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A B S T R A C T

Drug delivery has become a pivotal strategy in medical research, aiming for precise delivery near cells while 
minimizing unwanted effects. In this study, we have used density functional theory (DFT) calculations at the 
B3LYP/6-311G(d,p) basis set to explore the potential of Cu-modified boron nitride (B12N12) nanocages as smart 
nanocarriers for delivering the Favipiravir (FAV) drug. This study examined the adsorption energy, electronic 
features, and thermodynamic properties (ΔG and ΔH) of FAV with B12N12 and Cu-modified B12N12 nanocages, 
revealing enhanced drug-delivery capacity with notable physisorption and negative adsorption energies. A 
comprehensive analysis confirmed FAV’s interaction with Cu-modified B12N12 nanocages, involving frontier 
molecular orbitals, adsorption energy, fractional charge transfer, molecular electrostatic potential (MEP), non- 
covalent interaction (NCI), and natural bond orbital (NBO) assessments. The analyses of frontier molecular or
bitals (FMO), partial density of states (PDOS), and natural bond orbital (NBO) indicate that nanocages act as 
charge acceptors, while the drug acts as a charge donor during the adsorption process. Among the various Cu- 
modified B12N12 nanocages studied, Cu-doped CuB11N12 emerged as the most promising candidate for trans
porting FAV, showcasing notably moderate recovery time (ranging from 29.01 ms to 7.25 s at 298.15 K). 
Remarkably, the CuB11N12 system exhibited exceptional electronic sensitivity (ΔEgap = 65.38 %) to the FAV 
drug, surpassing other modified systems. Among the modified cases, the Cu-decorated Cu@b64 and Cu@b66 
nanocages showed the most significant decrease in energy levels before and after FAV absorption, reducing from 
3.28 eV and 3.33 eV to 1.54 eV and 1.59 eV, respectively. This elucidation may lay the foundation for developing 
effective drug-delivery systems using nanocages for targeted therapies. In conclusion, this study offers a 
comprehensive insight into the interaction mechanism between the FAV drug and B12N12, unveiling the potential 
of Cu-modified B12N12 nanocages as promising candidates for delivering the FAV drug.

1. Introduction

FAV has gained attention for its broad-spectrum inhibitory potential 
in the treatment of RNA viral infections such as COVID-19 [1–3]. Pri
marily developed by Shi et al. [4], its exact introduction in COVID-19 
treatment remains unclear [5]. FAV, though a universal inhibitor, has 
notable harmful aspect such as teratogenicity, weight loss, vomiting, 
hyperuricemia, liver damage, and renal injury [6]. To minimize adverse 
fallouts and increase particularity, smart and effective drug delivery 
systems for FAV must be developed. This approach enhances efficacy 
and minimizes side effects, providing a chosen and safer treatment for 
patients.

Nanomaterials are essential in nanoscience and nanotechnology due 
to their unique optical, magnetic, and electrical properties [7]. Due to 
their potential applications in diverse fields, such as medicine, elec
tronics, and the chemical industry, researchers have shown a significant 
interest in these features [8]. Due to their versatility, there is a strong 
demand for the development of advanced, cost-effective sensing mate
rials that can detect and reduce the adverse effects of drugs like FAV [9]. 
Due to their high adsorption capacities, excellent sensing performance, 
fast detection potential, and cramped electronic configurations within 
clusters, they are the perfect choice [10–14].

The stability of boron nitride nanocages, particularly small fullerene- 
type structures such as (B12N12), makes them valuable for biosensing 
applications [13,15]. The sensing capabilities of these structures can be 
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enhanced by doping with transition metal atoms [16–18], an approach 
known to improve sensor performance, along with C-doping [19].

Jensen and Toftlundt showed that B12N12 nanostructures were 
structurally strong and identified six tetragonal and eight hexagonal 
rings in four potential nanostructures via HF and MP2 methods [20]. 
The stability of the B12N12 nanocage was confirmed through theoretical 
research conducted after the fundamental study [21–23]. Oku et al. [24]
later experimentally synthesized the B12N12 nanocage via arc-melting, 
validating earlier theoretical findings [20,21,23]. Significant efforts 
have been made to synthesize fullerene-like boron nitride nanocages 
[25–27] and Zhu et al. [25] successfully produced B12N12 nanocages in 
large quantities using a homemade B–N–O precursor.

