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ABSTRACT
In this work, computational chemistry methods were used to study a silicon nanotube (Si192H16) as
possible virucidal activity against SARS-CoV-2. This virus is responsible for the COVID-19 disease. DFT
calculations showed that the structural parameters of the Si192H16 nanotube are in agreement with
the theoretical/experimental parameters reported in the literature. The low energy gap value (0.29 eV)
shows that this nanotube is a semiconductor and exhibits high reactivity. For nanomaterials to be
used as virucides, they need to have high reactivity and high inhibition constant values. Therefore, the
adsorption of 3O2 and H2O on the surface of Si192H16 (Si192H16@O2-H2O) was performed. In this pro-
cess, the formation and activation energies were �51.63 and 16.62 kcal/mol, respectively. Molecular
docking calculations showed that the Si192H16 and Si192H16@O2H-OH nanotubes bind favorably on the
receptor-binding domain of the SARS-CoV-2 spike protein with binding energy of �11.83 (Ki ¼
2.13 nM) and �11.13 (Ki ¼ 6.99 nM) kcal/mol, respectively. Overall, the results obtained herein indicate
that the Si192H16 nanotube is a potential candidate to be used against COVID-19 from reactivity pro-
cess and/or steric impediment in the S-protein.
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1. Introduction

In late December 2019, contamination in humans by a novel
coronavirus causing severe acute respiratory syndrome
(SARS) was reported in Wuhan, Hubei Province, China.
Where, the first official hospitalization was reported on
December 12, 2019 and rapidly it was declared as a pan-
demic with a high spread rate, becoming a serious global
public health threat (Wolfe et al., 2007).

Fan Wu et al. (Wu et al., 2020), were the first researchers
to report in the literature a case study of a 41-year-old
patient admitted to Wuhan Central Hospital on December
26, 2019. The results showed that the broncho alveolar fluid
contained a virus whose genome had a strong phylogenetic
relationship to the coronaviruses that cause SARS and MERS
(Middle East Respiratory Syndrome). The virus initially known
as WH Human coronavirus 1 (WHCV), then 2019-nCoV and
finally SARS-CoV-2 showed 89.1% genomic similarity with Bat
SL CoVZC45, a virus resulting from a bat collected in China
(Hu et al., 2018).

Since then, some 254mi people worldwide have been
infected and deaths have exceeded 5.11mi. Fatigue, fever,
headache, runny nose, and dry cough are the main clinical
symptoms of COVID-19 (Larsen et al., 2020). So far, no effect-
ive antiviral drugs have been reported in the literature, with

vaccination being the most effective means against the
spread and genetic mutation of the virus.

The most common mechanism of contamination shows
that SARS-CoV-2 can be transmitted by human-to-human
contact, through respiratory droplets at short distance or
even by contact on contaminated surfaces, since studies
report that the survival of the virus on surfaces depends on
several factors such as the type of surface, temperature,
environmental humidity and specific strain of the virus, and
can vary in a range of 2 to 216 hours (Kampf et al., 2020).

Considering this scenario, the development of new mate-
rials with virucidal capabilities is very important and emer-
gent. In this way, theoretical and experimental researchers
are joining forces to find viable solutions to prevent the
transmission, spread, and entry of new COVID-19 pathogens
into the human body. One of the results of this theoretical-
experimental synergy was recently published by our research
group, where we report the development of a mask, a per-
sonal protective equipment (PPE), composed of nanoparticles
of an EVA-SiO2-Ag polymeric composite. The tests performed
indicated high antibacterial activity for Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus), as well as for
SARS-CoV-2 (Assis et al., 2021). Quantum mechanics calcula-
tions propose a simple mechanism, where the amorphous sil-
ica (a-SiO2), with band gap of approximately 2.0 eV is used as
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a catalytic material for the production of protonated super-
oxide radicals (O2H�) and hydroxyl radicals (OH�) that are
strong oxidizing agents.

