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A B S T R A C T   

In our DFT investigations, pristine BNNS as well as trivalent and pentavalent atoms doped BNNS have been taken 
into consideration for Favipiravir (FPV) drug carriers for the treatment of COVID-19. Among the nanosheets, In 
doped BNNS (BN(In)NS) interacts with FPV by favorable adsorption energies about − 2.44 and − 2.38 eV in gas 
and water media respectively. The charge transfer analysis also predicted that a significant amount of charge 
about 0.202e and 0.27e are transferred to BN(In)NS in gas and water media respectively. HOMO and LUMO 
energies are greatly affected by the adsorption of FPV on BN(In)NS and energy gap drastically reduced by about 
38.80 % and 64.07 % in gas and water media respectively. Similar results are found from the global indices and 
work function analysis. Therefore, it is clearly seen that dopant In atom greatly modified the BNNS and enhanced 
the adsorption behavior along with sensitivity, reactivity, polarity towards the FPV.   

1. Introduction 

Coronavirus (COVID-19) outbreaks have spread worldwide since 
December 2019, creating a severe public health issue. [1]. The SARS- 
CoV-2 virus is responsible for COVID-19 disease which infects human 
instantaneously [2]. Favipiravir (FPV), remdesivir, chloroquine, and 
lopinavir/ritonavir are some of the antiviral medicines that have been 
employed in the therapy whereas Favipiravir is an authorized antiviral 
drug for the treatment of influenza in Japan [2,3]. Chen et al. [4] found 
that Favipiravir might be an effective medicine against COVID-19 by 
improving the recovery rate on Day 7. For the first time, Favipiravir was 
clinically used in China to treat coronavirus illness. In very short period, 
this disease spreads globally and Favipiravir got approval for emergency 
use in many countries [5]. 

Mechanism of Favipiravir drug: 
The drug’s active form, Favipiravir-RTP goes through phosphor-

ibosylation within the tissue. It reveals its antiviral activity by the 
following process,  

1. The enzyme RNA-dependent RNA-polymerase (RdRp) uses this 
molecule as a substrate, which misinterprets it as a purine nucleotide 
[6], blocking its activity and causing viral protein synthesis to stop.  

2. It’s integrated into the viral RNA strand, stopping it from further 
extension [7]. 

Although FPV is approved for emergency use to treat COVID-19 
disease, it has some side effects such as teratogenicity, hyperuricemia 
[8], liver damage and renal injury [9]. To reduce these side effects and 
increase selectivity, the development of drug delivery systems has been 
attractive recently [1]. Nanomaterials have been potential candidates 
for drug delivery purposes to target invaded cells and also control the 
drug release rate [10]. Different types of nanomaterials including zero- 
dimensional (0D) nanoclusters, one-dimensional (1D) nanotubes and 
two-dimensional (2D) nanosheets are used in drug delivery applications 
[11–14]. Among these nanomaterials, 2D nanosheets have been prom-
ising because of their high surface-to-volume ratio, tunable functional-
ities, high thermal stability and high solubility in biological fluids 
[15,16]. Chemically, Boron nitride (BN) nanosheets have more stability 
than graphene [17]. Other properties like high thermal conductivity, 
excellent mechanical strength, large surface areas, superb oxidation 
resistance and good chemical inertness make BN nanosheet more 
attractive [18–20]. 

BN nanosheet is a promising nanomaterial due to its wide range of 
applications such as antibacterial agent, anticancer drug delivery [21], 
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light sensing [22], ultra-microelectrodes [23], field effect transistors 
(FETs) [24], nanofillers [25] etc. BN nanosheets have been synthesized 
experimentally by mechanical cleavage [26], ball milling procedure 
[27], high-energy electron radiation [28] and other several methods 
[29]. It has been studied widely as a drug carrier by the researchers who 
found that BN nanosheet is an auspicious candidate for various drugs 
[30,31]. Additionally, Hilder et al. [32] used molecular dynamic simu-
lation to investigate the interaction of BN nanosheet with cell mem-
branes. Furthermore, BN nanosheet investigated as a drug carrier for 
cisplatin [13], Doxorubicin [33], Flutamide [34] using DFT. Rakib et al. 
investigated the adsorption behaviour of metronidazole drug with the 
boron nitride and boron carbide nanosheets and claimed that BN may be 
used as drug carrier for metronidazole drug [35]. Another observation 
suggested that doping of Al, Ga, P and As in the BN nanosheet increase 
the sensitivity as well as the adsorption behavior [36,37]. In our pre-
vious work, we found that doped nanosheets show better adsorption 
behavior than pristine BN nanosheet when B atoms of BN nannosheet 
were replaced by Al, Ga and In [38]. 