Multiple research groups have examined how size and doping affect 
nanomaterials, concentrating on drug-bearing performance and physi
cochemical properties to enhance device capacity. Kurban et al. inves
tigated the size-dependent adsorption performance of ZnO nanoclusters 
for drug delivery operations [28]. The sensing, electronic, and optical 
properties of boron nitride nanostructures were investigated by Muz et 
al. who observed how these properties change with diameter and size 
[29,30]. Assessing the cytotoxicity of nanomaterials is pivotal for their 
suitability in biological applications. Recent investigations have found 
the cytotoxicity and biocompatibility of carbon and BN nanostructures 
to be promising [31–33]. Researchers have extensively used DFT 
computational techniques to study both boron nitrides and drugs like 
FAV [34]. Cao et al. examined the adsorption behavior of penicillamine 
on pure B12N12 using DFT methods and compared it with its behavior in 
solvents like water and chloroform [35]. The drug was shown to have 
chemisorbed onto the nanocages and had high reactivity and conduc
tivity, as indicated by their results and supported by thermodynamic 
studies. The influence of B, Si, and Al-modified fullerene C60 on 
adsorption of 5-FU was studied by Hazrati and Hadipour, which pro
vided insight into their adsorption capabilities [36]. Furthermore, there 
have been extensive theoretical and experimental studies that have 
examined how pharmaceutical drugs adsorb onto BN nanomaterials 
[37], highlighting their diverse potential applications. To explore drug 
delivery efficiency, research on 5-ALA with B12N12 and B16N16 nano
clusters provided valuable information into the potential of these 
nanocages for drug delivery [38]. The ability of Si-doped and undoped 
fullerene (C60) to sense the FAV drug molecule was investigated by 

Parlak et al. [39]. Recent studies by Rad et al. [40] examined the sensing 
capabilities of first-row transition metal-doped fullerenes (C20) for FAV, 
indicating that Fe, Cr, and Ni-doped fullerenes may serve as effective 
drug carriers for COVID-19 treatment. Guo et al. carried out extensive 
theoretical and experimental research on BN nanomaterials and their 
doped derivatives to assess their potential for melphalan adsorption and 
detection [41]. Moreover, several investigations in the literature have 
demonstrated that B12N12 and its derivatives possess the capability to 
adsorb a wide array of medications, comprising 5-Fluorouracil [42–44], 
Sulfasalazine [45], Naproxen [46], Serine [47], Fluoroquinolone [48], 
Metformin [49], Chlormethine [50], Amphetamine [51], Flucytosine 
[52], Emodin [53], Azacitidine [54], Mercaptopyridine [55], Curcumin 
[56,57], penicillamine [58], Favipiravir [59–62], Aloe-emodin [63], 
Thiazole [64], Cladribine [65], Alprazolam [66], Allopurinol [67], Hy
droxyurea [68], 1,3,4-oxadiazole [69], Hydroxyurea [70,71], Gemi
floxacin [72], Ciprofloxacin [73], isoniazid [74], 6-Thioguanine [75], 
Temozolomide [76], Procarbazine [77], ifosfamide [78,79], Dacarba
zine [80], Sulfasalazine [81], Carmustine [82], and Nitrosourea [83,84]. 
The significant potential of nanocage clusters in biomedicine, which 
includes biosensing, bioimaging, and targeted delivery of biological and 
medicinal substances, is brought to the attention in these achievements.

Intermolecular interactions between the FAV drug and Cu-modified 
B12N12 nanocages are very important. These interactions determine 
the stability, orientation, and effectiveness of the drug delivery system. 
Strong forces like hydrogen bonding, van der Waals interactions (vdW), 
and electrostatic attractions help the FAV drug bind firmly to the 
nanocages. This secure attachment is crucial for transporting the drug to 
the target site. These interactions also affect adsorption and deformation 
energies, which show positive values indicating some distortion. Un
derstanding and improving these interactions can make the drug de
livery system more efficient and effective, leading to better treatment 
results.

