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Abstract
Electronic structure analysis of bimolecular formation of favipiravir (Fav) and a representative model of boron-nitrogen-carbon 
(BNC) cage was performed in this work for providing more insightful information regarding the drug delivery purposes by the 
importance of Fav drug for medication of COVID-19. To achieve the purpose of this work, density functional theory (DFT) 
calculations were carried out to obtain the stabilized structures and corresponding molecular and atomic scale descriptors. 
Six models of BNC-Fav complexes were obtained reading the participation of different atomic positions of Fav to interac-
tions with the BNC cage surface. The results yielded BNC-Fav2 at the highest strength and BNC-Fav4 at the lowest strength 
of bimolecular formations. Molecular orbital–related features and atomic scale quadrupole coping constants all revealed that 
BNC-Fav2 complex could be proposed for employing in drug delivery process by managing the loaded Fav contribution to 
future interactions.
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Introduction

By the end of year 2019, the world was shocked by an 
attack of a wide-spreading type of coronavirus causing the 
coronavirus disease (COVID-19) with harmful impacts on 
human health system and life worldwide [1–3]. To this 
date, the problem of treating COVID-19 has not been 
solved yet and the deathful impacts are still seen for the 
people [4–6]. Regarding the importance of this issue, con-
siderable efforts of researchers have been dedicated to find 
a way of prevention or treatment of COVID-19, but no 
certain solution has been found up to now [7–9]. There-
fore, performing further research works on the topic of 
COVID-19 is still a must to be done [10–12]. Among the 
investigated examinations, favipiravir (Fav) has been seen a 
useful drug for medication of coronavirus-infected patients 

to save their life or increase health level [13–15]. To this 
point, several attempts have been done to show advantages 
and disadvantages of medication of patients by Fav, in 
which there is still no certain achievement about its pre-
scription [16–18]. Therefore, several researchers have tried 
to focus on improving the features of Fav for more efficient 
prescription and medication [19–21]. Employing carriers 
has been also proposed for targeted delivery of Fav to the 
infected tissues, in which such carriers should be carefully 
investigated for appropriate application [22–24]. Nano-
structures have been always expected to play import role 
of carriers in drug delivery processes, in which they have 
been also assumed to work for delivery of Fav [25–27]. 
However, the works are still under improvement regard-
ing achievements of researchers of various fields of study 
[28–30]. Several attempts have been always dedicated to 
develop procedures of identifications of components liv-
ing systems [31, 32]. Among the methods of dealing with 
such problems, computer-based methods based on elec-
tronic structure concepts could help to provide insightful 
information for going forward to reach a proposed solution 
for such a complicated problem [33–35]. Indeed, molecular 
and atomic scale descriptors of matters could be obtained 
by computer-based works to investigate the characteristic 
features of matters at the smallest scales [36–38].
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In this work, the electronic structure features of Fav were 
analyzed in combination with a representative nanostructure 
as an estimated carrier of Fav for drug delivery purposes. 
To approach this goal, quantum calculations were performed 
to stabilize each of the singular and bimolecular models to 
show the impacts of nanostructure on the characteristic 
features of loaded Fav. The representative nanostructure 
was a fullerene-like cage structure with boron, nitrogen, 
and carbon atomic counterparts with the stoichiometry of 
 C8B6N6 called a BNC cage. It is noted that cage structures 
have been seen as interesting for investigations by earlier 
works [39–41]. Singular models of Fav and BNC are shown 
in Figs. 1 and 2. After obtaining optimized singular struc-
tures, their combination for BNC-Fav bimolecular models 
(Fig. 3) was investigated by performing additional optimiza-
tion calculations and evaluating the corresponding electronic 
structure features. The obtained molecular and atomic scale 
descriptors are summarized in Tables 1 and 2 and the visual 
representations are exhibited in Figs. 1–4 to approach the 
goal of this work.

Materials and methods

The major materials of this work were Fav  (C5H4FN3O2) 
and BNC  (C8B6N6) models, in which their bimolecular for-
mations were investigated by generating further materials 
(Figs. 1–3). First, the singular models were optimized to 
obtain the stabilized strictures. Next, the already singular 
models were combined with each other through various 
positioning faces resulting in six bimolecular models, from 
BNC-Fav1 up to BNC-Fav6 as shown in Fig. 3. Hence, 
the stoichiometry of bimolecular models was identical but 