In this work, the interaction of FPV with B replaced Al, Ga and In 
doped BN nanosheets and N replaced P, As and Sb doped BN nanosheets 
has been investigated by using density functional theory (DFT). We have 
done different analysis like frontier molecular orbital (FMO), Hirshfeld 
charge analysis, conductor-like screening model (COSMO) analysis to 
investigate reactivity and sensitivity of the nanosheet toward FPV drug. 
All calculations were observed in gas and water phase to analyze the 
reactivity in both media. 

2. Computational details 

To investigate the adsorption behavior and geometrical relaxation of 
FPV drug on nanosheets, DFT was implemented in Dmol3 module. 
Grimme was selected into dispersion corrected density functional theory 
(DFT-D) [38]. Generalized gradient approximation (GGA) has better 
accuracy to predict results for total energy, atomization and energy 
barrier and the Perdew-Burke-Ernzerhof (PBE) was chosen as a function 
of GGA to describe the exchange–correlation interaction [39]. Both DFT- 
D semi-core pseudopotential (DSPP) and double numerical basis set plus 
polarization (DNP) were set in all calculations for core treatment [40]. 

The interaction between FPV drug and nanosheets is described by 
analyzing some parameters such as adsorption energy, interaction dis-
tance, energy gap, change in energy gap, charge transfer etc. The 
adsorption energy (EAd) has been calculated by the equation given 
below [41], 

EAd = EDrug+Nanosheet − EDrug − ENanosheet (1)  

where, ENanosheet and EDrug are the total energy of nanosheet and drug 
respectively. EDrug+Nanosheet describes the total energy of complex. Equa-
tion (1) illustrates that negative adsorption energy indicates an attrac-
tive interaction when drug adsorbs on nanosheet [42]. The Highest 
Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Mo-
lecular Orbital (LUMO) energies are used to investigate the electronic 
properties by calculating energy gap. The following equation has been 
used to measure the energy gap (Eg) [43], 

Eg = ELUMO − EHOMO (2)  

where, ELUMO and EHOMO are the energy of LUMO level and the energy of 
HOMO level respectively. The sensitivity of nanosheet toward drug has 
been observed by the change in energy gap [44], 

ΔEg = [
(Eg2 − Eg1)

Eg1
] × 100% (3)  

where, Eg1 and Eg2 are the energy gap of nanosheet before and after 
adsorption of drug respectively. 

Quantum mechanical descriptors such as chemical potential (μ), 

hardness (ƞ), softness (S) and electrophilicity index (ω) have been 
computed to investigate the stability and reactivity. These parameters 
are calculated by the set of equation as follows [45–47], 

Chemical potential, μ =
(EHOMO + ELUMO)

2
(4)  

Global hardness, η =
(ELUMO − EHOMO)

2
(5)  

Softness, S =
1

2η (6)  

Global electrophilicity, ω =
μ2

2η (7) 

The amount of transferred charge between nanosheet and drug has 
also been studied. Electrostatic potential (ESP) map shows the positively 
charged region and negatively charged region. Since FPV drug is used 
for human being and the common transportation medium in human 
body is liquid, all calculations have also been conducted in solvation 
media alongside the gas phase. The conductor-like screening model 
(COSMO) method is introduced to analyze the solvation effect on 
complexes [48–50]. 

3. Results and discussion 

3.1. Nanosheets and FPV drug 

In our investigation, pristine boron nitride nanosheet (BNNS) and 
trivalent (Al, Ga and In) and pentavalent (P, As and Sb) atoms doped 
BNNS have been taken into consideration as drug carrier for FPV drug 
molecule [10,51,52]. A 12x18 Å dimensions of BNNS has been chosen 
with 16 hexagons where hydrogen atoms are used as terminal atom due 
to stability purpose. After geometry optimization, 1.44, 1.20 and 1.01 Å 
bond distances are found for B–N, B–H and N–H which are consistent 
with previous study [35]. To enhance the adsorption performance of the 
BNNS, we have modified BNNS by doping trivalent (Al, Ga and In) atoms 
in the place of central B atom and by pentavalent (P, As and Sb) atoms in 
the place of central N atom. All nanosheets are further optimized and 
shown in Fig. 1. After optimization, all nanosheets remain in planer form 
where the bond distances are varied at the dopant site. The bond dis-
tances between the dopant Al, Ga, In, P, As and Sb atoms and their 
neighboring atoms are 1.72, 1.74, 1.90, 1.75, 1.80 and 1.94 Å in BN(Al) 
NS, BN(Ga)NS, BN(In)NS, BN(P)NS, BN(As)NS and BN(Sb)NS respec-
tively. The optimized FPV drug with HOMO, LUMO and ESP maps are 
shown in Fig. 2. It contains three C–C bonds with an average bond 
distance of about 1.445 Å, five C–N bonds of 1.337 Å, two C–O bonds 
of 1.29 Å, one C-F bond of 1.357 Å, two N–H bonds of 1.015 Å, one 
C–H bond of 1.091 Å and one O–H bond of 0.98 Å. Our calculated 
average bond lengths are in good agreement with previous experimental 
values which are 1.48 Å for C–C, 1.32 Å for C–N, 1.31 Å for C–O, 1.34 
Å for C-F bonds [53]. The HOMO levels of FPV drug are mostly located 
on the C–O bond and LUMO levels are mostly concentrated on the C–C 
and C–N bonds. 