Despite advancements, the adsorption of FAV onto B12N12 fullerenes 
modified with late transition metals like copper remains unexplored. 
Early transition metals bind tightly to these surfaces, making separation 
difficult. In contrast, late transition metals, like copper, exhibit more 
reasonable affinity for binding to these surfaces. A previous study has 
demonstrated the energetically stable nature of Cu-modified nanocages, 
such as doped (CuB11N12 and B12N11Cu), decorated (Cu@b64 and 

Parameters used in formulas and abbreviations

Abbr. Parameters
Ecoh Cohesive energy
P Total Number of atoms
E Energy
Enanocgae Energy of nanocage surface
Eg Energy gap
EHOMO Energy of highest occupied molecular orbital
ELUMO Energy of lowest unoccupied molecular orbital
ΔЕγ Electronic sensitivity value
Eg(nanocage-FAV) Band gap of nanocage-FAV complex
Eg(nanocage) Band gap of nanocage
Eads Adsorption energy
Eads,CP Basis set superposition error corrected adsorption energy
Eint Interaction energy
EFAV Energy of FAV drug
Φ Work function
Vel(þ∞) vacuum electrostatic potential energy
EF Fermi energy level
j Current density
A Richardson constant
Egas Total energy of the complex in gas phase

Ewater Total energy of the complex in water media
QCT Charge transfer
ω Electrophilicity index
μ Electronic chemical potential
S Chemical softness
η Chemical hardness
CPCM Conductor-like polarizable continuum model
DOS Density of States
NCI non-covalent interactions
VMD Visual molecular dynamics
RDG Reduced density gradient
τ Recovery Time
ν Frequency
σ Rate constant
ΔΣ Entropy
ΔН Enthalpy
ΔΓ Gibbs free energy
T Temperature
Κ Boltzmann’s constant
ρ(r) Electron Density
S(r) Reduced density gradient
Esol Solvation energy
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Cu@b66), and encapsulated Cu@B12N12 [85]. These observations 
motivated the development of a system employing Cu-modification on 
B12N12 to effectively bind the FAV drug and aid in its removal from toxic 
environments.

The objective of this study is to identify materials that possess the 
most potent drug-carrying and sensing capabilities for the FAV drug, 
with a focus on both unmodified and Cu-modified boron nitride (B12N12) 
nanocages. The B12N12 nanosurface was systematically modified by 
incorporating Cu metal in doped, decorated, and encapsulated positions. 
DFT methods were used to analyze structural, physical, electronic, 
adsorption, and thermodynamic properties theoretically in order to 
identify a suitable drug-carrying agent for FAV. The results of this study 
may offer valuable insights for designing drug carriers and 
nanomaterial-based sensors for favipiravir.

2. Computational methodology

This study thoroughly examined the potential of the Cu-modified 
B12N12 nanocarrier to adsorb Favipiravir (FAV). In this research, we 
used GaussView 6 to design the drug molecule and Cu-modified B12N12 
nanocages, and Gaussian16 program [86] to optimize their minimum 
energy structures. Density functional theory (DFT) calculations were 
conducted to examine the adsorption phenomenon and interaction 
probability between the FAV drug and Cu-modified B12N12. Researchers 
may utilize different approaches to examine the desired feature. How
ever, Fig. S1 outlines a standard procedure for conducting DFT calcu
lations. Optimization and energy calculations for various configurations 
of the drug and Cu-modified B12N12 were performed using the B3LYP 
functional and the 6-311G(d,p) basis set, due to their well-established 
accuracy and reliability in computational chemistry which extensively 
used for nanocluster investigations [87,88]. Vibrational frequencies 
were calculated for the optimized geometries to confirm they were true 
minima, as evidenced by the absence of imaginary frequencies. A scaling 
factor of 0.957 was applied to the vibrational frequencies. The structures 
studied were neutral (total charge of zero) and stabilized with a singlet 
multiplicity (M=2S+1, where S is the total spin) for the CuB11N12 and 
B12N11Cu nanocages, while a doublet multiplicity was used for the 
Cu@b64, Cu@b66, and Cu@B12N12 nanocages.

