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A B S T R A C T   

In this work, the behavior of favipiravir (FAV) adsorption on the pristine (2,2) graphyne-based γ-nanotube 
(GYNT) was theoretically studied. Also, the Si-doped form (Si-GYNT) and its composite with encapsulated Fe2O3 
(Fe2O3@Si-GYNT) were investigated within density functional theory (DFT) calculations, using M05 functionals 
and B3LYP. It was found that FAV is weakly to moderately adsorb on the bare GYNT and Si-GYNT tube, releasing 
the energy of 2.2 to 19.8 kcal/mol. After FAV adsorption, the bare tube’s electronic properties are changed. 
Localized impurity is induced at the valence and conduction levels by encapsulating a tiny Fe2O3 cluster. As such, 
the target composite becomes a magnetic material. The binding energy between the Fe2O3@Si-GYNT and the 
FAV molecule becomes substantially stronger (Ead = -25.2 kcal/mol). We developed a drug release system in 
target parts of body, during protonation in the low pH of injured cells, detaching the FAV from the tube surface. 
The drug’s reaction mechanism with Fe2O3@Si-GYNT shifts from covalence in the normal environment to 
hydrogen bonding in an acidic matrix. The optimized structure’s natural bond orbital, quantum molecular de-
scriptors, LUMO, HOMO and energy gap were also investigated. The recovery time can be reduced to less than 
10 s by increasing the working temperature properly during the experimental test.   

1. Introduction 

Favipiravir (FAV) was produced as an anti-influenza medicine and is 
currently available in Japan. FAV is also being stored for many people as 
a precaution against new types of influenza. By acting as a chain 
terminator at the time of viral RNA incorporation, this medicine reduces 
viral load. In a deadly influenza infection paradigm, the FAV heals all 
mice, but oseltamivir fails to treat the animals [1,2]. As a result, FAV 
aids in the treatment of animals suffering from deadly infections. In 
addition to influenza, FAV has been used with thrombocytopenia to cure 
illness in humans with the life-threatening severe fever, rabies and Ebola 
virus and Lassa virus [3,4]. It has a great action in animal studies and 
benefits anti-RNA virus in vitro. In recent years, the FAV has been widely 
used against RNA-viral infections of Coronavirus disease (COVID-19) [5, 
6]. As a result, creating a method for identifying the drug in biological 
and environmental samples that is sensitive, accurate, simple, and quick 
to respond is critical. 

Nanomaterials such as multi-wall carbon nanotubes (MWCNTs), 

carbon dots, graphene oxide, and graphene have recently attracted a lot 
of attention for conversion, energy storage, sensor and biological ap-
plications [7–19]. Due to the high surface capacity for drug loading, 
excellent transmit ability via cell membranes, physical stability and 
great chemical resistance, porous materials have gotten a lot of interest 
as a drug carrier [20–28]. Refinement or specific helicity synthesis of 
carbon nanotubes (CNTs) has not been achieved, making the design of 
electrical devices employing CNTs difficult. As a result, finding or 
designing novel nanostructured material with a low-dimensional 
tube-like structure ideal for downsizing electrical devices is both 
exciting and crucial. The BC3 [29], BC2N [30], and graphyne-based 
nanotubes (GYNT) [31] have all been suggested theoretically, with the 
γ -GYNTs being the most investigated in terms of electrical and me-
chanical characteristics [32,33]. Baughman et al. [34] suggested 
graphyne, a hypothetical carbon allotrope consisting of sp2- and 
sp-hybridized carbon atoms. The hexagons connected by acetylenic 
linkages (− C–––C− ) are formed by sp2-hybridized C atoms. The inclusion 
of acetylenic groups adds a wide range of electrical and optical features 
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Fig. 1. Optimized structure of GYNT and Si-GYNT. Distances are in Å.  

Fig. 2. Models for two stable adsorption states for a FAV molecule on the pristine GYNT three stable adsorption states for a FAV molecule on the Si-GYNT.  
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not seen in graphite, such as the natural band gap expansion caused by 
asymmetric π binds [34]. 