Besides personal protection equipments, packaging films
for the protection of consumer products such as fruits and
vegetables were produced using the PVC-SiO2-Ag composite,
and demonstrated 99.8% effectiveness in eliminating fungus,
bacteria (Taphylococcus aureus, Escherichia coli, Penicillium
funiculosum) and viruses (SARS-CoV-2) by surface contact of
2 hours and 15minutes (Assis et al., 2021). The improved bac-
tericidal and virucidal activity of these materials is evidenced
through the plasmonic effect, caused by the presence of Ag
in the composite, which becomes the main reaction channel
generating reactive oxygen species (ROS) on the surface.

Reactive oxygen species (ROS) is a collective term describ-
ing products formed from the incomplete reduction of oxy-
gen and includes the formation of superoxide anion (1O2�-)
and its protonated form (HO2�-), hydrogen peroxide (H2O2),
singlet oxygen (1O2) and hydroxyl radicals (OH-) (Burwell,
1966; Gligorovski et al., 2015; Hayyan et al., 2016; Kearns,
1971; Lissi et al., 1993; Nosaka & Nosaka, 2017; B. Yang et al.,
2019). It is now known that several semiconductors, of vari-
ous morphologies, can be used as catalytic precursors in the
formation of ROS. The functionality of these semiconductors
was proposed by Fujishima and Honda who first reported
titanium oxide (TiO2) nanoparticles as a photocatalyst for
water splitting (� OH, � Honda et al., 1998), whereby, the
processes of hydroxyl radical production involved on the sur-
face were gradually recognized and elucidated in the subse-
quent decades (Nosaka & Nosaka, 2016). Once formed on
the surface of materials, ROS can have distinct redox proper-
ties, they are reducing agents, such as superoxide (O2

-) or
act as oxidizing agents, such as hydrogen superoxide (O2H).

The discovery and synthesis of carbon nanotubes (Iijima,
1991) with metallic properties and semiconductor or insulat-
ing material (depending on their chirality) (Hirana et al.,
2013) were fundamental to the development and applica-
tions of this new class of nanomaterials. The applications of
carbon nanotubes, based on theoretical and experimental
studies, range from support in heterogeneous catalysis
(Planeix et al., 1994), lithium ion battery anode material (De
Las Casas & Li, 2012), drug carriers (Zhang et al., 2011), water
treatment (Ma et al., 2017), gas sensors, such as, SF6, NO2,
H2S, H2, CO2, CH4, CO and H2O2 (Camilli & Passacantando,
2018; Han et al., 2019; Sharafeldin & Allam, 2017; Wang
et al., 2018), as well as in the study of materials with viruci-
dal capacity (Aasi et al., 2020), where, recently, Aref Aasi
et al., reported the results of a theoretical study of the sur-
face functionalization of carbon nanotubes decorated with
Pt, Rh, Ru and Cu single-walled with H2O2 as excellent candi-
dates in the development of antiviral surfaces, since the
adsorption results on the decorated nanotubes proved to be
extremely spontaneous.

In search of new materials that can achieve similar appli-
cations, the so-called inorganic nanotubes (Serra et al., 2019)
have emerged as a viable alternative for replacing carbon
nanotubes, since most of the electronic properties are inde-
pendent of their chirality (Sadan et al., 2008). Among the

inorganic nanotubes that have wide application in different
areas, we can cite boron nitride nanotubes (BNNT) (dos
Santos et al., 2020; Golberg et al., 2007; Solimannejad &
Noormohammadbeigi, 2017), zirconium oxide nanotubes
(ZNT) (Antônio Pinheiro Lobo et al., 2020; Berger et al., 2008),
titanium oxide nanotubes (TiO2NT) (Jitianu et al., 2004), as
well as structures composed of atoms belonging to the same
carbon group, such as germanium nanotubes (GeNT’s)
(Seifert et al., 2001) and silicon nanotubes (SiNTs) (Fagan
et al., 2000). Among them, SiNT’s have zigzag conformation
and are promising structures for the composition of semicon-
ductor materials, because they have band gaps smaller than
2.0 eV (Bai et al., 2004; X. Yang & Ni, 2005) which character-
izes it as a good semiconductor.

