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With the global epidemic of the COVID-19 virus, extensive and rapid research on drug therapy is underway
around the world. In this regard, one of the most widely studied drugs is Favipiravir. Our aim in this paper is
to conduct comprehensive research based on the Density Functional Theory (DFT) on the potential of
metallofullerenes as suitable drug carriers. The surface interaction of Favipiravir with organometallic compound
resulted by doping of the five transition metals of the first row of the periodic table (Ti, Cr, Cr, Fe, Ni, and Zn) was
examined in depth to select the most suitable metallofullerenes. First, the adsorption geometries of Favipiravir

Iég,v;/]gf; drug onto each metallofullerene were deeply investigated. It was found that Cr-, Fe-, and Ni-doped fullerenes
Favipiravir provide the excellent adsorbent property with adsorption energies of —148.2, —149.6, and —146.6 k]/mol, re-
Metallofullerene spectively. The Infrared spectroscopy (IR) study was conducted to survey the stretching vibration of bonds in-
Adsorption volving in the systems, specialty the C=0 in the drug, C—M in the metallofullerene, and M—O in the

Water solvent metallofullerene-drug complex. Finally, the UV-vis analysis showed that the absorption spectra for the studied

Density Functional Theory

systems may be attributed to the transition from m-m* and/or n-m*.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The widespread coronavirus infection 2019 (COVID-19) produced
by SARS-CoV-2 that begun in Dec. 2019, is one of those worldwide chal-
lenges that transcends territorial, political, ideological, religious, cul-
tural, and definitely academic borders [1]. No established medical
effectiveness of antiviral substrate for COVID-19 has been discovered
by this time, whereas specific drugs, including Favipiravir, Remdesivir,
Chloroquine, and Arbidol are presently under intensive investigation
for the treatment of COVID-19 [2,3]. Favipiravir is an approved antiviral
medicine in Japan for influenza [4]. Comparing the effectiveness of
Favipiravir with Arbidol [2] suggest that Favipiravir may be a prospec-
tive nominee to cure COVID-19. According to the results of Chen et al.
[2], it can be theorized that Favipiravir could be a suitable medicine
for the treatment of COVID-19 based on improving clinical recovery
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rate on Day 7 and lessening pyrexia, cough, and ARDS. Very recently,
it has been found that Favipiravir as a prodrug, excellently prevents
the COVID-19 infection in Vero E6 cells (ATCC-1586) [5,6]. Additionally,
other investigations display that Favipiravir is an effective drug in keep-
ing mice safe against the Ebola virus trial [7]. So, clinical researches are
immediately required to assess the usefulness and security of this anti-
viral nucleoside against the COVID-19 cure.

Various nanostructures were established extensive applications in
drug delivery systems owing to high surface/volume ratio that is notice-
ably superior compared to that of the conventional microstructures
[8-13]. Among all nanostructures, carbon nanotubes, graphene and ful-
lerenes are prevalent because of their straightforward method of
functionalizing and surface improvement, so that they have been con-
sidered extensively as drug carriers [11,13-20].

Fullerene and its derivatives have been used as potential carriers to-
wards anticancer medicines owing to have outstanding features such as
high loading capability [21] and protecting impact on the heart and liver
versus chronic poisonousness resulted from chemotherapeutics [22]. In
addition, it was found that fullerene can pass the cell membrane to ar-
rive at the tumor cells, concentrating in the nucleus, lysosomes, and cy-
toplasm [23,24]. Among fullerenes, the Cy is the tiniest structure that
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has a dodecahedral cage structure. The Cyo was synthesized for the first
time by Prinzbach et al. [25] via the gas-phase production method. Fur-
ther, this kind of fullerene was synthesized through ion-beam irradia-
tion [26] and laser-ablation [27] methods.

The main limiting factor of fullerene family for biological applica-
tion is their intrinsic hydrophobicity. Towards overcoming this prob-
lem, different investigations have been carried out, aiming to find
suitable approaches for the production of water-soluble fullerene.
These techniques comprise, construction of host-guest complexes that
are water-soluble [28], addition of surfactant [29], alcoholization [30],
and chemical modification [31-33]. Among these procedures, chemical
modification by inserting impure atoms to fullerene showed promising
results [34-36].

Doping through an exterior atom is one of the current ap-
proaches for changing the electronic properties of a nano-system.
Exo-hedral, endo-hedral and substitutional doping are three dif-
ferent methods by which an exterior atom is hosted. The substitu-
tion doping that encompasses substitution of an atom of fullerene
through a dopant (transition metal in this study) is comparatively
less investigated than exo-hedral and endo-hedral doping. It has
been concluded that substituting a carbon atom of fullerene by a
metal atom (resulting in a metallofullerene molecule) is a suitable
tactic to advance the drug delivery property by increasing its ad-
sorption potential [37]. For instance, Rad et al. [34,35] investigated
the Cr- and Ni-doped fullerenes and found significant adsorption of ad-
enine, thymine, and uracil nucleotides on the surface of metal-doped
fullerene. In another work conducted by the same group, they found
that the potential of cytosine and guanine nucleobases adsorption
onto fullerene substantially increases by metal doping [36].

The ideal carrier provides a moderate and controllable release of
Favipiravir drug in order to prolong the spread time of the drug
and shielding it from abolition by phagocytic cells or early destruc-
tion. The idea of the present research of using metallofullerene car-
rier for Favipiravir is raised from the successful applications of
metallofullerene as a drug carrier [34-37]. In the following research,
we aimed to investigate if certain kinds of metallofullerenes are poten-
tially appropriate for the adsorption and keeping of the Favipiravir drug.
The experimental investigation on new materials as a drug carrier is es-
sential; however, they are costly, time-consuming and also they cannot
provide enough fundamental information in the atom-scale environ-
ment. Therefore, computational approaches have been progressively
employed to help to understand the mechanism and the nature of the
molecule interactions [38].