Recently, different porous materials have been used in biological 
application such as drug delivery [35–46]. For example, sensing and 
detection of target analysts with different mechanisms needed synthesis 
of composites [46–57]. The magnetic materials in this system must only 
act when the magnetic field is applied, and when the field is eliminated, 
it becomes inactive. Superparamagnetic nanoparticles having a single 
domain state smaller than 10 nm are known to have such magnetic 
characteristics [58,59]. The need to incorporate the benefits of MWCNTs 
(maximum load ability) and magnetic drug carriers (accurate delivery) 
to provide more precise medication to give a bigger amount of medi-
cation with more precision. 

Theoretical investigations were carried out to uncover the mecha-
nisms at work of the successfully fabricated nanostructures delivery 
system, which can give us some more knowledge about how nanotubes 
interact with the molecules they transport [60–66]. The interaction of 
undoped and Si-doped fullerene with FAV was studied by Parlak et al. 

[67], and findings reveal the FAV molecule is sensitive to Si-doped 
fullerene. Rad et al. [68] investigated FAV drug adsorption on the 
first-row transition metals doped with fullerenes (C20), and revealed Fe, 
Cr and Ni-doped fullerenes might be used for COVID-19 therapy. The 
interaction of FAV with γ -GYNTs as a drug carrier will be theoretically 
studied in this work based on structural, energetic, and electronic 
characteristics investigations, among other things. The primary purpose 
of this research is to discover more about how adsorbed molecules affect 
the features of -GYNTs and how these impacts might be leveraged to 
develop more effective FAV carrier technologies. 

2. Computational methods 

From the topology view, in the same way as CNTs, it’s feasible to 
make γ-graphyne nanotubes (γ-GNTs) by turning γ-graphyne sheets into 
cylinders. Thus, a graphyne sheet consisting of 116 carbon atoms has 
rolled up, and a (2,2) GYNT resulted, which hydrogen atoms saturated 
its end atoms to avoid the boundary effects. The calculations on the 

Table 1 
Adsorption energy (Ead in kcal/mol) and BSSE corrected Ead (EBSSE), HOMO energies (EHOMO), LUMO energies (ELUMO) and HOMO-LUMO energy gap (Eg) of modified 
systems in eV calculated using B3LYP density functional.  

Configuration Ead EBSSE 
aQT (|e|) EHOMO ELUMO Eg 

bΔEg (%) μ η ω 

GYNT – – – − 4.86 − 4.45 0.41 – − 4.65 0.20 52.8 
P.1 − 16.9 − 15.0 0.067 − 4.81 − 4.44 0.37 9.7 − 4.62 0.18 57.8 
P.2 − 19.8 − 17.9 0.109 − 4.96 − 4.64 0.32 21.9 − 4.80 0.16 72.0 
Si-GYNT – – – − 4.70 − 4.52 0.18 – − 4.61 0.09 118.0 
S.1 − 2.2 − 1.0 0.013 − 4.59 − 4.40 0.19 5.5 − 4.49 0.09 106.3 
S.2 − 17.0 − 15.6 0.167 − 4.79 − 4.61 0.18 0.0 − 4.70 0.09 122.7 
S.3 − 16.2 − 15.8 0.045 − 4.78 − 4.54 0.24 33.3 − 4.66 0.12 90.5 
Fe2O3@Si-GYNT – – – − 4.85 − 4.46 0.39 – − 4.65 0.19 55.5 
F.1 − 16.1 − 14.9 0.138 − 4.69 − 4.35 0.34 12.8 − 4.52 0.17 60.1 
F.2 − 25.2 − 23.8 0.216 − 4.86 − 4.50 0.36 7.7 − 4.68 0.18 60.8  

a QT QT is defined as the total NBO charge on the molecule. 
b Change of Eg of nanotube after FAV adsorption. 

Fig. 3. Density of state (DOS) plots of GYNT and Si-GYNT before and after FAV adsorption.  
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Fig. 4. The HOMO and LUMO patterns of (a) GYNT, (b) Si-GYNT, and (c) Fe2O3@Si-GYNT.  

Fig. 5. Top and side views of two stable adsorption states for a FAV molecule on the Fe2O3@Si-GYNT and their density of state (DOS) plots. Distances are in Å.  