The synthesis of SiNT’s is not energetically favorable in
comparison with carbon nanotubes, due to the tendency of
Si-Si bonds to form sp3-type hybridizations and not sp2-type
ones, as occurs with C-C bonds in CNT’s (Fagan et al., 2000;
R€othlisberger et al., 1994). SiNTs can be synthesized in por-
ous Alumina (Al2O3) supported by molecular beams (Jeong
et al., 2003), or also by gas condensation techniques
(Castrucci et al., 2006) has been applied mainly in energy
storage studies (Pokatilov et al., 2005; Song et al., 2010; Yoo
et al., 2012).

To better understand the properties of nanostructured
materials, both the changes caused by functionalization and
formation of root species on the surface, computational
simulation by means of density functional theory (DFT)
presents a practical and effective solution. For example,
recently Mohammad Solimannejad and Motahareh
Noormohammadbeig (Solimannejad & Noormohammadbeigi,
2017) used DFT to investigate the sensing ability of boron
nitride nanotubes for hydrogen superoxide (HO2) root spe-
cies. As a result, the adsorption process proved to be ener-
getically favorable and the significant changes in the
boundary orbital regions (HOMO and LUMO) show that
BNNT can be used as a chemical sensor for this root species.

Although quantum mechanical methods are essential for
the structural and electronic characterization of small nano-
tubes, they are not able to predict their interaction with
macromolecules, such as proteins, due to the high computa-
tional cost. The identification of the interaction region
between a nanotube and a protein is of great importance to
identify the amino acids involved in chemical processes, for
example oxidation. In this scope, molecular docking method
is one of the most used approaches to predict the nano-
tube-protein interaction. In this way, Gonzalez-Durruthy
(Gonz�alez-Durruthy et al., 2017) performed docking calcula-
tions to obtain the interaction of functionalized single wall
carbon nanotube regions (SWCNT-H, SWCNT-OH, SWCNT-
COOH) with different VDAC (voltage dependent anion chan-
nel) structures. In this study, SWCNT-COOH was the complex
that showed the highest interaction strength with VDACs. In
another work, Lu (N. Lu et al., 2018) studied the interaction
of fibrinogen protein (fibrinogen) with SWCNTs via molecular
docking, and the p-p interactions were responsible by the
highest contribution in the SWCNTs-fibrinogen interactions.
Where the SWCNTs interact with the following residues:
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ASP203, LYS206, ASN243, GLU245, ASN246, LYS323, ARG346,
VAL347, TYR348, TYR349, SER358, THR359, and PRO360.
Regarding COVID-19, Patel et. al (Patel et al., 2021) used the
docking method to study the interaction between MWCNTs
(multi-walled carbon nanotubes) and the SARS-CoV-2 Spike
protein (S-protein). Overall, their results show favorable inter-
action between MWCNTs and the S-protein.

Based on these considerations, herein, DFT method was
used to study the functionalization of the H2O and 3O2 spe-
cies on the single-walled SiNTs surface in zigzag conform-
ation. In addition, molecular docking calculations were
performed to predict the nanotube-protein interaction,
where the favorable interaction of them are essential for the
virucidal application. It is worth noting that so far, no experi-
mental and/or theoretical studies reporting the mechanism
of surface functionalization of SiNT’s in the presence of H2O
and 3O2 have been found in the literature. Also, we did not
find works reporting the interaction between SiNT’s and the
SARS-CoV-2 S-protein. Therefore, the present work may con-
tribute to the development of new antiviral surfaces as well
as in the understanding of SiNT’s-Spike protein interactions.