3.2. Interaction of FPV on the B replaced by Al, Ga and in doped BNNS 

Initially different adsorption configurations have been tested to find 
suitable adsorption position of FPV drug molecule on the nanosheets. 
High interaction energy with stable configuration is found, when FPV 
drug molecule is adsorbed in a parallel position to the BNNS. Therefore, 
all calculations have been performed by taking FPV drug molecule on 
the BNNS in parallel configuration. First of all, all the complexes are 
optimized in ground state and illustrated in Fig. 3. In our optimized 
complexes, nanosheets are deformed in the defected site where the 
dopant atoms are displaced towards the FPV drug due to large atomic 
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radius of dopant atoms and high interaction energies. Among the Al, Ga 
and In dopant atoms, In atom is highly displaced to the FPV drug and the 
drug is also slightly deformed. The adsorption energies have been 
investigated and reported in Table 1. In case of intrinsic BNNS, the low 
interaction energy has been found which is − 0.70 eV. FPV adsorbs on 
BNNS by keeping a large interaction distance of 3.43 Å. Negative 
adsorption energy implies the attractive and exothermic reaction where 
below − 0.8 eV indicates the physisorption interaction and above the 
value of − 0.8 eV indicates the chemisorption interaction between drug 
and nanosheets [54]. During the adsorption process, FPV losses a small 
amount of charge of about 0.055e to the nanosheet according to 
Hirshfeld charge analysis. As BNNS shows less adsorption behavior to-
wards the FPV drug, we have modified the BNNS by doping Al, Ga and In 
atom in the position of center B atom of BNNS to improve the sensitivity 
of the BNNS as previously mentioned. After doping Al and Ga atoms on 
the BNNS, the interaction energies slightly improved which are about 
− 0.88 and − 0.86 eV, by transferring 0.172e and 0.072e amount of 
charge from FPV to BN(Al)NS and BN(Ga)NS respectively. The mini-
mum interaction distances are 2.70 and 3.06 Å for BN(Al)NS and BN(Ga) 
NS respectively. But in case of adsorption of FPV on the In doped BNNS, 
the interaction energy greatly enhanced to about − 2.44 eV by trans-
ferring significant amount of charge of about 0.202e from FPV to BN(In) 

NS. Therefore, In doped BNNS shows high sensitivity towards the FPV 
drug molecule. 

The most valuable parts of the human body such as the heart, lungs 
and kidneys are composed of 73 %, 83 % and 79 % water. Therefore, the 
solvation effect on our complexes are also examined in the solvent media 
like water media. The adsorption phenomenon is also investigated in the 
water media and the adsorption energy values with adsorption distance 
and charge transfer are shown in Table 1. The adsorption behavior is 
slightly reduced in water media due to presence of water molecules in 
the interaction point to resist the direct contact between drug and 
nanosheets. The calculated adsorption energies are − 0.81, − 0.71 and 
− 2.38 eV for FPV/BN(Al)NS, FPV/BN(Ga)NS and FPV/BN(In)NS 
respectively. During the interaction between FPV with the nanosheets, 
0.225e, 0.086e and 0.27e amounts of charge are transferred to the BN 
(Al)NS, BN(Ga)NS and BN(In)NS respectively. Therefore, it is clearly 
seen that FPV drug interacts with In doped BNNS by high interaction 
energy and transferring a significant amount of charge in both gas and 
water media. 