In the following research, for the first time we investigated the ad-
sorption property of Favipiravir drug onto different metallofullerenes
resulted by substitution doping of fullerene C,q by one of the five se-
lected elements in the first row of the transition metals in the periodic
table; titanium (Ti), chromium (Cr), iron (Fe), nickel (Ni), and zinc
(Zn). The reason for choosing the stated transition metals for doping
on Cyg is based on the intrinsic tendency of these atoms to form com-
plexes with organic compounds [39]. It has been revealed that density
functional theory (DFT) provides great information on the molecular
structures and their interactions [40]. So, it was employed in this
study to survey the potential of the selected metallofullerenes for carry-
ing Favipiravir drug by focusing on the molecular interactions. Different
geometries were investigated and the most energetically favorable ones
were selected for further studies. The FMO analysis was conducted to see
any possible hybridizing of the drug molecule and each metallofullerene.
The Natural bond orbital (NBO) analysis was carried out to see any
changes in the electronic structure of metallofullerenes upon drug ad-
sorption. The vibrational spectra corresponding to the adsorption of
Favipiravir molecule on metallofullerene is computed to study the
change in the IR intensity and vibrational frequencies. Time-dependent
DFT (TD-DFT) method was used for the study of change in the UV-vis
spectra and properties of excited states of each system upon adsorption
of Favipiravir molecule.
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2. Simulation method

The initial geometry optimization of all structures in the ground state
was carried out in the water solvent by B3LYP/6-31G level of theory, but
to find more accuracy geometry, the output structures were used for next
optimization at ®wb97xd/6-31 + G(d,p) level of theory. Both levels of the-
ory were implemented in the Gaussian 09 suite of the program [41]. The
DFT technique was used owing to the accuracy associated. Vibration fre-
quency calculation was performed for each resulted structure to find
out thermodynamical parameters, including enthalpy change (AH) and
Gibbs free energy change (AG) of Favipiravir molecule adsorption pro-
cess. The frequency calculation revealed that there was no imaginary
value in the spectrum, implying the structures were really minima.

The ®b97xd/6-31 + G(d,p) has been found as one of the most favor-
able levels of theory for responsible and precise calculation at minimum
cost for fullerene system [42]. The electronic properties, including the
density of states (DOSs), FMO, and NBO charge analysis were calculated
at the same level of theory. Following the geometry optimization, the
TD-DFT formalism from the ground state at the TD-®b97xd/6-31++G
(d,p) level of theory was used to calculate the excited states to achieve
theoretical UV-vis spectra.

To investigate the stability of each metallofullerene (C19M, M = Ti,
Cr, Fe, Ni, and Zn), the cohesive energies (E.) was calculated through the
following equation [43]:

Ec = ((19Ec + 1Em)—Eciom)/N (1)

where Ec and Ey;, and Ec;gy are the energies of a single C atom, a single
M atom, and metallofullerene molecule, correspondingly. N is the total
numbers of atoms involved in system (here, N = 20).

The adsorption energy (E.q) of Favipiravir molecule onto each
metallofullerene (C19M, M = Ti, Cr, Fe, Ni, and Zn) was calculated by
Eq. (2):

Ead = Ec1iom/F—[Ec1om + EF] + Epsse (2)

where Eciovyr is the total energy of C;oM-Favipiravir complex, Ecigum is the
total energy of metallofullerene, Ef is the total energy of the Favipiravir,
and Egssg is the basis set superposition error (BSSE) corrected for all inter-
actions. The enthalpy change (AH) and Gibbs free energy change (AG)
were calculated at T = 298 K and P = 1 atm by the Egs. (3) and (4), re-
spectively [44].

AH = Hciomr—(Herom + Hr) 3)
AG = Gerom/r— (Gerom + G) (4)

where H(G)ciom/r H(G)c19m, and H(G)r are the sum of electronic and
thermal enthalpies (the sum of electronic and thermal free energies)
of C;gM-Favipiravir complex, C;oM metallofullerene, and Favipiravir
molecule, respectively.

The energy gap between HOMO and LUMO (E;) was well-defined as

Eg = Erumo —Enomo 5)

whereas E;yvo and Eyomo are energy of HOMO and LUMO.
The energy of Fermi level (Eg.) that lies in the middle of the HOMO
and LUMO was calculated through the Eq. (6) [45]:

Er. = (ELumo + Enomo)/2 (6)
3. Results and discussion
3.1. Geometry properties of pure metallofullerenes

It was known that Cyq fullerene has a symmetric structure. It can be

anticipated that substitution of a carbon atom of C,q with a transition
metal changes symmetric geometry owing to the lengthening of the
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e M= Ti, Cr, Fe, Ni, and Zn

Fig. 1. The overall geometry of metallofullerene (C;9X, X = Ti, Cr, Fe, Ni, and Zn).

M—C bond (M = Ti, Cr, Fe, Ni, and Zn). The optimized geometries of
metallofullerenes revealed that the stated metal elements protrude out
of the fullerene skeleton. The length of the M—C bond (d) strongly de-
pends on the kind of transition metal. Furthermore, the M—C bond lengths
in a metallofullerene are not the same. According to Fig. 1 and Table 1, the
average M—C bond length for each system was calculated as 2.05, 1.93,
1.89, 1.88, and 2.05 A using B3LYP and 2.03, 1.95, 1.89, 1.86, and 2.04 A
using ®B97XD functional for Ti—C, Cr—C, Fe—C, Ni—C, and Zn—C, re-
spectively. Despite the fact that the calculated values by two functionals
were slightly different but both calculations showed the same decrease
in the M—C bond length from Ti to Ni (lessening while moving from left
to right in the same row) but then an increase in Zn. Such a trend in the
M—C bond length attributes to the electron configuration and the effect
of d-orbital splitting on the radii of the studied elements. The obtained
trend is in agreement with the experimental results reported by Jin et al.
on the complex formation of the first-row transition metals [46].

As depicted in Table 1, the dimension (D) of the metallofullerene
also did not follow any regular pattern. The b3lyp (©wB97XD) calculated
diameter of each metallofullerene were 5.04 (4.99), 4.94 (4.98), 5.01
(5.05), 4.91 (4.89), and 5.13(5.13) A for C;o—Ti, C;o—Cr, C;o—Fe,
Cy9—Ni, and C;9—Zn, respectively.