2. Computational details

2.1. Quantum chemistry methods

The initial structure of the (8,0) SiNT model consisting of 192
Si atoms was constructed in Cartesian coordinates using an
internal script that can be consulted in the Supplementary
Materials (see Supplementary Material S.1). The terminal
atoms were saturated by 16 hydrogen atoms to avoid
boundary effects, forming the compound Si192H16. This nano-
tube model is 10.61 and 37.98 Å in diameter and length,
respectively. For the Si192H16@O2 complex, it was constructed
by positioning the O2 molecule in different regions of the
nanotube, positioning it at different angles (90� and 180�) in
relation to the surface, (see Figure 2). For the Si192H16@O2H-
OH complex, the oxygen belonging to the water molecule
was placed under the surface to hear the Si105-O3 inter-
action, so that the hydrogen belonging to the water can be
free to interact with the already functionalized O2 molecule,
(see Figure 2). All complexes were initially optimized with
semi-empirical PM7 (Stewart, 2013) using the open source
software MOPAC2016 (James JP Stewart, 1990). Posteriorly,
the structure with minimum energy was reoptimized with
DFT calculations considering the hybrid functional B3LYP
(Dobbs & Hehre, 1986) with Pople basis set 6-31 G� (Rassolov
et al., 2001). This procedure was chosen to balance the com-
putational cost and the quality of the results. In addition,
some works reported in the literature show that this level of
theory is sufficient to describe nanotubes that have Si in
their composition (Mahdavifar et al., 2013; Soltani et al.,
2013). The stationary points were defined as a minimum
energy point using the harmonic vibrational states, in which no
negative frequencies were observed. All DFT calculations were
performed in vacuum using the Gaussian09 (Frisch, 2009). The
natural orbital bonding (NBO) method (Glendening et al., 2012)
was used to calculate the atomic charges. The scattering inter-
action correction was taken into account using Grimme’s

method (GD3) (Grimme et al., 2010). Partial density of states
(PDOS) analysis was performed using an in-house script (see
Supplementary Material S.2). The binding order was obtained
and analyzed by means of the computational package Multiwfn
(T. Lu & Chen, 2012). The adsorption energy (Ead) of O2

(Si192H16@O2) and the formation energy (Eform) of the
Si192H16@O2H-OH compound was calculated using equations 1
and 2, respectively.

Ead ¼ ESiNT@O2 � ESiNT þ EO2ð Þ (1)

Eform ¼ ESiNT@O2H�OH � ESiNT@O2 þ EH2Oð Þ (2)

where ESiNT@O2 is the total energy of the Si192H16@O2 com-
plex, ESiNT is the total energy of Si192H16, EO2 is the total
energy of molecular oxygen in the triplet state, ESiNT@O2H�OH

is the total energy of the Si192H16@O2H-OH complex, and
EH2O is the total energy of water.

2.2. Molecular docking

The initial structure of the Spike protein (S-protein) isolated
from SARS-CoV-2 was obtained from the S-protein@ACE2
complex elaborated by Shah et al. (Shah et al., 2020). The
AutoDockTools software (ADT) (Allouche, 2011) was used to
prepare the S-protein and nanotubes in PDBQT format,
which contains the structural and electrostatic data of the
compounds. The grid of electrostatic interactions between the
enzyme and the nanotubes was determined by the program
AutoGrid4 (Allouche, 2011). The grid dimensions were fixed at
72� 86 x 54 points centered at 91.411� 112.34� 67.085Å and
with a spacing of 1.0Å. This grid was sufficient to cover all the
atoms of the receptor binding domain (RBD) of the S-protein,
and this is the binding region for Human ACE2. For the nano-
tubes (SiNT and SiNT@O2H-OH), the charges were obtained
from semi-empirical calculations with PM7 Hamiltonian
(Stewart, 2013) from the MOPAC2016 program (James J. P.
Stewart, 1990). All docking calculations were performed in
AutoDock4 (Allouche, 2011) . In these calculations, the S-protein
was considered rigid and the nanotubes flexible. The parame-
ters used in the docking calculations were those standardized
in the AutoDock4 program (Allouche, 2011), except for the
number of runs, which were 20 for each nanotube.