3.3. Interaction of FPV on the N replaced P, As and Sb doped BNNS 

In our previous section, we have discussed about Al, Ga and In doped 

Fig. 1. Optimized structures of (a) BN(Al)NS, (b) BN(Ga)NS, (c) BN(In)NS, (d) BN(P)NS, (e) BN(As)NS, (f) BN(Sb)NS respectively.  

Fig. 2. (a) Optimized structure, (b) HOMO, (c) LUMO and (d) ESP maps of Favipiravir drug.  
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BNNS in the place of center B atom and it is found that In doped BNNS 
shows high sensitivity for FPV drug. Now in this section, we will dis-
cussed about the interaction behavior of P, As and Sb doped BNNS 

towards FPV drug. The adsorption energies have been found to be 
− 2.11, − 3.71 and − 6.94 eV for P, As and Sb doped BNNS respectively. 
Thus, P, As and Sb doped BNNS show high interaction stability towards 
the FPV drug than Al, Ga and In doped BNNS. During the interaction 
between FPV and BN(P)NS, dopant P atom displaces upward out of sheet 
towards the FPV indicating that interaction takes place between the 
dopant P atom and FPV drug. But in case of BN(As)NS and BN(Sb)NS, the 
dopant atoms displace downward out of sheets. The FPV adsorbs on the 
P, As and Sb doped BNNS by maintaining 3.02, 2.59 and 2.88 Å 
adsorption distances. During the interaction, FPV drug gains 0.05e 
charge from BN(P)NS but in case of BN(As)NS and BN(Sb)NS, FPV drug 
losses 0.031e and 0.032e amount of charge to the nanosheets respec-
tively. In the water solvent media, the interaction energies are found to 
be − 0.66, − 3.46 and − 6.65 eV for BN(P)NS, BN(As)NS and BN(Sb)NS 
respectively. A very poor amount of charges are transferred between the 
FPV and the nanosheets in the water media in the range of 0.03e ~ 
0.04e. A comparison of adsorption energies of different nanosheets in 

Fig. 3. Optimized geometries of (a) FPV/BN(Al)NS (b) FPV/BN(Ga)NS, (c) FPV/BN(In)NS, (d) FPV/BN(P)NS, (e) FPV/BN(As)NS and (f) FPV/BN(Sb)NS complexes 
respectively. 

Table 1 
The calculated minimum interaction distance (d) in Å, adsorption energy (EAd) 
in eV and charge transfer (ΔQ) in e between Favipiravir and nanosheets in both 
gas and water phases.  

Structure Gas Phase Water Phase 

d EAd ΔQ d EAd ΔQ 

FPV/BNNS  3.43  − 0.70  0.055  3.43  − 1.23  0.053 
FPV/BN(Al)NS  2.70  − 0.88  0.172  2.58  − 0.81  0.225 
FPV/BN(Ga)NS  3.06  − 0.86  0.072  3.05  − 0.71  0.086 
FPV/BN(In)NS  2.79  − 2.44  0.202  2.67  − 2.38  0.27 
FPV/BN(P)NS  3.02  − 2.11  − 0.050  3.14  − 0.66  − 0.04 
FPV/BN(As)NS  2.59  − 3.71  0.031  2.70  − 3.46  0.04 
FPV/BN(Sb)NS  2.88  − 6.94  0.032  2.96  − 6.65  0.03  
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both gas and water phases is shown in Fig. 4. We can see from Fig. 4 that 
adsorption energy is increased in water media compared with the gas 
phase for BNNS. But for other nanosheets, the values of adsorption en-
ergy tend to go downward in water media than gas phase. 

3.4. Frontier molecular orbital (FMO) analysis 

Frontier molecular orbital (FMO) analysis such as HOMO energies, 
LUMO energies and energy gap have been studied to explore the 
sensitivity of the FPV drug towards the nanosheets and the calculated 
values are reported in Table 2. The HOMO and LUMO maps with elec-
trostatic potential (ESP) map of the complexes are shown in Fig. 5. It is 
seen that the HOMO levels are situated on the nanosheets except P 
doped BNNS and LUMO levels are located on the FPV drug molecule. 
HOMO levels of Al, Ga and In doped BNNS are found at − 5.85, − 5.87 
and − 5.87 eV respectively. After adsorption of FPV on the nanosheets, 
the HOMO energies are slightly shifted to higher energy values to − 5.78, 
− 5.80 and − 5.67 eV. But in case of LUMO energies, energy values are 
highly reduced from − 1.48 to − 3.87, − 1.50 to − 3.50 and − 1.54 to 
− 4.14 eV indicating the high reduction of energy gaps. The energy gap 
“Eg” is determined from the differences between the LUMO and HOMO 
energies. The obtained energy gaps are 4.38, 4.37, 4.37, 4.33, 3.45, 3.14 
and 2.59 eV of BNNS, BN(Al)NS, BN(Ga)NS, BN(In)NS, BN(P)NS, BN(As) 
NS and BN(Sb)NS respectively. But after the adsorption of FPV drug on 
the nanosheets, the energy gaps are greatly reduced to 2.64, 1.91, 2.30, 
2.65, 2.91, 2.55 and 2.29 eV respectively. The reduction of energy gap 
indicates the increasing sensitivity of the nanosheets towards the FPV 
drug molecule and it leads to exponential increment of conduction 
electron density found by the following equation. The energy gap of 
nanosheets reduced due to the interaction of drug molecule which is 
investigated by density of states (DOS). Fig. 6 shows the DOS spectra of 
nanosheets before and after the adsorption process. The conduction 
electron density (N) depends on the Eg related to the following relation 
[55], 