The cohesive energies of all metallofullerenes were calculated
using the ®B97XD method to compare the stability of all the studied
metallofullerenes. As is presented in Table 1, the E. values show no
regular pattern, but they revealed that all the metallofullerenes
have stable structures owing to the negative value of cohesive ener-
gies. However, they all were relatively less stable than the pure Cyq
fullerene (—8.01 eV) as investigated by our group [47]. One can con-
clude that the decreasing or increasing trend of E. depends on the elec-
trostatic interaction of the transition metal and carbon atoms of the
metallofullerene, as the evidence from the charge analysis (vide infra).

3.2. The structure of Favipiravir molecule

It was found that three possible isomers for a Favipiravir mole-
cule can be expected. Fig. S1 depicted all these possible isomers.

The computational approach was used to study at the above-
mentioned level of theory for all these isomers (named I, II, and
[II) and to evaluate the more energetically favorable isomer. The
calculation showed that the isomer (II) was the most stable isomer
among all three possible isomers and therefore it was further used
for adsorption study on the surface of metallofullerenes.

Fig. 2 depicts the relaxed structure of the Favipiravir molecule
along with the active positions to interact with the electro-active
part of metallofullerenes. The metal part (Ti, Cr, Fe, Ni, and Zn) of
each metallofullerene was placed near different possible parts of
the Favipiravir molecule to find the most electroactive part of the
molecule. The results showed that for each transition metal, there
are two active positions on the Favipiravir molecule. The star-
shown places in Fig. 2 are the most active areas of the molecule that
were considered for geometry optimization of each metallofullerene-
Favipiravir complex (vide infra).

3.3. Adsorption geometry of Favipiravir molecule onto metallofullerenes

Given that the metal part of metallofullerene is the most electroactive
place of adsorbent towards interaction with molecules [34-36], for each
metallofullerene, the Favipiravir molecule was places near to the
metal part through the two star-shown positions in Fig. 2. After mak-
ing the initial geometries of Favipiravir-metallofullerene complex,
they were allowed to be fully optimized first through 6-31G/B3LYP
and then via 6-31 + G(d,p)/®wb97xd methods, both in the water as
the solvent. For each Favipiravir-metallofullerene complex, two re-
laxed structures were achieved (P1 = position 1, and P2 = position
2) depending on their initial geometries. The results revealed that for
Favipiravir adsorption on C;oM (M = Ti, Cr, Fe, and Ni), position 1
(P1) was more energetically favorable geometry than P2. The reverse
result was achieved for C;9Zn in which the P2 was more energetically
favorable than P1. The superior geometry of each complex was given
in Fig. 3 that were selected for further investigation, while the infe-
rior energetically favorable geometry of each complex were shown
in Fig. S2.

Table 1
The Cohesive Energy (Ec, eV) of all metallofullerenes, and the M—C bond distance (d, A), and the dimension (D, A) of metallofullerenes before and after adsorption of Favipiravir drug.
System C19Ti C19Cr C19Fe C19Ni C19Zn
Method B3lyp ®b97xd B3lyp ®b97xd B3lyp ®b97xd B3lyp ®b97xd B3lyp ®b97xd
Ec - —7.96 - —7.95 - —7.96 - —7.95 - —7.74
d! 2.05 2.03 1.93 1.95 1.89 1.89 1.88 1.86 2.05 2.04
d" after adsorption - 2.03 - 1.99 - 1.91 - 1.90 - 2.05
D 5.04 4.99 494 4.98 5.01 5.05 491 4.89 5.13 5.13
D after adsorption - 4.95 - 5.15 - 5.08 - 497 - 5.16

1 An average of three X-C bond lengths has been calculated.
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Fig. 2. The relaxed structure of Favipiravir molecule (left) and the NBO charge distribution (right) achieved by 6-31 + G(d,p)/®b97xd method in the water solvent. The most active

interaction areas of the molecule are shown as stars 1 and 2.

As shown in Fig. 3, for all C;oM systems except Cy9Zn, the transition
metal atom made two new bonds with Favipiravir molecule while the
complex formation of C;9Zn was a result of one bond formation. The cal-
culated bond lengths were 2.05 and 2.22 A for C44Ti, 2.00 and 2.10 A for
C19Cr, 2.00 and 2.07 A for C;qFe, 1.96 and 2.04 A for C;oNi, and 1.97 A for
Cy9Zn, respectively. One reason for the superior geometry of P1 (for all
metallofullerenes complex except C;9Zn) than P2 attributes to the pos-
sibility of two bonds formation at P1 while there is only the possibility of
one bond formation at P2 (See Fig. 3 and Fig. S2). For the C19Zn com-
plex, both geometries of P1 and P2 provided only one bond formation,
and the superior geometry of P2 than P1 may attribute to the stronger
orbital hybridizing of P2.

The values of calculated bonds length suggest that the connection of
Favipiravir molecule with all the stated metallofullerenes is consider-
able. It also can be found that for each metallofullerene, the Favipiravir
molecule had the unique orientation and configuration that was a result
of the different orbital hybridizing between them (vide infra).

The Favipiravir adsorption energy values calculated from different
geometries are shown in Fig. 4 to illustrate the differences between
each case.

As is shown in Fig. 4, the calculated adsorption energy values of
Favipiravir at P1 (P2) were —153.9 (—119.1), —157.7 (—115.9),
—1449 (—87.7), —138.5 (—115.0), and —88.6 (—91.3) kJ/mol for Ti-,
Cr-, Fe-, Ni-, and Zn-metallofullerene using 6-31G/B3LYP method. On
the other hand, these values were calculated as —134.2 (—116.1),
—148.2 (—112.3), —149.6 (—92.8), —146.6 (—122.2), and —94.6
(—97.6) kJ/mol in the same order through 6-31 + G(d,p)/®b97xd
method.

It is not surprising if there was a slight difference between the
values calculated through two methods, as the 6-31G/B3LYP was
not the prominent method for calculation and it has been used solely
to obtain the initial estimation of geometry. As mentioned before, all
the structures obtained from 6-31G/B3LYP were optimized again
through the more precise method of 6-31G + (d,p)/®b97xd. How-
ever, similar trends were noticed in the calculated values of the
two methods. For instance, both methods agreed that P1 for C;oM
(M =Ti, Cr, Fe, and Ni) and P2 for C;9Zn were superior positions
owing to the higher values of adsorption energies. Also, both
methods confirmed that the adsorption energy value of C;9Zn was
much lower than the rest of the metallofullerenes.