3. Results and discussion

3.1. Silicon nanotubes (8,0)

The optimized structure and average geometry parameters of
Si192H16 are shown in Figure 1a. The optimized diameter of the
Si192H16 structure is 10.61Å and the average Si-Si bond length
is 2.29Å (see Supplementary Material S.3) which is in agree-
ment with the results obtained by Barnard and Russo (Costero
et al., 2007), smaller than in cubic diamond crystal form
(Uemoto et al., 2019), thus validating our level of calculation.
The Si-Si bond order shows a characteristic of covalent bonds
between Si atoms, with average value of 1.10. The Si-Si-Si bond
angles are characterized as a mixture of sp3-sp2 hybridization,
averaging approximately 115.96�, in a range of 103.42� and
125.95�. These values are in agreement with bond angles of
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sp3 (109.5�) and sp2 (120.0�) hybridizations, respectively (see
Supplementary Material S.3). This hybridization mixture is in
accordance with the experimental results found by Crescenzi
et al. (De Crescenzi et al., 2005). Although the edge states are
not fully passive, a problem that is common for finite length
molecular nanotubes, partial density of states (PDOS) analysis
(see Figure 1) shows that saturation with hydrogen atoms at
the terminal atoms, a method that avoids edge effects, thus
reducing free valances, has no significant influence on the
valence and or conduction bands, thus evidencing that the
methodology is effective.

The reactivity parameters of Si192H16 were based on the
energies of the molecular orbitals (HOMO and LUMO). For
instance, according to the Koopmans’ theorem (Koopmans,

1934), the ionization potential (IP) can be described by the
negative of the HOMO energy, and the electronic affinity
(EA) can be approximated by the negative of the LUMO
energy. The band gap energy (Eg) is another important prop-
erty obtained from these energies. Large and small values of
Eg imply high stability and high reactivity, respectively, of a
compound in a chemical reaction, as well as assisting in the
process of electronic characterization of the material. The Eg
value (0.29 eV, Table 1) shows that Si192H16 can be treated as
a semiconductor material. In addition, this low value implies
that the Si192H16 has high chemical reactivity. These charac-
teristics make the surfaces of silicon nanotubes promising for
functionalization, as well as excellent candidates for anti-
viral surfaces

Figure 2. (A) triplet molecular oxygen model optimized in DFT//B3LYP/6-31G� (B-C) Initial position of interaction between O2 and the Si192H16 surface. (D)
Optimization parameter in the chemisorption region.

Figure 1. Si192H16 Model Optimized in DFT//B3LYP/6-31G� with Grimme GD3 correction. (A) Model and geometric parameters. (B) Density of States with the partial
contribution of each atom to the Si192H16.
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3.2. Adsorption of O2 triplet molecules on SiNT
(8.0) surface

As mentioned before, several starting positions (different
angles) for the adsorption of molecular oxygen (3O2) on the
Si192H16 surface were considered in the central regions, thus
avoiding as much as possible interferences caused by finite
ends, as shown in Figure 2a and Figure 2c. The optimized
3O2 has a bond angle of 180.0� and O1-O2 bond length of
1.21 Å as shown in Figure 2a. Each oxygen atom has 2 half-
filled p-type atomic orbitals, where an overlap of atomic
orbitals occurs, giving rise to a lower energy triplet state,
where 2 electrons are unpaired, occupying two degenerate
molecular levels.

For 3O2 specie, a stable chemisorption configuration is
found (see Figure 2d), where oxygen atom binds covalently
with silicon atom keeping bond order of 0.96 and 0.56 for
Si90-O1 and Si90-O2 bonds, respectively. The bond distance
between Si and O atoms are 1.67 and 1.75 Å for Si-O1 and
Si-O2, respectively. The adsorption energy, obtained from
equation 1 is �23.68 kcal/mol, and the variations of Gibbs
free energy and enthalpy under standard conditions of tem-
perature and pressure - CNTP (298.15 K and 1 atm), indicate
that the adsorption process is a chemical process and that
the reaction is exothermic. The reactivity, energetic and elec-
tronic parameters calculated for the Si192H16@O2 complex
are summarized in Table 1.

For the most stable adsorption configuration, the silicon
atom that makes up the Si-O2 interaction, is pulled slightly
out of the sidewall. Thus, the neighboring Si-Si bonds are
slightly altered, for example, the Si-Si bonds that were once
2.28 Å become 2.36 Å for Si-Si (O2) and 2.46Å for Si-Si (O1),
causing the local Si hybridization to resemble a sp3 hybrid-
ization, assuming a bond angle of 104.3� (see Figure 2d). It is
worth noting that this minimal elongation in the local bonds
and consequently definition of local hybridization, do not
cause drastic changes in the tubular geometry of the model,
since it already has characteristics of hybridization mixing. It
is still worth noting that the interaction of 3O2 with the sur-
face of Si192H16, also causes a significant increase in the O1-
O2 bond to 1.57 Å, thus suggesting a charge transfer
between Si192H16 and the adsorbed O2 molecular. Analysis of
the atomic charges indicates that the charge transfer is

approximately 0.70 e- from the nanotube to the oxy-
gen atoms.