N = AT3/2e

(
− Eg
2KT

)

(8)  

where, K is the Boltzmann’s constant = 1.380 × 10− 23 m2kgs− 2k− 1 and A 
(electrons/m3/k3/2) is a constant. 

The calculated percentage of reduction in energy gap (%Eg) for Al, 

Ga and In doped BNNS are found to be 56.29 %, 47.26 % and 64.84 % 
respectively. On the other hand, for P, As and Sb doped BNNS, the 
reduction in energy gaps are about 15.65 %, 18.79 % and 11.58 % 
respectively. The comparison of energy gap between different 

Fig. 4. A comparison of adsorption energies of different nanosheets in both gas and water phase.  

Table 2 
HOMO energies (EHOMO), LUMO energies (ELUMO), HOMO-LUMO energy gap 
(Eg) in eV and change in energy gap (%ΔEg) in gas phase.  

Structure EHOMO ELUMO Eg %ΔEg 

FPV  − 6.01  − 3.36  2.65  – 
BNNS  − 5.84  − 1.46  4.38  
FPV/BNNS  − 5.78  − 3.15  2.64  39.85 
BN(Al)NS  − 5.85  − 1.48  4.37  
FPV/BN(Al)NS  − 5.78  − 3.87  1.91  56.29 
BN(Ga)NS  − 5.87  − 1.50  4.37  – 
FPV/BN(Ga)NS  − 5.80  − 3.50  2.30  47.26 
BN(In)NS  − 5.87  − 1.54  4.33  – 
FPV/BN(In)NS  − 5.67  − 4.14  2.65  38.80 
BN(P)NS  − 4.98  − 1.53  3.45  – 
FPV/BN(P)NS  − 5.68  − 2.77  2.91  15.65 
BN(As)NS  − 4.68  − 1.54  3.14  – 
FPV/BN(As)NS  − 5.72  − 3.17  2.55  18.79 
BN(Sb)NS  − 4.17  − 1.59  2.59  – 
FPV/BN(Sb)NS  − 5.48  − 3.19  2.29  11.58  

Table 3 
Computed chemical potential (μ), global hardness (ƞ), electrophilicity index (ω) 
and global softness (S) of the studied complexes in gas phase.  

Structure µ η ω S 

FPV  − 4.68  1.32  8.29  0.38 
BNNS  − 3.65  2.19  3.04  0.23 
FPV/BNNS  − 4.47  1.32  7.56  0.38 
BN(Al)NS  − 3.67  2.19  3.08  0.23 
FPV/BN(Al)NS  − 4.82  0.96  12.18  0.52 
BN(Ga)NS  − 3.68  2.18  3.10  0.23 
FPV/BN(Ga)NS  − 4.64  1.52  9.36  0.43 
BN(In)NS  − 3.71  2.17  3.17  0.23 
FPV/BN(In)NS  − 4.90  0.76  15.77  0.66 
BN(P)NS  − 3.26  1.73  3.07  0.29 
FPV/BN(P)NS  − 4.23  1.46  6.13  0.34 
BN(As)NS  − 3.11  1.57  3.08  0.32 
FPV/BN(As)NS  − 4.45  1.28  7.75  0.39 
BN(Sb)NS  − 2.88  1.29  3.21  0.39 
FPV/BN(Sb)NS  − 4.34  1.15  8.21  0.44  
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Fig. 5. HOMO, LUMO and ESP maps of the complexes.  
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nanosheets and complexes is drawn in Fig. 7. In comparison with 
pentavalent (P, As and Sb) doped BNNS, trivalent (Al, Ga and In) doped 
BNNS show more sensitivity towards the FPV drug. Higher the reduction 
of energy gap implies the higher sensitive nanosheet with the drug 
molecule. Sensor response factor R is also observed which exponentially 
depends on the change in energy gap as follows [56], 

R =
σ1

σ2
= exp(−

ΔEg

2kT
) (9)  

where, σ1 and σ2 are the electrical conductivity signals related to the 
nanosheets and the complexes respectively. From the equation, it is 
clearly seen that the Al and In doped BNNS is more sensitive towards the 
FPV drug. 