By considering only the superior positions P1 for C;oM (M = Ti, Cr,
Fe, and Ni), and P2 for (C;9Zn), the results of 6-31 + G(d,p)/wb97xd re-
vealed that moving around from left to right in the first row of transition
metals in the periodic table, the value of adsorption energy raises from Ti
to Fe and then gradually decreases from Fe to Zn. Therefore, based on the
calculation the C;gFe was the best metallofullerene to use for adsorption
of Favipiravir. But it should be noted that the difference of energy values
between the three metals situated at the middle part of first-row of the

periodic table (i.e., Cr, Fe, and Ni) are insignificant (AE =~ 1.4-3 kJ/mol),
which means that depending on which metallofullerene synthesis is
more economical, it can be considered for Favipiravir adsorption with-
out substantial reductions in its adsorption energy. One can find that
the Favipiravir adsorption on each of the stated metallofullerenes is nei-
ther too weak nor too strong. So, it can be expected that the rate of drug
release in our system is a time-dependent process and it can be expected
that longer times will lead to more drug release in the target site. Table 1
shows that the adsorption of Favipiravir made considerable changes not
only on M—C bond length but also on the dimension of metallofullerene.
The M—C bond length remained constant upon Favipiravir adsorption
on 2.03 A for C—Ti (2.03 to 2.03 (0% change)), but changed from 1.95
to 1.99 A (2.05% change) for C—Cr, 1.89 to 1.91 A (1.06% change) for
C—Fe, 1.86 to 1.90 A (2.15% change) for C—Ni, and 2.04 to 2.05 A
(0.49% change) for C—Zn. In addition, by adsorption of Favipiravir on
each metallofullerene, the dimension of each C;gM changed from 4.99
to 4.95 A (—0.80%), 4.98 t0 5.15 A (3.41%), 5.05 to 5.08 A (0.59%),4.89
to 4.97 A (1.63%) and 5.13 to 5.16 A (0.58%) for Ti-, Cr-, Fe-, Ni-, and
Zn—C;9 metallofullerenes, respectively. So it can be expected that the
stretching vibration of each bond in the metallofullerene was subjected
to change upon Favipiravir adsorption. These results prompted the need
of check IR spectra of each metallofullerene before and after drug uptake
(vide infra).

3.4. Infrared vibrational study

Frequency calculations for the pure metallofullerenes and their com-
plexes with Favipiravir drug at the most stable geometries were carried
out at the same basis set/functional to investigate the dynamical stabil-
ity and IR spectra. The obtained IR spectra of the pure C;oM and C;oM-
Favipiravir complexes were depicted in Figs. 5 and 6, respectively. Dy-
namical stability of the studied systems showed no imaginary value in
the spectra, which confirms all structures were real minima. It should
be mentioned that the main goal of this part of the study is to evaluate
the changes in the bonds stretching vibration of each metallofullerene
relative to the other ones and detailed examination of the vibrational
frequency of all the bonds present in each metallofullerene was not
targeted. Previous studies have shown that for Fullerenes, including
Cy0, a wide range of C—C vibrational frequencies appeared, which is
due to the different kinds of C—C bonds [48]. These vibrations were re-
ported in the range of 500 to 1500 cm ™! [48-50]. Therefore, the vibra-
tion peaks in this range (Fig. 5) were all related to different C—C
vibrational frequencies. It should be noted that the Cyq fullerene has a
symmetrical structure and if one of its atoms is replaced by a metal,
the symmetry structure will be disturbed. Therefore, it can be expected
that the number of vibration peaks for metallofullerene is much higher
than those for pure fullerene [50]. As expected, the location of each vi-
bration for a metallofullerene differs compared to the other, because
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Fig. 3. Tube (right) and ball & bond (left) types presentation of superior optimized geometries of adsorbed Favipiravir molecule on different metallofullerenes (C19X, X = Ti, Cr, Fe, Ni, and

Zn) using 6-31 + G(d,p)/®mb97xd in the water solvent.

of the presence of different metal atoms (Ti—Zn) in the structure of the
Cy9M had different effects on the C—C vibrational frequencies.

Literature review revealed that for Ti—C, Cr—C, Fe—C, Ni—C, and
Zn—C bonds the vibration frequency are experimentally found around
580 cm ™! [51], 484 cm ™! [52], 496 cm ™! [53], 400 + 5 cm ™! [54],
and 470 cm™~!' [55], respectively. According to Fig. 5, the vibration
peaks in the above defined range can be related to the metal-carbon
bonding vibrations. It can be concluded that there is a great agreement
between the calculation results and the experimental reports. Of course,
the difference between the exact location of the peaks obtained by the
calculation method and what was experimentally reported can be at-
tributed to the operational conditions and the effect of the type of adja-
cent atoms and solvent types.

Fig. 6 shows the IR spectra of a Favipiravir as a free molecule a com-
plex form with the stated C;9M. Since the vibrational frequencies asso-
ciated with each of the metallofullerenes were already discussed, then

only vibrational frequencies related to the Favipiravir drug molecule
upon adsorption was elaborated in more details (Fig. 6).