M.A. Asgari and N. Bahmani                                                                                                                                                                                                                



Journal of the Indian Chemical Society 99 (2022) 100666

5

pristine, Si-doped GYNT and Fe2O3@Si-doped GYNT with and without 
an AFV molecule were done with the GAMESS software suite’s three- 
parameter hybrid generalized gradient approximation [69] using both 
the B3LYP function and 6-31G(d)/LANL2DZ mixed basis sets [70]. The 
density of states (DOS) data were obtained using the GaussSum software 
[71]. The B3LYP density functional has already been shown to accu-
rately reproduce practical features and is widely utilized in nano-
structures [72,73]. The following equation is used to calculate the 
adsorption energy (Ead) of a FAV molecule on the tube:  

Ead = E (FAV/tube) – E (tube) – E (FAV) + EBSSE                              (1) 

where E(FAV/tube) , E(tube) and E(FAV) respectively denotes the en-
ergy of a nanotube with FAV adsorbed on its surface, denotes the energy 
of an isolated nanotube and the energy of a single FAV molecule. The 
negative value of Ead indicates the exothermic nature of the adsorption. 
Weak interactions were corrected using the basis set superposition error 
(BSSE). The Fermi level (EF) is commonly assumed to be roughly in the 
middle of the energy gap between a molecule’s lowest unoccupied 
molecular orbital (LUMO) and highest occupied molecular orbital 
(HOMO) (at T = 0 K) (Eg). It’s worth noting that the chemical potential is 
in the center of the Eg. Because the chemical potential of a free gas of 
electrons is equivalent to its Fermi level as commonly defined, the Fermi 
level of the systems under study is considered at the center of the Eg. 

3. Results and discussion 

3.1. Adsorption of FAV on bare and silicon doped GYNT 

The atomic structure of GYNT can be represented by substituting 
–C–––C– linkage for one-third of the carbon-carbon bonds in graphene. 
There are two non-equivalent carbon atoms in the graphyne network. 
Fig. 1a illustrates this, sp2-hybridized (C1), producing hexagons, and sp- 
hybridized (C2), linking the hexagons. The bond length between two sp2- 
hybridized carbon atoms is 1.44 in the optimized arrangement and 
indicating that graphene’s -conjugate property is preserved in hexagons. 
The length of the bond between C1 and C2 (1.44 Å) is significantly less 
than the length of a typical single bond (1.53 Å), showing that they are 
π-bound together. GYNT is less energetically favorable than CNT due to 
the presence of two-fold coordinated (sp-hybridized) carbon atoms. The 
formation of a C–––C triple bond between sp-hybridized carbon atoms in 
the chain is indicated by the short distance (1.22 Å) between them [74]. 

The thermal and mechanical stability of -GYNTs has been confirmed 
through theoretical calculations, and they differ from CNTs in some 
ways. Because of the higher vibrational mismatch between the strong 
benzene ring with sp2 carbon and the weak acetylenic links with sp 
carbon, Hu et al. [75] found that -GYNTs have an unparalleled low 
lattice thermal conductivity. According to NBO charge analysis, the 
predicted excess charge on the atoms of isolated GYNT has an unusual 
signature. The positive charge ranges from 0.13 to 0.32 e for all sp2 

atoms in the ring, while the negative charge ranges from two acetylenic 
carbon atoms. 

Next, Si-doped GYNT (Si-GYNT) was created by substituting a Si 
atom for one of the C1 or C2 atoms of GYNT’s. After a Si atom is doped in 
C1, the Edop is determined to be +3.79 eV, whereas, for the C2 doping 
method, it is found to be +5.46 eV. Because these positive numbers show 
that both doping techniques are endothermic, C1 doping may be a more 
energetically advantageous process than C2 doping, only C1 doping was 
explored. When Si impurity replaces C atoms, the geometric structure of 
the GYNT is significantly changed. The stated atom impurity is thrust 
out of the tube surface in this configuration to relieve stress due to its 
larger size than the C atom. 

The Si–C1 and Si–C2 bonds in the Si-GYNT have estimated bond 
lengths of 1.89 and 1.85 Å, respectively, which are significantly longer 
than the pristine tube’s corresponding C–C bonds (Fig. 1b). In addition, 
the C2–C2–C1 angle in the pristine sheet (120◦), which is higher than the 
C2–Si–C1 angle in the doped sheet is 112◦, which the natural bond 
orbital (NBO) analysis reveals is due to the defect site hybridization 
changing from sp to almost sp3. According to the study, around 0.84 e is 
transferred from the doped silicon to its adjacent carbon atoms within 
the sidewall, showing that the Si–C bonds in the sidewall are somewhat 
ionic. 