Since there are effective charge transfers, the analysis of
the Map Electrostatic Potential (MEP) is of paramount import-
ance. The MEP measures the interaction of a positively
charged point with nuclei and electrons of the same com-
pound. MEP’s result from the electrostatic potential over the
electron density, using a color scale from red to blue to rep-
resent the potential values. Colors that tend toward "red"
indicate negative values of the electrostatic potential, while
colors that tend toward "blue" indicate positive values of the
potential. Analyzing the MEP’s, we can observe that the sur-
face of pure Si192H16 possessed a slightly nucleophilic charac-
ter (Figure 3a) before the interaction with 3O2 and after the
chemisorption of 3O2 the surface of Si192H16 came to possess
a slightly electrophilic character (Figure 3b). This fact can be
evidenced by the small increase in electronic affinity from
4.37 eV to 4.39, assuming a percentage increase of approxi-
mately 0.46%. This small change in character allows Si192H16,
now with positive character, to function as an electron
receptor surface, thus enabling a new functionalization.
Furthermore, the analysis of the contribution of each atom in
the density of states (PDOS) shows that 3O2 has a small con-
tribution in the valence band in the energy range of �6.6 to
�5.5 eV, making the HOMO region more centralized (see
Figure 4). This small contribution causes the LUMO region to
concentrate on the surface Si atoms, making them elec-
tron acceptors.

3.3. Interaction of Si192H16@O2 with H2O

Considering the new electronic properties, provided by the
oxidation of the Si192H16 surface, the interaction of
H2O@Si192H16@O2 in the regions near the oxidation was eval-
uated (see Figure 5a). For the adsorption of H2O in the
regions near the adsorbed O2 molecule, a more stable con-
figuration is found. According to the bond length and bond
order analysis of 1.70 Å and 0.90, respectively, the values
point out that the oxygen from H2O covalently binds to
Si105 after the surface receives electronic density from water.

The structural analysis of Si192H16@O2H-OH shows that the
addition of the (-O2H) and (-OH) groups on the surface of

Table 1. Electronic properties of the 3O2, H2O, Si192H16, Si192H16@O2 and Si192H16@O2H-OH models obtained from DFT-GD3//B3LYP/6-31G (d).

Propertiesa

Compounds

3O2 H2O Si192H16 Si192H16@O2 Si192H16@O2H@OH

E �94324.81 �47934.02 �34884616.31 �34978964.80 �35026950.48
G �94334.97 �47931.83 �34884534.30 �34978883.80 �35026855.70
H �94320.36 �47918.37 �34884132.27 �34978473.87 �35026441.72
DG – – – �14.53 �40.07
DH – – – �21.24 �49.48
Ead – – – �23.68 –
Eform – – – – �51.63
EHOMO �8.34 �7.92 �4.66 �4.88 �4.70
ELUMO 5.34 1.70 �4.37 �4.39 �4.34
Eg 13.68 9.62 0.29 0.49 0.36
IP 8.34 7.92 4.66 4.88 4.70
EA �5.43 �1.70 4.37 4.39 4,34
m – 2.10 0.01 8.36 2.02
aWhere ‘E’ is the Energy of the system, ‘G’ is the Gibbs free energy, ‘H’ is the enthalpy, Eg ¼ jEHOMO � ELUMOj. The properties: E, G, H, DG, DH, Ead and Eform in
kcal/mol. The properties: EHOMO, ELUMO, Eg, IP and EA in eV. The dipole moment (m) in Debye.
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Si192H16 does not damage the tubular geometric structure of
the compound. Minor modifications are found in the inter-
action region such as increasing the Si109-Si90 bond length
from 2.26 to 2.39 Å. Minor modifications in the bond angles
and dihedral angles were also observed, causing the Si105
and Si90 atoms to project slightly out of plane forming poly-
gons with the Si106, Si120, Si89 and Si91 atoms (see
Supplementary Material S.4).