their relaxing configurations were different. To stabile the 
strictures, optimization calculations were performed using 
the WB97XD/6-31+G* level of density functional theory 
(DFT) as implemented in the Gaussian program [42]. By 
doing such calculations, the models were prepared for run-
ning further analyses of electronic structure features. To this 
aim, values of total energy (Etot), interaction energy (Eint), 
and the basis set superposition error (BSSE) were evalu-
ated for the model systems. Furthermore, molecular orbital 
features including energies of the highest occupied and the 
lowest unoccupied molecular orbitals (HOMO and LUMO), 
energy gap (Egap), and chemical hardness and softness (η 
and σ) were evaluated for the optimized models. Addition-
ally, values of dipole moment (Dm) were evaluated for the 
investigated models to show electric charge distribution 
orientation. All the obtained descriptors for the optimized 
models are summarized in Table 1. In addition to quanti-
tative descriptors, qualitative representations of optimized 
models are exhibited in Figs. 1–3, and distribution patterns 
for HOMO and LUMO are exhibited in Fig. 4 in addition 
to the visualized electrostatic potential (ESP) surfaces. As 
a result of performing such computations, the required fea-
tures of molecular scale were provided for analyzing elec-
tronic structure features of the models. To analyze atomic 
features of Fav, values of quadrupole coupling constants (Cq) 
were evaluated for hydrogen, nitrogen, and oxygen atoms of 
Fav to show the impacts of bimolecular formation with BNC 
cage on the original features of Fav at the atomic scale. The 
obtained values of Cq are summarized in Table 2. The values 
of Cq could show the localized electron density at the atomic 
sites with sensitivity to effects of any perturbations to the Fig. 1  Favipiravir (Fav)

Fig. 2  BNC cage
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BNC-Fav1 >

BNC-Fav2 >

BNC-Fav3 >

BNC-Fav4 >

BNC-Fav5 >

BNC-Fav6 >

Fig. 3  Different views of the bimolecular complex models. Intermolecular distances (Å) are shown

161Structural Chemistry (2022) 33:159–167



1 3

Table 1  The obtained 
descriptors for the optimized 
 models*

* See Figs. 1–3 for visual descriptions of the models

Model Etot
eV

Eint
eV

BSSE
eV

HOMO
eV

LUMO
eV

Egap
eV

η
eV

σ
eV−1

Dm
Debye

Fav > −16526.320 n/a n/a −9.064 −1.188 7.876 3.938 0.254 6.263
BNC > −21278.094 n/a n/a −7.628 −2.187 5.440 2.720 0.368 1.984
BNC-Fav1 > −37805.830 −1.416 0.087 −6.363 −2.347 4.016 2.008 0.498 16.113
BNC-Fav2 > −37807.883 −3.469 0.035 −7.954 −2.375 5.579 2.790 0.358 7.581
BNC-Fav3 > −37805.847 −1.433 0.009 −7.088 −2.398 4.690 2.345 0.426 5.235
BNC-Fav4 > −37804.588 −0.174 0.036 −7.728 −2.293 5.436 2.718 0.368 6.626
BNC-Fav5 > −37805.595 −1.180 0.014 −6.297 −2.213 4.083 2.042 0.490 12.906
BNC-Fav6 > −37804.753 −0.339 0.071 −7.602 −2.175 5.427 2.713 0.369 5.768

Table 2  The obtained 
quadrupole coupling constants 
 (Cq MHz) for the Fav of 
optimized  models*

* See Figs. 1 and 3 for visual descriptions of the models

Model H1 H2 H31 H32 N1 N2 N3 O1 O2

Fav > 0.249 0.202 0.236 0.266 2.632 5.348 3.673 8.143 9.054
BNC-Fav1 > 0.246 0.200 0.226 0.185 2.448 5.435 2.001 8.108 6.048
BNC-Fav2 > 0.202 0.199 0.250 0.266 4.480 5.082 3.870 8.834 9.179
BNC-Fav3 > 0.183 0.199 0.249 0.262 1.434 5.449 3.753 8.691 9.135
BNC-Fav4 > 0.249 0.198 0.236 0.265 2.606 5.342 3.674 8.164 9.050
BNC-Fav5 > 0.247 0.201 0.222 0.255 2.506 5.304 2.772 7.987 8.156
BNC-Fav6 > 0.249 0.202 0.235 0.265 2.570 5.292 3.623 8.168 9.038

atomic sites especially for the interacting systems [43–45]. It 
is important to mention that several parameters are required 
for analyzing electronic structure features of matters, in 
which computer-based works could help to provide reliable 
results for approaching such goal [46–48].

Results and discussion

The major goal of this work was to perform an electronic 
structure analysis of the bimolecular formation of favipira-
vir (Fav) and a representative BNC cage for drug delivery 
purposes through DFT calculations. To approach this goal, 
singular and bimolecular models were optimized to reach 
stabilized structures as presented in Figs. 1–3. Although 
there were only two stating singular models for participat-
ing in bimolecular formations, six bimolecular models of 
BNC-Fav were obtained based on various relaxing con-
figurations of molecular counterparts towards each other. 
As a consequence, the optimized models were prepared for 
evaluating molecular and atomic scale descriptors (Tables 1 
and 2), and for visualized HOMO and LUMO distribution 
patterns and ESP surfaces (Fig. 4). To this point, all required 
quantitative and qualitative descriptors were evaluated for 
the investigated models to show the impacts of such bimo-
lecular formation on the original features of Fav to propose 
a possible carrier for more efficient drug delivery purposes.