Various initial adsorption geometries are possible, including single 
(oxygen, flour, nitrogen, or carbon), double (H–N, O–H, or C–O), and 

Fig. 6. Computed electrostatic potential on the molecular surface of a single 
FAV molecule. Color ranges, in a.u.: blue, more positive than 0.010; green, 
between 0.010 and 0; yellow, between 0 and − 0.010; red, more negative than 
− 0.010. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 2 
Adsorption energy (Ead in kcal/mol), HOMO energies (EHOMO), LUMO energies (ELUMO) and HOMO-LUMO energy gap (Eg) of modified systems in eV calculated using 
M05 density functional.  

Configuration Ead 
aQT (|e|) EHOMO ELUMO Eg 

bΔEg (%) μ η ω 

GYNT – – − 4.97 − 4.37 0.60 – − 4.67 0.3 36.3 
P.1 − 24.5 0.051 − 4.68 − 4.42 0.26 56.6 − 4.55 0.13 79.6 
PP.2 − 22.2 0.095 − 4.90 − 4.54 0.36 40.0 − 4.72 0.18 61.9 
Si-GYNT – – − 4.75 − 4.49 0.26 – − 4.62 0.13 82.1 
S.1 − 4.1 0.011 − 4.69 − 4.37 0.32 23.0 − 4.53 0.16 64.1 
S.2 − 20.4 0.178 − 4.87 − 4.54 0.33 26.9 − 4.70 0.16 67.1 
S.3 − 20.2 0.051 − 4.88 − 4.46 0.42 61.5 − 4.67 0.21 51.9 
Fe2O3@Si-GYNT – – − 4.96 − 4.37 0.59 – − 4.66 0.29 36.9 
F.1 − 19.7 0.148 − 4.79 − 4.23 0.56 5.1 − 4.51 0.28 36.3 
F.2 − 34.2 0.230 − 4.97 − 4.43 0.54 8.4 − 4.7 0.27 40.9  

a QT QT is defined as the total NBO charge on the molecule. 
b Change of Eg of nanotube after FAV adsorption. 
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triple (C–O–H, H–N–H, or N–C–O) bonded atoms to C1 and C2 and Si 
atoms on different adsorption sites, are considered in obtaining the most 
stable structure of single FAV adsorbed on the pristine and doped tubes. 
However, the relaxing method yielded just two and three local minima 
structures for GYNT and Si-GYNT, respectively (Fig. 2). More data from 
the calculations of the various FAV/tube structures, which include Ead 
and Eg configurations, are presented in Table 1. The P.2 configuration 
(which is the most stable of the FAV/GYNT configurations) represents a 
van der Waals connection between the FAV molecule and bare GYNT. 
One of the N–H bonds of the NH2 group is placed on top of the porous 
site of the tube in this configuration, and the predicted Ead value 
(Table 1) is around -19.8 kcal/mol, with an equilibrium distance of 2.43 
Å. The physical character of the interaction is revealed by the Ead of FAV 
on the surface in this structure. FAV/Si-GYNT system’s most stable 
configuration (S.2) is one in which the H atoms of NH2 are close to the 
doped atom, with an equilibrium distance of 2.65 Å and a corresponding 
Ead of -17.0 kcal/mol, confirming the interaction’s weakness. The higher 
stability of the P.2 configuration in contrast to the S.2 configuration can 
be explained by the fact that the hexagonal ring in the bare tube is in a 
good position for π-π interaction with the aromatic ring of FAV. In 
contrast to bare tube, silicon has damaged the aromaticity of the doped 
hexagonal ring, making the - interaction between FAV and Si-GYNT 
unfavorable, from standpoint of drug delivery application. Table 1 in-
dicates that the effect of the BSSE correction on the weaker interaction is 
larger. 

The tube’s DOS plots and the FAV/tube complex were calculated to 
evaluate the effect of adsorption process on the electronic features of 
different tubes. Calculated DOS and Eg in Table 1 and Fig. 3 indicate that 