3.5. Dipole moment 

Dipole moment is a vital parameter which predicts the polar nature 
of the chemical bond. When the center of positive and center of negative 
charges are not coincided at the same point in a molecule then the polar 
nature of molecule is raised. Zero value of dipole moment indicates the 
non-polar nature of molecule [49]. With the increasing dipole moment, 
the polar nature of the chemical bond is increased. The values of dipole 
moment are reported in Table 4. In our studied drug, the dipole moment 
is found to be 5.69 and 8.27 D in gas as well as water media. FPV drug 
shows the polarity, which means an asymmetric charge distribution 
occurred in the molecule. The polarity of the FPV is enhanced in the 
water media. BNNS also shows polarity with dipole moment of about 
5.78 D and 6.10 D in gas and water media respectively. After doping Al, 
Ga and In atom on the BNNS, the dipole moment slightly enhances to 

Fig. 6. The total and partial DOS of (a) BN(Al)NS (b) BN(Ga)NS, (c) BN(In)NS, (d) BN(P)NS, (e) BN(As)NS and (f) BN(Sb)NS before and after adsorption of FPV drug. 
The dotted line indicates the Fermi level. 
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5.95, 5.98 and 6.07 D in gas phase and 8.25, 8.29 and 6.42 D in water 
media which indicates that all our proposed nanosheets show polar 
nature in gas phase and water media also. After adsorption of FPV drug 
on the polar nanosheets, the polarity further enhances i.e., for BNNS and 
Al, Ga and In doped BNNS, the dipole moments are 6.31, 7.02, 6.25 and 
7.34 D in gas phase and 10.27, 11.03, 10.33 and 12.40 D in water media 
respectively. Similar phenomenon is found in case of P, As and Sb doped 
BNNS. Therefore, after adsorption of FPV drug on the nanosheets, the 
asymmetricity of the complexes are increased due to transferring of 
charge between the drug and nanosheets. In our charge transfer analysis, 
it is found that as Al and In doped BNNS transfer large amount of charge 
with the FPV, the dipole moments of the complexes are high enough 
among the others. In our study, it is clearly found that the dipole mo-
ments of the complexes are higher in water media than gas media which 
means the solubility of the complexes is increased in polar media like 
water media. 

3.6. Quantum molecular descriptors 

Quantum molecular descriptors (QMD) such as chemical potential 
(μ), global hardness (ƞ), global softness (S) and electrophilicity index (ω) 
have been investigated to analyze the reactivity of our nanosheets 

towards the FPV drug. The values are presented in Table 3. In drug 
delivery purposes, it is desired to increase the chemical potential, global 
softness and electrophilicity after adsorption of drug molecule [57]. On 
the contrary, decreasing global hardness is also necessary. In our 
investigation, we have found the increasing phenomenon of chemical 
potential, global softness and electrophilicity and decreasing phenom-
enon of global hardness of our nanosheets during interaction with FPV 
drug which are displayed in Fig. 8 (a-c). The values of chemical potential 
of BNNS and Al, Ga and In doped BNNS are –3.65, –3.67, –3.68 and 
–3.71 eV respectively. After the adsorption of FPV drug, the values of 
chemical potential are increased to –4.47, –4.82, –4.64 and –4.90 eV 
respectively. Similarly, for P, As and Sb doped BNNS, the values of 
chemical potential are enhanced from − 3.26 to − 4.23, − 3.11 to − 4.45 
and − 2.88 to − 4.34 eV respectively after the adsorption of FPV drug. 
Global hardness of BNNS and Al, Ga and In doped BNNS are almost 
similar which ranges from ~ 2.17 to 2.19 eV but during interaction with 
FPV, the values are significantly decreased to 1.32, 0.96, 1.52 and 0.76 
eV respectively. In case of P, As and Sb doped BNNS, similar phenom-
enon has been occurred where the values are shifted from 1.73 to 1.46, 
1.57 to 1.28 and 1.29 to 1.15 eV respectively. In Table 3, it is clearly seen 
that there was an increasing tendency of global softness and electro-
philicity. These parameters predict that all nanosheets show reactivity 

Fig. 7. Comparison of the (a) energy gap and (b) change in work function between different nanosheets and complexes.  