It is important to mention that carbon nanostructures 
have been always expected to work properly for pharmaceu-
tical applications in living systems [49–51]. However, their 
hydrophobicity raised an idea of developing impure carbon 
nanostructures by substituting other atoms instead of some or 
all available carbon atoms to reduce hydrophobicity feature 
[52–54]. In this case, combinations of boron and nitrogen 
(BN) atoms have produced excellent single-standing boron 
nitride nanostructures of even heteroatomic BN-substituted 
carbon nanostructures [55–57]. As a consequence, the 
investigated cage particle of this work was a combination of 
boron, nitrogen, and carbon atoms to construct the BNC cage 
(Fig. 2) for playing a possible carrier role of Fav (Fig. 1). 
Indeed, heterosurface of the BNC cage could make possible 
the interacting molecules to contribute to different types of 
interactions in comparison with the identical surface of a 
pure carbon cage structure. Such benefit led to the forma-
tion of six bimolecular BNC-Fav models (Fig. 3) to analyze 
electronic structure features to show impacts of the existence 
of the BNC cage on the original features of Fav.

The obtained bimolecular models of BNC-Fav complexes 
indicated the variation of complex formation regarding the 
relaxed configurations of molecular counterparts towards 
each other. In this case, those atomic sites of Fav counterpart 
with a potency of contributing to interactions participated 
in interactions with the heterosurface of the BNC cage. To 
make visual such note about such interacting bimolecular 
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HOMO LUMO ESP
Fav >

BNC >

BNC-Fav1 >

BNC-Fav2 >

BNC-Fav3 >

BNC-Fav4 >

BNC-Fav5 >

BNC-Fav6 >

Fig. 4  HOMO-LUMO distribution patterns and ESP surfaces
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formations, analyzing the visualized ESP surfaces of Fig. 4 
could help to reach brighter points. As shown by different 
colors for ESP surfaces of each of singular Fav and BNC, 
various possibilities of interactions could be expected for 
the formation of such bimolecular complex systems. Blue 
color stands for positive, green color stands for neutral, and 
yellow and red colors stand for negative electrostatic parts of 
a molecule. As a result, the models showed colorful ESP for 
making them possible for participating in various interact-
ing configurations. To this point, six models were obtained 
for BNC-Fav complex systems, in which their strengths are 
more or less different from each other. As listed in Table 1, 
BNC-Fav2 and BNC-Fav4 were the strongest and the weak-
est models for the investigated complexes, respectively. 
Both values of Etot and Eint approved such observation for 
the highest and lowest strength of BNC-Fav bimolecular 
models. To follow the structures visually, the corresponding 
panels of Fig. 3 showed the formation of a covalent bond for 
O1 atom of Fav and B atom of the BNC cage in addition to 
the formation of other interactions between two counterparts 
of the BNC-Fav2 complex. However, there were not any 
appropriate atomic positions for making strong interactions 
between the molecular counterparts in the BNC-Fav4 model 
resulting in the weakest complex systems for the BNC-Fav 
models. There might be a question about the importance of 
investigating formations of such weak complexes, in which 
it should be mentioned that several parameters could favor 
the formation of interacting systems even the formation of 
weak complex systems. Comparing to experiments, the effi-
ciency of reaction products could be managed by conduct-
ing the molecules to be localized in the most appropriate 
configurations for interactions. This is indeed an advantage 
of performing such computer-based works to show the possi-
bility of all complex formations for providing more insight-
ful results for the investigated systems. For the investigated 
complexes, the order of strength could be ranked regarding 
the obtained values of both Etot and Eint parameters: BNC-
Fav2 > BNC-Fav3 > BNC-Fav1 > BNC-Fav5 > BNC-Fav6 
> BNC-Fav4. The obtained values of BSSE were not mean-
ingful to make significant changes to the obtained energies 
of interacting complex systems. Besides the participation 
of atomic sites of Fav in interactions with atomic sites of 
the BNC cage, whole structures of two molecules were also 
interacting together to make the BNC-Fav6 complex with 
somehow parallel positioning of Fav at the partial surface 
of the BNC cage.