The first examination of the structure of the Favipiravir molecule in-
dicated that among all possible vibrations, the following vibration fre-
quencies were strongly expected: ¥(C=0) and v(N—H) bonds of
amid functional group and v(O—H) bond of the phenolic group. The
most important associated vibrations were completely in accordance
with what was reported for the Favipiravir molecule in the literature
[56]. The computations specified that all the raw values for stretching
vibrations were within the estimated range. When Favipiravir get
adsorbed on the surface of metallofullerene, the value of IR intensity,
as well as vibrational frequencies, were also altered. Fig. 6 shows that
not only the new vibrations bond appeared upon adsorption of this mol-
ecule on CygM, but also some peaks were shifted. For instance, the
v(C=0) of the drug shifted to the low values depending on the kind
of metallofullerene. Based on the prior claim on the geometry of the
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Fig. 4. The values of adsorption energy calculated for P1 and P2 geometries of all metallofullerene-Favipiravir (C;oM-F) complexes through 6-31G/B3LYP and 6-31 + G(d,p)/®b97xd levels

of theory in water as the solvent.

adsorbed drug on any of the metallofullerenes (Fig. 3) in which the drug
molecule bonds from the oxygen side with the transition metal, the
stretching vibration of the metal-oxygen bond must be observed within
the IR spectrum. It is noteworthy to know that a low-intensity vibra-
tional frequency associated with the formation of a new metal-oxygen
bond was observed for each spectrum of C;gM-Favipiravir complex. Lit-
erature reviews revealed that the stretching vibration of Ti—O, Cr—O,
Fe—O, Ni—O0, and Zn—O is about 450 cm~! [57], 500-563 cm ™! [58],
568 cm™! [59], 422 cm ™! [60], and 433 cm™ [61], respectively that
are quite in agreement with the calculated values. Comparing the IR
spectrums of pure C;gM (M = Ti, Cr, Fe, Ni, and Zn) with those of
Cy9M-Favipiravir concludes that the M—O bond was formed, and there-
fore, the calculated geometries were correct.

3.5. Thermodynamic of drug adsorption
Calculation of vibrational frequency determines if the adsorption of

Favipiravir molecule on the stated metallofullerenes is thermodynami-
cally favorable at the ambient temperature and pressure (T = 298.14 K,
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Fig. 5. The IR spectra of different metallofullerenes.

and P = 1 atm). The change in the enthalpy (AH) and the Gibbs free en-
ergy (AG) for the superior positions were calculated using Egs. (3) and
(4) and the results are depicted in Fig. 7. In addition to the thermody-
namic parameters, the corresponding values of adsorption energy are
also shown to demonstrate the changes in AH and AG and their rela-
tionship to the absorption value (Fig. 7).

By moving from left to right of the first-row of the periodic table, the
calculated values of AH and AG for the adsorption of drug molecule on
C19M were —126.6 and —70.6 (M = Ti), —132.1 and —80.3 (M =
Cr), —141.8 and —83.4 (M = Fe), —141.2 and —79.1 (M = Ni), and
—91.1 and —43.3 (M = Zn) kJ/mol, respectively. It should be noted
that the negative value of AH indicates that the adsorption process is
exothermic, and therefore the adsorption of the drug on all the sug-
gested metallofullerenes is associated with the release of heat. On the
other hand, the negativity of AG specifies that the adsorption process
is spontaneous. Therefore, based on the calculated values, it was con-
firmed that the studied metallofullerenes were completely suitable for
Favipiravir drug absorption, but the degree to which the conditions
are favorable for different metallofullerenes is different. Fig. 7 clearly
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Fig. 6. IR spectra of Favipiravir molecule and its complexes with different metallofullerenes.
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shows that there is a perfect agreement between the thermodynamic
parameters and the absorption values. Considering the transition metals
of metallofullerenes, moving from the left to the right of the periodic
table, AH and AG first become more negative (more desirable) and
after passing the maximum value, shifted to less negative values (less
desirable). Similar to the results of adsorption energy, the three mid-
dle elements of the table, namely chromium, iron, and nickel, pro-
vided the most suitable thermodynamic conditions compared to
the other elements.

3.6. Frontier molecular orbital analysis

Given that the orbital hybridizing corresponds to the bond formation
of metallofullerene and Favipiravir molecule, the frontier molecular or-
bitals (FMO) were analyzed for pure metallofullerenes and their equiv-
alent complexes at the superior position (vide supra). Fig. 8 represents
the HOMO and LUMO of the stated metallofullerenes before and after
complexation with the drug molecule.

Fig. 8 shows that the orbital distribution of HOMO and LUMO in each
metallofullerene was not uniform, which is due to the effect of doped
transition metal on its electronic distribution. Because these effects
vary from metal to metal, the orbital distribution of each metallofullerene
was different. For instance, the density of HOMO orbitals on the metal
part of C;9M was more pronounced for the middle transition metals of
the periodic table, namely chromium, iron, and nickel, but in the case
of zinc metal, it was the lowest. Regarding the distribution of LUMO or-
bitals, it appeared to be less affected by the doped metal atom, but it
was quite clear that the LUMO density on the zinc atom was as low as
the HOMO density on it, which may explain why C;9Zn was less reactive
than other metallofullerenes.

The results of the changes in the distribution of HOMO and LOMO on
each of the metallofullerenes after the absorption of the Favipiravir drug
on them are informative. As can be seen from Fig. 8, after drug adsorp-
tion, both HOMO and LUMO distributions on metallofullerenes were af-
fected, but it is obvious that the effect of drug absorption on the LUMO
distribution was far greater than the effect on HOMO. For example, in
the case of C;9Ti and C;4Cr, the LUMO orbitals were almost completely
transferred to the drug. On the other hand, for C;gFe and C;gNi, the dis-
placement of the LUMO orbitals and the shifting towards the drug mol-
ecule was also noticeable, although the two metallofullerenes still
retained a small amount of LUMO distribution after drug adsorption.
The HOMO or LUMO orbitals of C;9Zn, did not show significant changes,
which again showed that the low reactivity of the later metallofullerene
compared to others may be attributed to the lower orbital hybridization
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Fig. 8. The HOMO and LUMO distributions of each pure (unreacted) metallofullerene
along with it reacted form with Favipiravir molecule.

compared to the other studied systems. Given the shift in the distribu-
tion of LUMO orbitals to the drug molecule, it can be hypothesized that
the transfer of electrical charge from the drug to the metallofullerenes
may have occurred during the drug adsorption process. To investigate
this hypothesis, the electrical charge was analyzed and the results
were disused in section NBO charge analysis (vide infra). The graphical
presentation of the calculated energy values of HOMO and LUMO
along with the energy of Fermi level (Er ) and the H-L gap of energy
(Eg) was provided in Fig. 9 and the numerical values were collected in
Table S1.