Analysis of the atomic charges indicates that the electron
transfer from H2O to the nanotube is approximately 0.44
e-.Therefore, due to these charges transfer from H2O to the
Si192H16, the water and SiNT acts as reducing and oxidizing
agents, respectively. Contrary, the Si192H16 acts as a reducing
agent in the O2 adsorption process, in which 0.70 e- are
transferred from Si192H16 to O2 (see section 3.2).In the elec-
tron transfer process, the bond length between O3-H5 gives

Figure 3. Map Electrostatic potential (MEP) at a distance of 1.4 Å. (A) Electrostatic potential surface for Si192H16. (B) Electrostatic potential surface for Si192H16@O2.

Figure 4. Density of States with the partial contribution of each atom to the Si192H16@O2.
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H2O increases and the O3-Si105 bond is formed, and in the
interim an activated complex with Activation Energy (Ea) of
16.62 kcal/mol is formed, as can be seen in Figure 5b. After
the formation of the activated complex, characterized by a
point of maximum energy, the formation of the compound
Si192H16@O2H-OH occurs, where this formation is character-
ized by a point of minimum energy (see Figure 5b). The
energy of formation was obtained using equation 2 and is
approximately �51.63 kcal/mol. This value, together with the
values of Gibbs free energy variation and enthalpy at CNTP
indicate that the formation of the Si192H16@O2H-OH com-
pound is chemical in nature, exothermic and spontaneous
(see Table 1).

To evaluate the effectiveness of the functionalization, the
removal energy (Er) of the O2H and OH groups from the sur-
face at a distance of 2.29 Å was calculated using equation 3.

Er ¼ ESiNT
O 2 H

OH
� ESiNT@O2H�OH (3)

where Er is the removal energy of the O2H and OH groups,
ESiNT

O 2 H
OH

is the total energy of the Si192H16//O2H//OH system at
a distance of 2.29 Å, and ESiNT@O2H�OH is the total energy of
the Si192H16@O2H-OH compound.

The positive value of the removal energy indicates that
the process of separation of O2H and OH groups from the
Si192H16 surface is not energetically favorable, thus requiring
an energy of 77.58 kcal/mol. Besides energetically ensuring
the effectiveness of the functionalization, O2H and OH
groups must be retained on the surface for a long time to
be useful in viral capture/inactivation. Thus, the recovery
time was calculated using conventional transition state the-
ory and can be expressed by equation (4) (Aasi et al., 2020;
Pitt et al., 1994).

t ¼ m�1
0

exp�E
form

KBT
(4)

where t0 is the tentative frequency, Eform is the formation
energy of the Si192H16@O2H-OH compound, T is the tempera-
ture, and KB is the Boltzmann constant.

It is expected that at constant temperature, small adsorp-
tion energy results in a rapid desorption process of the

groups. The recovery time obtained for the desorption of
O2H and OH groups from the surface at room temperature
under UV radiation (m0 ¼ 1016Hz) and temperature 298.15 K
is approximately 7.3� 1021 seconds. The long recovery time
obtained for Si192H16 after functionalization (2.3� 1014 years)
suggests that the Si192H16@O2H-OH system has excellent
potential for virus removal materials with a very long life-
time. Furthermore, the results obtained here indicate that
silicon nanotube surfaces functionalized with O2H and OH
may be more promising than carbon nanotube surfaces dec-
orated with transition metals (Pt, Rh, Ru and Cu) functional-
ized with H2O2, since, the best results found by Aref Aasi
et al. for SWNCT-H2O2 systems decorated with Pt and Cu are
2.2� 1012 and 1.9� 108 years, respectively (Aasi et al., 2020),
an order of magnitude 100 times smaller than that obtained
by the Si192H16@O2H-OH system.