the pristine GYNT is a semiconductor. The coupling between C (2pz) 
orbitals yields π conjugate orbitals on the graphyne basal plane, ac-
cording to the carbon-carbon bond length distribution in graphyne. The 
dominance of the π -conjugated orbitals over the electrical structure of 
graphyne is intriguing. The GYNT has a band gap of 0.41 eV, unlike 
wide-band-gap graphyne sheets. Due to charge transfer, the Eg of the 
tube reduced from 0.41 eV in the bare tube to 0.37 for P.1 and 0.32 eV 
for P.2 complexes, as shown in Table 1. The change in electronic feature 
after FAV adsorption is minor, showing that GYNT/FAV is a semi-
conductor yet. The DOS plots for silicon doping in Fig. 3c reveal a sig-
nificant change, suggesting that the electronic characteristics of the 
GYNT are particularly sensitive to silicon doping, with the Eg of Si-GYNT 
changing by %57, indicating that Si-GYNT has a metallic nature. As 
shown in Fig. 3d, after FAV adsorption, both the HOMO and LUMO 
energies in the instance of S.2 drop to lower energies, but the Eg remains 
at 0.18 eV. The molecular electrostatic pattern (MEP) of each most 
stable configurations shown in Fig. S1, confirms different adsorption 
properties of bare and Si-doped GYNTs. 

3.2. Adsorption of FAV on Fe2O3@Si-GYNT 

These results imply that the FAV molecule interacts weakly with both 
clean and doped GYNT, resulting in modest physical adsorption. As a 
result, the effect of encapsulating magnetic Fe2O3 in Si-GYNT on FAV 
molecule adsorption is considered. As previously stated, magnetic ma-
terials such as Fe2O3 have recently been used extensively to fabricate 
drug vehicle composites. The encapsulation of a smaller Fe2O3 cluster 
within the tube cylinder is now considered. The formation energy (Ef) is 
defined by the expression:  

Ef = E (Fe2O3@Si-GYNT) – E (Si-GYNT) – E (Fe2O3)                        (2) 

where E (Fe2O3@Si-GYNT), E(Si-GYNT), E(Fe2O3) are the total energy 
of the Si-GYNT with the encapsulated Fe2O3, the silicon doped GYNT, 
and the free Fe2O3 cluster, respectively. The negative value of Ef = -56.3 
kcal/mol suggests that the encapsulation of Fe2O3 is exothermic and 
thus stable, according to this definition. The HOMO and LUMO patterns 
of GYNT are still located in whole surface of tube after single silicon 
doping (Fig. 4), but they shifted to doping site after Fe2O3 encapsulation 
and it seems the adsorption behavior of tube in composite form is differ 
from bare and Si-doped form. Following that, we investigated FAV 
adsorption on the magnetic Fe2O3@Si-GYNT composite by varying the 
starting orientation of the molecule above the Si atom. As shown in 
Fig. 5, the studied composite has two distinct adsorptive configurations 
of FAV. The Ead value of configuration F.1 is -16.1 kcal/mol, which is 
lower than the Ead value of configuration F.2 (Ead = -25.2 kcal/mol). 
When contrasted the doped and pure tubes, FAV adsorption on 
Fe2O3@Si-GYNT is more energetically advantageous. One of the aro-
matic nitrogen atoms of FAV was placed above the Si atom in configu-
ration F.1, with a bond length of 2.17 Å. Configuration F.2 is more stable 
than configuration F.1 may be explained by FAV’s MEP analysis. Fig. 6 
shows the optimized structure of MEP plot for FAV with the formula 
C5H4N3O2F. It depicts carbonyl oxygen and a –NH2 group as the most 
likely FAV reaction sites. Interestingly in the case of F.2, both of reaction 
site are near to tube surface resulted to more favorable adsorption with 
lengths of 2.20 for O–Si and 2.25 Å for H–C bonds, respectively. 

It’s worth noting that the DFT approach with the B3LYP functional 
can’t adequately capture the rather weak interactions. However, the 
primary goal of this study is to compare the adsorption behavior of 
tubes, not to determine the exact values of Ead. However, to explore the 
effect of dispersion forces and the method utilized on the values of Ead, 
geometrical parameters, and Eg, we used the M05 to calculate the 
aforementioned parameters once more. Among numerous functionals 
tested, M05 was proposed by Truhlar et al. for general-purpose non-
covalent interactions that included both metallic and nonmetallic ele-
ments [76]. The obtained results are shown in Table 2, indicating that 

Fig. 7. (a) Ionization plot of FAV molecule versus pH. The optimized structure 
of FAV adsorption on Fe2O3@Si-GYNT in acidic pH. 