The calculated energy values of HOMO and LUMO, were —6.18 and
—0.75 eV for Cy9Ti, and —6.12 and —1.18 eV for C;9Ti-F complex,
—6.69 and —0.94 eV for C;9Cr, and —6.19 and —0.98 eV for C;9Cr-F
complex, and —6.74 and —0.86 eV for CygFe, and —6.55 and —0.87 eV
for C;gFe-F complex, and —6.71 and —1.49 eV for C;9Ni, and —6.39
and —1.02 eV for C;gNi-F, and finally —7.65 and —1.02 eV for C;9Zn
and —7.61 and —1.01 for C;9Zn-F complex. It can be concluded from
Fig. 9 and Table S1 that due to the Favipiravir drug adsorption, the
change in the electronic structure of each metallofullerene was differ-
ent, and as a result, the difference in energy levels of HOMO and
LUMO were different for one system than the other. Looking at the en-
ergy changes of HOMO and LUMO, it can be seen that in all cases, by
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Favipiravir drug adsorption, the HOMO level shifted to less negative (or
more positive) values, but the LUMO level in some systems such as
Cy9Ti, C19Cr, and CygFe shifted to the more negative values but for
some systems, such as C1gNi and C19Zn, shifted to less negative values.
These differences in HOMO and LUMO energy levels caused different
changes in E; and E, as presented in Fig. 9. Moreover, the density of
states (DOS) of each system before and after drug adsorption can be
found in Figs. S2, S3, S4, S5, S6, and S7 respectively for metallofullerene
achieved by doping of Ti, Cr, Fe, Ni, and Zn. The displacement of the
HOMO and LUMO peaks in the DOS pictogram and the change in their
height, as well as the changes in the E; value of each system due to
drug adsorption, were practically displayed in each of the mentioned
systems. The examination of the extent of the changes in the DOS
curves, highlight the sensitivity of each system that can be useful to
make the electrochemical sensor for Favipiravir drug [62].

3.7. NBO charge analysis

Natural bond orbital (NBO) analysis which is one of the various
existing choices for converting computational solutions of Schrodinger's
wave equation into the conversant language of chemical bonding theo-
ries [63] was performed to track changes in the electronic structure of
each system due to Favipiravir adsorption. It is expected that the elec-
tronic structure of both the drug molecule and metallofullerene change
upon adsorption. Fig. 2 shows the electronic charge distribution of the
unreacted Favipiravir molecule. The electronic charge distribution on
each metallofullerene before and after the complex formation with the
stated drug is shown in Fig. 10. By comparing the charge distribution
of atoms on the unreacted molecule with those of the adsorbed mole-
cule, the significant changes in the electron charge allocation of each
atom were noticeable. These changes are more pronounced in areas
of the molecule that were directly involved in adsorption. For in-
stance, the charge on the oxygen of the carbonyl group ((=0) and
the hydroxyl group (O—H) was —0.662 and —0.684 e, respectively.
Due to the adsorption of the drug molecule, these charge allocations
change to —0.674 and —0.700 e for C19Ti, —0.652 and —0.691 e for
C19Cr, —0.649 and —0.692 e for C19Fe, —0.646 and —0.685 e for
CyoNi, and —0.687 and —0.687 e for Cy9Zn, respectively.

The algebraic sum of the electric charges of the atoms for an unreacted
drug molecule is zero (Fig. 2). However, the algebraic sum of the electric
charge of the atoms of the absorbed drug molecule (Fig. 10), was no lon-
ger zero, which indicates the movement of the electric charge between

adsorbent and drug molecule. The algebraic sum of the electric charge
of the atoms of the adsorbed drug molecule for the studied systems was
+0.359, +0.310, +0.266, and +0.329 e, upon adsorption on CygTi,
C19Cr, CygFe, CigNi, and Cy9Zn, respectively (Table 2). The positive values
indicated that for all the studied systems, the transfer of charge (Q,)
was from the drug molecule towards metallofullerene. It means that the
drug molecule lost some charges and the metallofullerene molecule
gained some charges. This result illustrates the p-type semiconductor
property of metallofullerenes. This confirms that one of the reasons for
the binding of the Favipiravir drug with each metallofullerene is the elec-
trostatic attraction between them (connection of positive-negative moie-
ties). The results also fully justify the FMO results as to why the LUMO
distribution (which actually depicts areas with electron deficiencies)
of a system was transferred to the drug molecule after drug molecule
adsorption. Similarly, one can track changes in the electron charge of
metallofullerene molecule atoms upon drug molecule adsorption. As
shown in Fig. 10, the specific electric charge of all atoms of each
metallofullerene changed due to adsorption. The major change attri-
butes to the transition metals. Fig. 10 and Table 2 show that the elec-
tric charge of transition metal changes from 1.855 to 1.373 e for Ti,
1.325 t0 0.993 e for Cr, 1.170 to 0.858 e for Fe, 1.091 to 0.777 e for
Ni, and 1.385 to 1.103 e for Zn upon drug molecule adsorption. For
all the metal atoms, a decrease in the positive charge upon drug mol-
ecule adsorption was observed. This result confirms the accuracy of
the transfer of charge from the drug molecule to the metallofullerene
molecule. In fact, as a result of this transfer, the metal atom compen-
sates part of its electron deficiency by taking some of this donated
electron. The dipole moment (DM) results of the studied systems are
shown in Fig. S8. Due to the specific geometry of the metallofullerene
molecule, in which the metal atom has a positive charge, the DM direc-
tion for each metallofullerene was from the center of the cluster to the
metal atom. Table 2 shows the calculated values of DM for the pure
Cyi9M are 15.31, 9.61, 10.09, 7.56, and 7.62 Debye, in which M = Ti, Cr,
Fe, Ni, and Zn, respectively. The magnitude of each DM is directly related
to the positive charge of the metal atom of metallofullerene, so that the
more positive the charge of the metal atom, the larger the DM. Fig. S8
and Table 2, show that as the drug molecule was adsorbed on the
metallofullerene, the DM values were significantly increased as ex-
pected. Part of the reason for this increase is due to the positive charge
of the drug molecule (due to the displacement of the electric charge)
and the other part was due to the change in the center of gravity of
the complex due to the specific geometry of adsorption. The later reason


Image of Fig. 9

A.S. Rad, M. Ardjmand, M.R. Esfahani et al.