Table 4 
Fermi level energies (EF), work function (φ) and change in work function (% φ) for the studied complexes in both gas phase and water phases.  

Structure Gas phase Water phase 

EF(eV) φ (eV) %φ D.M EF(eV) φ (eV) %φ D.M 

FPV  − 4.68  4.68  –  5.69  − 4.86  4.86  –  8.27 
BNNS  − 3.64  3.64  –  5.78  − 3.64  3.64  –  6.10 
FPV/BNNS  − 4.42  4.42  21.37  6.31  − 4.58  4.58  25.76  10.27 
BN(Al)NS  − 3.66  3.66  –  5.95  − 3.82  3.82  –  8.25 
FPV/BN(Al)NS  − 4.78  4.78  30.59  7.02  − 4.87  4.87  27.66  11.03 
BN(Ga)NS  − 3.67  3.67  –  5.98  − 3.82  3.82  –  8.29 
FPV/ BN(Ga)NS  − 4.60  4.60  25.21  6.25  − 4.69  4.69  22.59  10.33 
BN(In)NS  − 3.70  3.70  –  6.07  − 3.84  3.84  –  6.42 
FPV/ BN(In)NS  − 4.86  4.86  31.20  7.34  − 4.94  4.94  28.51  12.40 
BN(P)NS  − 3.28  3.28  –  6.03  − 3.57  3.57  –  8.39 
FPV/BN(P)NS  − 4.21  4.21  28.21  9.09  − 4.19  4.19  17.42  9.59 
BN(As)NS  − 3.14  3.14  –  6.10  − 3.44  3.44  –  8.50 
FPV/BN(As)NS  − 4.39  4.39  39.78  2.45  − 4.60  4.60  33.89  3.96 
BN(Sb)NS  − 2.91  2.91  –  6.24  − 3.24  3.24  –  8.75 
FPV/BN(Sb)NS  − 4.30  4.30  47.42  7.02  − 4.49  4.49  38.91  11.48  
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towards the FPV drug. But among the nanosheets, Al and In doped BNNS 
show high reactivity for FPV drug which is consistent with adsorption 
energy, HOMO and LUMO energies. 

3.7. Work function 

Work function (φ) is another vital investigation for drug sensing 
which has been studied. If the FPV drug is affecting the work function of 
the nanosheets, it affects the gate voltage which produces an electrical 
signal, helping the chemical recognition. By definition, work function is 
assume to be the minimum energy required to remove an electron from a 
solid surface to vacuum instantaneously and defined as follows [13], 

φ = Ve(+∞) − EF (10)  

where, EF and φ correspond to the Fermi level and work function, Ve(+∞) 
is the electrostatic potential of an electron distant from the surface 
which we can consider to be zero i.e., Ve(+∞) = 0. Hence, the work 

function is numerically equal to the Fermi level energy, φ = − Ef. 
The field emission characteristics of the nanosheet are altered by 

varying work function which may consequently end up in changing the 
gate voltage. This is well explained by the Richardson-Dushman equa-
tion [58], 

j = AT2e(− φ/kT) (11) 

j = electron current density emitted from the surface of a material. 
K = Boltzmann constant. 
T = Temperature. 
A = Richardson constant (A/m2). 
The change of work function after adsorption can be calculated by 

the following formula [59]: 

Δφ =
φf − φi

φi
× 100% (12)  

where, φi = initial work function of nanosheets (before adsorption). 
φf = final work function of nanosheets (after adsorption of drug 

Fig. 8. Comparison of (a) chemical potential, (b) Hardness and (c) Softness between nanosheets and complexes.  
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molecule). 
Table 4 illustrates the computed work functions in gas as well as 

water media and also shows the change in work functions after 
adsorption of FPV drug. In our observation, the work function of the 
nanosheets such as BNNS and Al, Ga and In doped BNNS are 3.64, 3.66, 
3.67 and 3.70 eV but after adsorption of FPV drug on the nanosheets, the 
work functions are shifted to 4.42, 4.78, 4.60 and 4.86 eV. That is, the 
work functions are changed by 21.37 %, 30.59 %, 25.21 % and 31.20 % 
respectively. On the other hand, the pentavalent doped (P, As and Sb) 
BNNS, the change in work functions have been found about 28.21 %, 
39.78 % and 47.42 % respectively. Therefore, the doped nanosheets 
show high change in work function which enhance the chemical 
recognition during adsorption process. In the solvent media like water 
media, the change in work functions slightly reduce with respect to gas 
media except BNNS. The comparison of the change in work function (% 
φ) between gas and water phases is shown in Fig. 7. 