M.A. Asgari and N. Bahmani                                                                                                                                                                                                                



Journal of the Indian Chemical Society 99 (2022) 100666

7

the Ead acquired using this approach is always higher than the Ead ob-
tained using the B3LYP. The Fe2O3@Si-GYNT instance is particularly 
intriguing since the Ead increases from -25.2 kcal/mol in B3LYP to -34.2 
kcal/mol in M05, indicating a 35% increase in energy. It explains that 
the B3LYP isn’t a good way for studying systems that are stabilized due 
to weak dispersive interactions. For these systems, dispersion-corrected 
DFT approaches such as the M05 approach produce improved energy 
properties. As shown in Table 2, these functionals have a strong con-
sistency in estimating the relative magnitude of Ead of the FAV molecule 
in the examined systems, i.e., the order is Fe2O3@Si-GYNT > GYNT >
Si-GYNT for both techniques. From standpoint of comparison, the 
dispersion term has lowest contribution in P.2 structure with 12% 
improvement, and highest contribution of dispersion term was in S.2 
structure by about 86% changing. Also, the electronic properties of 
structures strongly depend on applied functional, so that as shown in 
DOS plots of Fig. S2 the Eg changing was improved in M05 system. 

3.3. Modified GYNT as a drug delivery vehicle of FAV 

To examine the effect of FAV on the reactivity of graphyne-based 
nanotubes, the electrophilicity index (ω), global hardness (η), and 
chemical potential (μ) were estimated to explore the reactivities of 
pristine and FAV adsorbed nanotubes. Tables 1 and 2 demonstrate three 
DFT-based chemical descriptors for bare and functionalized GYNT, 
including μ, η, and ω. The mean of HOMO and LUMO energies is 
determined by η in these numbers is estimated as half of the energy 
disparities between HOMO and LUMO. The ω used to estimate the 
molecule’s reactivity [77], which is computed using the equation: ω =
μ2/2η. The electrophilic indexes of various chemical substances and the 
reaction rate in the biochemical process have been discovered to be 
connected. The electrical index affects the energy stability of a chemical 
system as it gets extra charges from the environment. Based on the M05 
functional, the FAV adsorption on the GYNT resulted in a 0.34 eV 

decrease in the HOMO-LOMO gap. The μ and η indexes are reduced by 
0.12 and 0.17 eV, respectively, while the ω index is enhanced by 43 eV. 
The three electrophilic indexes and HOMO-LOMO gap, show no signif-
icant changes when the FAV is adsorbed on the optimized Fe2O3@Si--
GYNT composite. It is subsequently discovered that the chemical 
stabilities of Fe2O3@Si-GYNT are maintained when the drug is adsorbed 
on the surface, whereas the reactivity of bare GYNT fluctuate 
considerably. 

The Fe2O3@Si-GYNT has been shown to be fairly suitable for FAV 
drug adsorption, which is the first and most important stage in the drug 
delivery process. However, drug release from the carrier in the target 
cell is one of the most challenging phases in drug delivery. In fact, tumor 
cells have a lower pH than normal cells (~ pH < 6), creating an acidic 
environment in malignant tissues [78]. We investigated the influence of 
pH on the most stable compound between the Fe2O3@Si-GYNT and the 
FAV because its pKa value is 5.1. The H+ species will tend to link to the 
nucleophilic heads of the FAV in an acidic matrix (Fig. 7a), causing the H 
atom of the –OH group to migrate to the neighboring nitrogen atom in 
the hexagonal ring and protonated (named HFAV). We experimented 
with different orientations and adsorption locations on the tube surface 
for HFAV adsorption. After relax structural modifications, re-orientation 
of the molecule has been anticipated for some cases and one stable 
HFAV/Fe2O3@Si-GYNT complex has been produced (Fig. 7b). The dis-
tance between the medication and the tube increases to 3.12 Å in this 
design with Ead of -7.8 kcal/mol. As shown in Fig. 7b, the interaction is 
hydrogen bonding-based proton attack which can to split the drug from 
the carrier. As a result, the drug cannot adhere to the carrier in an acidic 
environment and has to be released. Thus we think that encapsulation of 
magnetic Fe2O3 besides Si-doping may be a suitable strategy for 
improving the drug delivery of FAV by GYNT. 

Fig. 8. PDOS plots of (P.2) FAV/GYNT and (S.3) FAV/Si-GYNT.  
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3.4. Modified GYNT as a FAV sensor 

The Eg (or band gap in bulk materials) is a well-known factor in 
defining a material’s electrical conductivity, and there is a typical 
relationship between them as follows. 

