fig. 4). Besides, the configurations 
A, B, C, D, E and G have very small difference in values of VIP, which are 
5.05, 5.04, 5.02, 4.99, 4.99 and 4.86 eV, respectively (see Fig. 5). On the 
other hand, the greater VEA value of configuration F is 2.42 eV, which 
decreases to 2.09 eV in the configuration A (see Fig. 5). In addition, the 
VEA of other configurations exhibits small difference, i.e., VEA = 2.11 
and 2.19 eV for configurations C and E. The lowest value of η belongs to 
configuration C with a value 0.2 eV which means that configuration C is 
energetically more reactive and demonstrates less resistance to charge 
transfer than other configurations (see Fig. 5). The trend of variations in 
η is proportional to the change in the Eg as expected (see Fig. 4). 

Fig. 4. (Colour online) HOMO, LUMO energy and HOMO-LUMO energy gap 
(Eg) for the optimized configurations of favipiravir adsorbed on CBN 
heterofullerene. 

Fig. 5. (Colour online) Vertical ionization potential (VIP) and vertical electron 
affinity (VEA) for the optimized configurations of favipiravir adsorbed on CBN 
heterofullerene. 

Fig. 6. (Colour online) Chemical hardness (η) and electrophilicity index (ω) for 
the optimized configurations of favipiravir adsorbed on CBN heterofullerene. 

İ. Muz et al.                                                                                                                                                                                                                                      



Physica E: Low-dimensional Systems and Nanostructures 135 (2022) 114950

5

Fig. 7. (Colour online) Wiberg bond index (WBI) and Fuzzy bond order (FBO) for the optimized configurations (A-D) of favipiravir adsorbed on CBN heterofullerene.  

Fig. 8. (Colour online) Wiberg bond index (WBI) and Fuzzy bond order (FBO) for the optimized configurations (E-H) of favipiravir adsorbed on CBN heterofullerene.  
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To explore the electrophilic features of the examined configurations, 
electrophilicity indexes (ω) were also investigated. It was found out that 
configuration F has the highest electrophilic character with 4.26 eV 
while configuration C has the smallest value with 1.36 eV (see Fig. 6). 

This decrease in η and ω, cause lowering of stability and increase in 
reactivity of CBN heterofullerene–Favipiravir complex. 

Moreover, the maximum amount of electronic charge index (ΔNtot) is 
researched (see Table S1). The ΔNtot value for configuration C are 

calculated to be 18.45 eV, which is the greatest value, but the ΔNtot of 
other configuration are found as in the range of 8.01–12.85 eV. Here, it 
is interesting to note that different configurations of the favipiravir on 
CBN heterofullerene give rise to an important change in the structural 
and electronic properties, thus a change in energy stability. 

The values of WBI and FBO for eight different interactions between 
CBN heterofullerene and favipiravir drug molecule were presented in 
Figs. 7 and 8. The values of WBI and FBO for favipiravir on the CBN 

Fig. 9. The reduced density gradient (RDG) scatter plots for the optimized configurations of favipiravir adsorbed on CBN heterofullerene.  
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heterofullerene surface for configurations A and B were calculated about 
0.80 and 0.75, respectively. These values for configurations C and D 
were found as in the range of 0.68–0.66 and 0.71–0.68, respectively. It is 
obvious that the B–O interactions of configurations A and B are stronger 
than that of C and D. When N and O atoms from the favipiravir are 
bounded to C and B atoms of the CBN heterofullerene for configurations 
E, G and H, WBO and FBO values vary significantly depending on the 
binding points of the configurations. For example, the higher values of 
WBI and FBO for configuration E with C–N bonding, configuration G 
with B–O bonding and configuration H with C–O bonding mean that the 
configurations have stronger intermolecular interactions. When it comes 
to configuration F, which is no WBI and FBO values, there is no inter
action between the drug molecule and CBN heterofullerene. It is 
important to note that the interaction between N atom of favipiravir and 
B atom of CBN heterofullerene in the different positions has an influence 
on the WBI and FBO. 

The scatter plots of reduced density gradient (RDG) vs. sign(λ2)ρ for 
studied configurations were presented in Fig. 9. RDG methodology al
lows us to survey binding properties of interactions such as attractive, 
repulsive, weak, or strong. It can be seen from Fig. 9 that there is 
attractive interaction in the range of ρ = 0.00 and ρ = − 0.02 in con
figurations A-F, indicating the dominance of the effect of van der Waals 
forces for both attraction and repulsions between binding atoms. For 
configurations G and H, the RDG analyses show that there are evident 
deep spikes in a range of − 0.02 and − 0.03, which indicate stronger 
attractive interaction than configurations A− F. 

Ultraviolet–visible (UV–vis) absorption spectra of interacting favi
piravir and CBN heterofullerene are also carried out by using TD-DFT 
and shown in Fig. 10. The first maximum UV–vis of favipiravir and 
CBN heterofullerene interactions show peaks located wavelengths be
tween 320 and 400 nm which corresponds to the near UV region and the 
closest UV radiation to visible light. An excitation wavelength (electron- 
transfer wavelength) in the visible region is preferred because ultravi
olet light is harmful for living organism [49]. The second maximum 
peaks fluctuated wavelengths between 600 and 800 nm because of the 
binding points of favipiravir on CBN heterofullerene. 

4. Conclusions 

In this work, adsorption properties and electronic structure of the 
favipiravir drug on the CBN heterofullerene were carried out with DFT 
method. Our results show that B–O bonding in configuration A is 
stronger than that of B–N and C–O bonding, thus it is energetically more 
favorable. The relative energy of configuration H, 20.76 kcal/mol, 

means that it is the most reactive than that of the others and higher than 
the most stable configuration A. The adsorption energies are calculated 
in the range of − 3.41 and − 23.95 kcal/mol due to binding points of 
interacting atoms in favipiravir and CBN heterofullerene. The smallest 
value of the Eg (0.4 eV) means that charge transfer can easily occur 
between HOMO and LUMO energy levels, thus gives rise a change in the 
biological activity of favipiravir and CBN heterofullerene configuration. 
The molecular orbital patterns show that the HOMO is localized at the 
adsorbed favipiravir molecule and the LUMO is localized at the CBN 
heterofullerene (E, G and H configurations). From vertical ionization 
potential and chemical hardness, configuration H is the most reactive 
than that of the others, which means the large energy required to eject 
electrons from the configuration H and also demonstrates more resis
tance to charge transfer than other configurations. The WBI and FBO 
analyses indicate that the charge transfer occurs from the favipiravir to 
CBN heterofullerene. From RDG analysis, configurations G and H are 
stronger attractive interactions than the other configurations. The ab
sorption peaks indicate that all configurations can absorb in range of 
320–800 nm in the near and visible light region. We can conclude that 
the favipiravir drug on the CBN heterofullerene can be used as a delivery 
tool to decrease harmful effects of the favipiravir drug. 
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