3.4. Molecular docking

In the docking calculations, the interaction energy between
the best docking SiNTs (Si192H16 and Si192H16@O2H-OH) with
S-protein were favorable with binding energy of �11.83
(with inhibition constant of 2.13 nM) and �11.13 (with inhib-
ition constant of 6.99 nM) kcal/mol, respectively. This shows
that Si192H16 binds more strongly to S-protein than
Si192H16@O2H-OH. Figure 6 shows the nanotubes with lower
interaction energy docked on the S-protein.

In Figure 6 we can observe that the Si192H16 and
Si192H16@O2H-OH nanotubes bind similarly in the same
region of the S-protein. It is worth noting that in Figure 6c,
ACE2 (in yellow) was only considered to improve the visual-
ization of the binding site of the nanotubes obtained in the
docking calculations. For Si192H16@O2H-OH no specific inter-
action between the OH and O2H groups with the amino
acids of the S-protein was observed. Both nanotubes inter-
acted with the following amino acids of S-protein at a cut-off
radius of 4.0 Å: Val445, Gly446, Gln498, Thr500, Thr415,
Gly416, Lys417, Tyr421, Lys458, Ser459, Asn460, Tyr473,
Ala475, Gly476 and Ser477. Among these residues, the

Figure 5. Interaction between H2O and the Si192H16@O2 model (A) Structural changes. (B) Energetic changes in the reaction path.
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Lys417, Tyr473, Ala475, and Gly476 interact with the amino
acids Ser19, Thr27 and Asp30 of the ACE2 enzyme at a cut-
off radius 4.0 Å. Therefore, the present nanotubes can inhibit
S-protein by two mechanisms: i) oxidation of S-protein amino
acids and ii) preventing effective interaction (due to steric
hindrance) between S-protein and human ACE2. Finally,
ADMET (absorption, distribution, metabolism, excretion,
and toxicity) properties obtained from the DataWarrior pro-
gram (Sander et al., 2015) show that the present nano-
tubes are not mutagenic and tumorigenic with a water
solubility (clogS) of �0.53.Therefore, SiNT may have low
water solubility due to its high symmetry. Moreover, as
shown in our docking calculations. The SiNT binds favor-
ably with the S-protein. Therefore, we believe that the SiNT
pure and the SiNT- Sprotein complex can be released from
the human body in an expontaneous process in a non-
toxic manner.

4. Conclusions

COVID-19 is a disease that originated in Wuham in late 2019
and the pandemic was declared in March 2020. This disease
is caused by SARS-CoV-2 virus. Due to the emergency in
obtaining compounds that can combat the virus, herein we
propose the use of Si192H16 nanotube as a possible virucidal
agent. In this way, this nanotube and its functionalization
with 3O2 and H2O (H2O@Si192H16@O2) were studied using
quantum chemistry and molecular docking methods. The
structural parameters obtained by DFT are in agreement
with those reported in the literature. The electronic results
show that the nanotube is energetically favorable with nega-
tive Gibbs free energy. Also, the nanotube presents proper-
ties of a semiconductor with an energy gap of 0.29 eV, which

implies its high reactivity towards chemical reactions. In the
functionalization process, the formation energy and activa-
tion energy were �51.63 and 16.62 kcal/mol, respectively,
and the Gibbs free energy was also favorable for the
H2O@Si192H16@O2. The recovery time calculated for the
desorption of O2H and OH groups from the surface is
approximately 7.3� 1021 seconds. Whereas, the long recovery
time obtained for Si192H16 after functionalization
(2.3� 1014 years) suggests that the Si192H16@O2H-OH system
has excellent potential for virus removal materials with a
long lifetime. On the other hand, molecular docking calcula-
tions showed that the Si192H16 and Si192H16@O2H-OH nano-
tubes bind favorably on the SARS-CoV-2 S-protein with
binding energy of �11.83 and �11.13 kcal/mol, respectively.
Therefore, the functionalized nanotubes will interact with the
amino acids of the S-protein by inactivating them. Overall,
the results obtained here indicate that the Si192H16 nanotube
is a potential candidate for use against COVD-19 via reacting
with S-protein and/or steric hindrance avoiding the forma-
tion of the S-protein-ACE2 complex.
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