One important point about obtaining such different com-
plexes is the existence of the heterosurface of the BNC cage 
in comparison with the homosurface of the pure carbon 
cage. The presence of impurities could increase the num-
ber of configurations suitable for the interactions [58–60]. 
Further analysis of the models based on HOMO and LUMO 
features could indicate variations of such molecular orbital 

energy levels for the complex models in comparison with 
singular forms of both of Fav and BNC cage. It is known that 
HOMO level could imply for the tendency of the molecule 
for electron donating whereas LUMO level could imply for 
such tendency for electron accepting. By such definitions, 
the investigated models showed different tendencies of par-
ticipating in such electron-transferring processes. In addition 
to such levels, energy distance between HOMO and LUMO, 
assigned by Egap, is also another important feature for show-
ing the reactivity modes of molecular systems. Addition-
ally, each of the hardness and softness (η and σ) parameters 
could lead to the favorability of molecules for participating 
in electron-transferring processes. Such variations of electric 
features were also observed by the obtained values of Dm. 
Examining the visual representations of HOMO and LUMO 
in Fig. 4 could show a very important achievement for the 
investigated model systems. As expected for nanostructures 
to work as proper carriers for drug delivery processes, it 
was seen that both HOMO and LUMO patterns were moved 
to the cage part in the strongest BNC-Fav2 model. This is 
indeed showing a dominant role of the employed BNC cage 
for managing the participation of loaded Fav in future inter-
actions. Localization of HOMO and LUMO at the molecules 
could show the tendency of molecular parts for contributing 
to further interactions, in which such tendency was elimi-
nated for Fav part in the BNC-Fav2 complex. As a result, it 
could be suggested that the formation of BNC-Fav2 complex 
might somehow reduce the unwanted side effects of medica-
tion of Fav for the patients, but further investigations are still 
required. As a consequence, BNC-Fav2 could be proposed 
for the best model of complex formation of Fav and BNC 
cage for further analyzing of applications developments.

As mentioned about the importance of atomic posi-
tions of Fav for contributing to interactions with the BNC 
cage, the values of quadrupole coupling constants (Cq) 
were evaluated for H, N, and O atoms of Fav counterpart 
to show the impacts of complex formation at the small-
est atomic scale features [61–63]. Different atomic types 
actually imply for different electronic environments, which 
are the most important factors for atoms to determine their 
participation in future interactions. The magnitude of such 
electronic density localization at the atomic site could be 
determined by values of Cq, in which such magnitudes 
could be analyzed before and after the participation of 
atoms in interactions to show the perturbating impacts 
exactly. As shown in Fig. 1, the atoms were numbered 
for being detectable in the atomic analysis regarding the 
obtained values of Cq as listed in Table 2. A quick look at 
the obtained results could mean that the electronic sites of 
all atoms of Fav detected a more or less significant impact 
of complex formation in BNC-Fav models. As detected by 
energy features, BNC-Fav2 was the strongest complex, in 
which analyzing values of Cq for each of H1, N1, and O1 
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of singular and complex models show significant effects 
of interactions on the features of these atoms. Moreover, 
slight changes in electronic features were also detected 
for the rest of the atoms of Fav in the BNC-Fav2 model. 
Interestingly, the changes of atomic features of Fav from 
singular to complex model were almost negligible for 
the BNC-Fav4 model, as indicated earlier as the weakest 
complex formation for the investigated models. For other 
models, more or less significant impacts were observed for 
the atomic features by comparing the singular and com-
plex models. Indeed, this is important how to decide for 
future functions of drug compounds in the drug delivery 
processes to employ the appropriate carrier for them. As 
a consequence, the atomic features of Fav were almost 
completely managed by the BNC cage assigning a carrier 
with significant impacts on the loaded drug.

Conclusion

The major goal of this work was to perform an electronic 
structure analysis of the bimolecular formation of Fav and 
BNC cage for providing more insightful information regard-
ing drug delivery purposes. To this aim, the obtained results 
indicated that such an idea of BNC-Fav bimolecular forma-
tion was achievable based on the obtained values of energies 
for whole structures and interacting modes. To this point, the 
obtained complex formations were ordered regarding their 
strength, in which BNC-Fav2 was found to be the strongest 
one, whereas BNC-Fav4 was found to be the weakest one. 
Such strengths were obtained by the importance of atomic 
types and positions of Fav counterpart in addition to the 
appropriate heteroatomic surface of the BNC cage. As a con-
sequence, complexes with different strengths were obtained 
for the investigated models. Further analysis of molecular 
orbital features also indicated different tendencies for par-
ticipating in interactions for the complex models even dif-
ferent from those singular counterparts. Atomic scale Cq 
parameters showed the exact roles of atomic sites for the 
investigated models, in which their values were more or less 
significant for atoms of the whole structure. Interestingly, 
the most and the least significant effects were observed for 
atoms of BNC-Fav2 and BNC-Fav4, respectively, as were 
assigned for the highest and the lowest strength of the inves-
tigated BNC-Fav complexes. As a consequence, the BNC 
cage was seen useful for employing in the drug delivery 
process of loaded Fav for further investigations.
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