σ∝exp(
− Eg

2kT
) (2a)  

where σ and k are the electrical conductivity and the Boltzmann’s con-
stant, respectively. Smaller Eg at a constant temperature leads to bigger 
electrical conductivity. Fig. 5 shows the DOS charts for various models 
of the FAV/Fe2O3@Si-GYNT. It may be deduced that the free Fe2O3@Si- 
GYNT (Table 1) is a semiconductor material with an Eg of 0.39 eV. 
Although the FAV molecule has strong contact with the Fe2O3@Si- 
GYNT, the electrical characteristics of the tube have not altered much, 
and the Eg of the tube has marginally lowered to 0.36 eV following FAV 
adsorption. As a result, the associative adsorption of the FAV molecule 
cannot significantly alter the electrical conductance of the Fe2O3@Si- 
GYNT. Unlike bare GYNT, The electronic characteristics of the nanotube 
are particularly sensitive to FAV adsorption, as seen by the DOS plot of 
Si-GYNT. When comparing the valence level of the doped tube before 
FAV adsorption to that of the S.3 configuration, it can be seen that the 
valence level has changed significantly, but the conduction level has 
remained nearly constant. The Eg was also increased from 0.18 to 0.24 
eV (about 33.3% change in B3LYP and 61.5% in M05 level of theory) 
upon the adsorption of FAV molecule. It appears that Si-GYNT can 
directly convert the presence of an FAV molecule into an electrical 
signal, suggesting that it could be employed in FAV sensors. Also, the 
partial DOS (PDOS) plots of P.2 and S.3 as two most sensitive configu-
rations than FAV drugs are shown in Fig. 8. As can be seen in the PDOS 

plots of P.2 structure, the CONH2 group of FAV molecule has the most 
contribution, but the –OH group has the least intensity. For the S.3 
structure, the CONH2 exhibit the highest contribution, the Si atom of 
nanotube and –F group of drug moderate impartment which influences 
to better sensing properties of Si-GYNT. The recovery time, which rep-
resents the degree of difficulty of adsorbate desorption, is another sig-
nificant characteristic for drug detection. Short recovery durations are 
expected for biological molecule detection, which can be determined 
using weak binding values as given in the equation below. 

τ=F− 1
0 exp(

− Ead

KbTw
) (3)  

where τ, is recovery time, F0 (1012 s-1) is attempt frequency, Kb (8.62 ×
10-5 eV K-1) is Boltzmann constant and Tw is working temperature [79]. 
According to this equation, decreasing the adsorption energy decreases 
the recovery time, which is undesirable. The recovery time versus to 
temperature and Eg changing of all configurations of are displayed in 
Fig. 9 with both of B3LYP and M05 functionals. Due to the rapid 
desorption of FAV molecules at high temperatures, the recovery time 
lowers as the temperature rises. Although FAV has a short recovery time 
due to modest adsorption, it can be reduced to less than 10 s by 
increasing the working temperature properly during the experimental 
test. As a result, we believe that the Si doping method could be used to 
improve GYNT’s sensitivity to FAV, which the Fe2O3@Si-GYNT cannot 
detect. 

4. Conclusion 

DFT calculations are used to study the adsorption of the FAV mole-
cule on pure, Si-doped, and F2O3 encapsulated Si-doped GYNTs. The 
FAV molecule is observed to be weakly adsorbed on the pure and Si- 
GYNT tubes, with a lower negative adsorption energy and a signifi-
cant separation. The highest adsorption energies of FAV in bare and Si- 
doped GYNT are -19.8 and -.17.0 kcal/mol, respectively. The adsorption 
of the FAV molecule causes a change in the electronic characteristics of 
the Si-GYNT about 33% and thus can be a potential sensor for FAV. The 
FAV molecule, on the other hand, has greater interactions with the 
Fe2O3@Si-GYNT. The M05 modifies the absolute energy levels of B3LYP 
results but not their relative order of magnitudes, according to the 
findings. A short recovery time of <10 s was obtained at higher tem-
perature. Also, in the low pH of cancer tissues, proton attack can detach 
the FAV from the Fe2O3@Si-GYNT as a potential drug carrier. The 
hydrogen bonding energy is projected to be relatively low, around -7.8 
kcal/mol. 
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