(-0.048)
(0.050)

P (-0.041)
(0.227)  (ojpee)
(0:950) / {-0:046)

' (-0.373)
/

(-o. A-si.ma)
(-o, xos)

(-0;350)

\
Q/ (’g.o{w

(-0 yt7) \
(0.025)

/

(0. oiq) (-0:548)

(-0.055)

(-0,025)
(-0,024)

(-o.géb)

(-0:016)
(-0:304)
(Tcr;?n) \
(-0.016)

(-03 \

(-0. 4{75)
\

( \.‘?za)
\
(-0.031f '01“)

|
(-0.025)

1(’0 vzs)

!
-0, ,‘l \\
. \1\72-0/2905)

(0:303)
(-0:017)
(-0.017)

(-0:041) — (-0.035)

/7 -0. - 17,
(0053 S Y
(-0:035)
(-0:042)

-o.é#
(ok(s) (-0

(-0.041) — (-0.035)

(-/2}8)

rw/ 35) (-M)

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 247 (2021) 119082

b
.0)102) (-Ormd)
0,068 m.oaa)
( 4 (-o 0. :376) (-0.674)
p*
. 0 . :
Ti ) ( #34 Y (-0,428) Ti
(1.855) 4 (-0:035)  / (1:373)
(o.d\so;/ 2 ,LIZ) T
(-0.179) L
\_ ¢0:005)
(-0.069) o
N \, (- 1) . / )
X -0:307. (-0.
(6.013)
X 3) /“'
(-0.063)
(0.577)
d
f-0 ,034) 4—0«(66)
m (- 0.223) o
/ / (-0:011) -0.652)
(-0,020) (0.055) Cr
Cr (70-‘(1/1) ‘5"101/’ (0.993)
N P
0. vf s, 4
362 ',/" 0/\229} o
(0. 058) (0.901) -0.
\ /
(-0:102)  (-0:035)
(0.574)
f
(-ON (-0:038)
o0 e
) (o
¢ /4;) ¢
Fe

(0.470)
(-»&m
(0.472)
(0:721)
\
\\
(0.047) .
y o-oY )
4 \
b (0.613)
\ /

(-OXW (.o,¢<¢;7)
\

(0.280)
(0.464)
(-&a.u
(0.467)
P4
(o: 7{{2}
(0. Hm\sz)
// \‘.
(0.545) (0.610)
\\ //
/
(-OM (.o,q:;u)
\
(0.278)
(0.461)

(_‘%”)(0.463)
(-0.649) "”é”

(-0452)
ose2 A

(?:Tﬁ) (.>Ja Fe
(,>7o) (-c:(.) ;9) ¥ } ) )u>ss) (.
X -0.043,
- D() (}L‘w 4:7/ 38) (0.541) j
\9\43) FWZM) (-0.692) {@0\20)
(-0oas) —(-0:038) colese
(0.565) (0-276)

)

(-0.315)

(-0.317)

(-0.320)

Fig. 10. The NBO charge distribution of each metallofullerene before and after Favipiravir drug adsorption: a, b, ¢, d, e, f, g, h, i, and j represents C;gTi, C;9Ti-F, C19Cr, C;9Cr-F, CyoFe, CigFe-F,

Cy9Ni, C1gNi-F, Cy9Zn, and Cy9Zn-F.


Image of Fig. 10

A.S. Rad, M. Ardjmand, M.R. Esfahani et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 247 (2021) 119082

(0.464)
- h (-9&5)
(-%32) (-0-011) (0.466)
(-0:306) (-0-7106) HH?ZA? " (-0.646)
-0. / / = 711,
(0.077) e (-2.007) (0.036) - 13 (w< )
/ $M(12)
o:309 Ni 0k conos) . Ni
91) @77}
(-o.ﬁa;( 7 (-0,190) ('9’ (-0.103) ~0:05: o\ "
(-0:952) (0.056)
\ | t0.044) Y (-0:451)
(;o'aqs, (-0.166) (-0.235)
(0. / (0.028) (-0:290)
oy % °§’FL7:44) (-0:189) L (-o.fas) ol \
A \oq (:0039) _, /oi'o) (0.606)
(0.057) 6 ) (-0.318)
(0-1{46) (-0.044) (-ogz. 02) -016) (0.570)
(oS (-0.4<18)
(0.277)
: (-0.326)
i J (0.466)
/
(-0,041) I (0.458) M{)G} (.o,/;so, (0:592)
(-0.043) — (-0:013) Ve ) (-0:340) \
0,043 ) (-0;353) (0.062) (-0:005) \ \ y 2
y A 7 ‘ \ / ) 0.271)
(-0.042) : / | 0.01%) (0.706) (0.038) (-0.018)
/ / (—Q.éuf”ly Zn (0.064) (_6;?‘0) N Zn of \ /
(0.067) Fas A (-0.293)\ ‘
/ o /- b \ | \, \
(-0.042) % (1-385) \ (-0.015) \‘b (1,303) (-0-47) (0.557) 4—&/79)
(0.066) N / TR / N (-0.305) = :
/ § (-0,352) (-0.041) ;
(-0. 1\92 ) (-0/014) (0.066) (-0:044) N y
\ g : _ (-9,303)
\ < ./ “bea (-0:012) (-o.(@)
(-0,0420°992) (-0.353) (-0.044) /
{o\‘o GZ). (-0.d14) g (F0.014) (0.533)
0:043) (-0.013)

Fig. 10 (continued).

corresponds to a slight shift in the direction of DM from what was be-
fore the drug adsorption.

3.8. UV-vis study

The time-dependent functional theory (TD-DFT) [64] was used to
calculate the UV-vis spectra and features such as the electronic transi-
tions, the excitation energy, the absorbances, and the oscillator strength
of water solvent optimized structures through TD-wb97xd/6-314++G
(d,p) method. The absorption spectra for the studied metallofullerenes

Table 2
The calculated values of dipole moment (Debye), transition metal charge (Qy,, ), and
charge transfer (Q, e) for all the studied systems.