3.8. Solvation effect 

It has been earlier mentioned that the solvation effect has been 
performed for investigating the effect of solvent media like water of 
dielectric constant 78.54 by employing the conductor-like screening 
model (COSMO) method on the complexes [60]. Since the human body 
is mainly made of water, it is essential to investigate the adsorption 
behavior with solubility of FPV drug on the nanosheets in water solvent 
media. The adsorption behavior, solubility and work function of FPV 
drug on the nanosheets in the water media has been discussed previ-
ously. In this section, solvation energy with COSMO surface of the 
complexes will be discussed. 

To search the stability of the complexes in the water media, we have 
calculated solvation energy of the complexes by using the following 
equation [57], 

Esol = Ewater − Egas (13) 

Where Ewater is the total energy of the complexes in the water media 

and Egas is the total energy of the complexes in the gas media. The -
stability of complexes in the aqueous medium is confirmed by the -
negative value of solvation energy [61]. Our calculated solvation energy 
for all complexes are negative values which are − 1.19, − 1.32, − 1.27, 
− 1.40, − 1.31, − 1.18 and − 1.13 eV for BNNS and Al, Ga, In, P, As and Sb 
doped BNNS with FPV complexes respectively. Among the calculated 
values, Al and In doped BNNS shows high solvation energy which means 
that these two complexes show more stability in the water media. 

COSMO surface investigation has been performed to get more insight 
into the solvent effect on the complexes [38]. The polar nature of our 
complexes has been confirmed by the dipole moment analysis where we 
found that all the complexes show high polarity in the water media. To 
visualize the polarity of the complexes, we further analyze the COSMO 
surface of the complexes which indicates the different polar region of the 
complexes in water solvent media (Fig. 9). In Fig. 9, red segment implies 
the negative region of polarity whereas blue segment indicates the 
positive region of polarity. And the green region means the non-polar 
portion of the complex. It is clearly seen that all complexes contain 
the negative and positive portion on the surface which confirm the po-
larity of the complexes. 

4. Conclusions 

Favipiravir is one of the most effective antiviral drug which plays an 
important role in the treatment of COVID-19. To overcome the diffi-
culties such as side effects, mechanism of actions etc. of Favipiravir, 
nanotechnology can be used to deliver the FPV drug. In our investiga-
tion, some promising nanomaterials which are pristine BNNS and 
trivalent (Al, Ga and In) and pentavalent (P, As and Sb) atoms doped 
BNNS have been taken into consideration for drug carriers for the 
treatment of COVID-19. All calculations have been carried out by taking 
GGA-PBE functional in DFT. Our adsorption energy analysis suggested 
that all nanosheets are displayed an attractive interaction with FPV 
drug. But among the nanosheets In doped BNNS shows more adsorption 
behavior i.e., FPV interacts with BN(In)NS in a favorable range of 

Fig. 9. COSMO surface of (a) FPV/BN(Al)NS (b) FPV/BN(Ga)NS, (c) FPV/BN(In)NS, (d) FPV/BN(P)NS, (e) FPV/BN(As)NS and (f) FPV/BN(Sb)NS complexes.  

A. Akter Piya et al.                                                                                                                                                                                                                             



Computational and Theoretical Chemistry 1217 (2022) 113902

11

interaction energy with transferring significant amount of charge. It is 
found that FPV adsorbs on BN(In)NS by − 2.44 and − 2.38 eV adsorption 
energies with transferring the amount of charges of about 0.202e and 
0.27e to the nanosheet in both media. The frontier molecular orbital 
analysis proposed that the HOMO and LUMO energies are greatly 
affected by the adsorption of FPV drug on the In doped BNNS. Energy 
gap drastically reduces by about 38.30 % in gas media and 64.07 % in 
water media which confirms the highest sensitivity. Similar results are 
found from the global indices and work function analysis in which 31.2 
% and 28.51 % of change in work function have been found in gas and 
water media. Dipole moment and COSMO surface analysis show that in 
water solvent media, the FPV/BN(In)NS complex show high polarity in 
the presence of water media which is 12.4 Debye. Therefore, from the 
above analysis it is clearly seen that dopant In atom greatly modifies the 
BNNS and enhances the adsorption behavior along with sensitivity, 
reactivity, polarity etc. towards the FPV drug. 
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