System DM Qum Q
CyoTi 15.31 +1.855 -
CyoTi-F 24,78 +1.373 0.359
CyioCr 9.61 +1.325 -
Cy9Cr-F 21.37 +0.933 0310
CyoFe 10.09 +1.170 -
CyoFe-F 16.70 +0.858 0.266
CyoNi 7.56 +1.091 -
CyoNi-F 16.58 +0.777 0.329
Ci9Zn 7.62 +1.385 -
Cy9-Zn-F 13.57 +1.103 0.167

10

were observed due to transitions from in the range of 400-600 nm
(see Fig. 11) in which this area of wavelengths may be attributed to
the transition from m-m* and/or n-m* [65]. Table 3 lists the main molec-
ular characteristics of UV-vis parameters including maximum wave-
length (Amax), €xcitation energy (E.), oscillator strength (f), and major
contributions of all studied systems. According to Fig. 11 and Table 3,
the calculated N\« is about 542, 456, 530, 481, and 459 nm for Ti-, Cr-,
Fe-, Ni-, and Zn-doped fullerenes, respectively. After the adsorption of
Favipiravir molecule on a metallofullerene, the \,.x shifted to about
448 (A = —94 nm), 522 (A = +66 nm), 537 (A = +7 nm), 501
(A = +20 nm), 458 (A = —1 nm) nm, for the above-mentioned
order of metallofullerenes. Therefore, the blueshift for Ti- and Zn-
doped fullerenes but redshift for Cr-, Fe-, and Ni-doped fullerenes was
noticed. By knowing this fact that the UV extends from 100 to 400 nm
and the visible spectrum from 400 to 700 nm [66], it can be concluded
that all absorption values were in the area of visible. This behavior
proved that the suggested systems could be used for nonlinear optical
(NLO) applications [67]. Table 3 also lists the major contribution for
each N\ax that may be useful to deep study of the spectroscopic proper-
ties of the studied systems. For instance, one can find that the minimum
effect of Favipiravir adsorption on the UV-vis spectra of metallofullerene
was for Zn-doped fullerene in which resulted in lest shift in its Npax
(A = —1 nm) with those same major contributions of H-1 - L + 1
and H-2 — L. This result confirmed again that Zn is not a suitable choice
as a drug carrier given that Zn electronic structure was less affected by
drug adsorption.
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Fig. 11. Computed UV-visible spectra of each metallofullerene and its complex with Favipiravir molecule through TD-wb97xd/6-31++G(d,p) in water solvent.

4. Conclusion

The superior geometry of different (C;oM (M = Ti, Cr, Fe, and Ni)
metallofullerene-Favipiravir complex was investigated. Based on the
reported results, there are two active positions on the metal part of
metallofullerenes for Favipiravir adsorption. For all C;gM systems except

C19Zn, the transition metal atom made two new bonds with Favipiravir
molecule while the complex formation of C;9Zn with Favipiravir mole-
cule was a result of one bond formation. The metallofullerene achieved
by the middle part of the first row of the periodic table (i.e. Cr, Fe, and
Ni) were best candidates for drug carriers based on the higher adsorp-
tion energies. Results of thermodynamic parameters confirmed that
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Table 3
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The calculated UV-vis parameters: maximum wavelength (Amax), excitation energy (E.), oscillator strength (f), and major contributions of all studied systems.

System Nmax (NM) Ee (eV) f Major contributions

CyoTi 542.10 2.287 0.0139 H-1 - L(88.2%),H-3 - L + 2(2.6%),H - L + 5(2.1%)
CyoTi-F 44793 2.768 0.0419 H - L(643%),H— L + 7 (14.6%),H - L + 4 (7.0%)

C1oCr 456.30 2.717 0.0195 H-3 - L(36.8%), H-2 - L + 1(13.5%), H-1 - L (13.3%)
Cy1oCr-F 522.13 2.375 0.0142 H-1 - L + 8(12.8%),H-1 —» L + 5(11.3%),H-1 - L + 2(10.3%)
CyoFe 530.30 2.338 0.0021 H - L + 7(28.6%),H — L (18.4%), H-5 — L (9.7%)

CyoFe-F 537.93 2.305 0.0113 H-2 - L + 2(16.4%), H-2 — L (7.0%),H-2 - L + 1 (6.3%)
CyoNi! 805.15 1.540 0.0084 H- L+ 1(821%),H-2 - L(7.2%),H-4 - L + 1(2.2%)
CyoNi? 480.72 2.579 0.0051 H-1 - L + 3(31.9%),H-1 - L + 2 (20.0%),H-8 — L (11.9%)
CyoNi-F! 848.59 1.461 0.0197 H- L+ 2(66.8%),H— L+ 1(20.7%),H — L (2.4%)
CyoNi-F? 500.82 2476 0.0113 H - L(37.6%),H - L+ 5(125%),H - L + 1 (12.0%)
Ci9Zn 458.76 2.703 0.0305 H-1 - L + 1(40.0%), H-2 - L (40.0%), H-6 — L (5.3%)
Ci9Zn-F 458.10 2.706 0.0428 H-1 - L + 1(32.0%),H-2 - L (29.3%), H-1 — L (5.4%)

1 Peak no. 1.

2 Peak no. 2.

the three stated metals provide the most suitable thermodynamic con-
ditions for metallofullerene molecules for Favipiravir adsorption. Infra-
red vibrational calculations were carried to investigate the dynamical
stability and IR spectra of the systems. The calculated data were verified
by the experimentally reported data in the literature. The comparison of
the calculated vibration peaks with those experimentally reported in the
literature showed the formation of transition metal-oxygen bonding vi-
brations which confirmed the accuracy of calculated adsorption geome-
tries. Results of FMO and NBO confirmed the transfer of charge from
Favipiravir molecule to the metallofullerenes that refers to the p-type
semiconductivity of metallofullerenes. The results of the UV-vis study
showed that the absorption spectra for the studied metallofullerenes
were due to transitions from in the range of 400-600 nm that may be at-
tributed to the transition from m-m* and/or n-m*. The results confirmed
that metallofullerenes showed promising properties to be used as a car-
rier of Favipiravir drug. But the type of metal element is the critical
point. The doping of fullerene with the middle elements of the
first row of the periodic table, namely chromium, iron, and nickel,
would be the best structure to adsorb Favipiravir, as a potential
drug COVID-19 treatment.
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