To assess the structural stability of the nanocages, the cohesive en
ergy (Ecoh) was computed using Eq. (1); [53,89]

Ecoh =
1
P
(Enanocage − xEB − yEN − zECu) (1) 

where, Enanocage represents the total energy of the nanocages(pure and 
Cu-modified); EB, EN, and ECu represent the energies of boron (B), ni
trogen (N), and the doped metal (Cu), respectively. The quantities x, y, 
and z represent the number of boron, nitrogen, and doped metal atoms, 
respectively, while P denotes the total number of atoms in the system. 
Notably, z = 0 indicated pristine structure, while z = 1 represented Cu- 
modified structures, including CuB11N12 and B12N11Cu (doped struc
tures), Cu@b66 and Cu@b64 (decorated structures), and Cu@B12N12 
(encapsulated structure). The Eg value is defined as Eq. (2); 

Eg = EHOMO − ELUMO (2) 

The Eg value, which identifies the energy gap between the energy of 
highest occupied molecular orbital (EHOMO) and energy of the lowest 
unoccupied molecular orbital (ELUMO), has major significance in un
derstanding electronics and reactivity.

For the evaluation of the electronic sensitivity value (ΔEg) regarding 
the interaction between FAV and either pure B12N12 or Cu-modified 
B12N12 nanocages, we analyzed their band gap (Eg). The electronic 
sensitivity value (ΔEg) for the interaction between FAV drug and pure 
B12N12 or Cu-modified B12N12 nanocages was calculated as Eq. (3); 

ΔEg =

[
(Egap(nanocage− FAV) − Egap(nanocage))

Egap(nanocage)

]

× 100% (3) 

where ΔEg denotes the electronic sensitivity value, Eg(nanocage-FAV) stands 
for the band gap of B12N12-FAV or Cu-modified B12N12-FAV complexes, 
Eg(nanocage) is the band gap of pure B12N12 or Cu-modified B12N12 
nanocages respectively.

The Eads value for the interaction between FAV drug molecule and 
B12N12 or Cu − modified B12N12 nanocages were calculated as following 
Eqs. 4–6; 

Eads = E(nanocage− FAV) − (E(nanocage) + E(FAV)) (4) 

Eads,CP = Eads + EBSSE (5) 

Eint = ENanocage− FAV − (EFAV in complex + Enanocage in complex) (6) 

where E(nanocage-FAV) is the energy of the FAV-bonded B12N12 or Cu- 
modified B12N12 complexes, E(nanocage) is the energy of pure B12N12 or 
Cu-modified B12N12 nanocages, E(FAV) is the energy of the FAV drug 
molecule and EBSSE is the basis set superposition error(BSSE). Also Eint 
denotes the interaction energy. For the interaction energy, EFAV in complex 
and Enanocage in complex refer to the energies of the FAV and B12N12 based 
on their respective coordinates in the optimized FAV•••Cu-modified 
B12N12 complexes. The BSSE-corrected adsorption energy was computed 
using the counterpoise (CP) method, following the approach established 
by Boys and Bernadi [90]. Assessing electronic charge transfer (QCT) 
meant analyzing the charge difference between FAV molecules adsorbed 
onto B12N12 or Cu-B12N12 and the unbound FAV drug, which was esti
mated as Eq. (7); 

QCT = Q(nanocage− FAV) − Q(FAV) (7) 

where Q(nanocage-FAV) and Q(FAV) represent the charges of FAV molecule 
adsorbed on B12N12 or Cu-modified nanocages and isolated FAV drug, 
respectively.

Quantum molecular descriptors such as the electrophilicity index 
(ω), electronic chemical potential (μ), chemical softness (S), and 
chemical hardness (η) were calculated using equations 10–13 [61]. The 
effect of water solvents on FAV drug interactions with adsorbents is 
analyzed using a self-consistent reaction field (SCRF) method within the 
conductor-like polarizable continuum model (CPCM) [91,92].

GaussSum, a valuable tool, was employed to generate density of 
states (DOS) [93] spectra, offering comprehensive insights into the 
orbital composition. This approach aids in visualizing the distribution 
and composition of orbitals, allowing for a better understanding of 
electronic structures.

To visualize the non-covalent interactions (NCI) between the drug 
and the adsorbent, we utilized the VMD [94] program. Additionally, the 
analysis of reduced density gradient (RDG) was conducted using the 
Multiwfn 3.7 [95] software. Shamsa Bibi et al. used the DFT B3LYP 
method with 6-31G(d,p) basis set without dispersion correction to 
calculate non-covalent interactions (NCI) [96]. These methodologies 
enable us to gain a comprehensive understanding of the charge distri
bution, orbital composition, and the nature of non-covalent interactions 
between the drug and the adsorbent.

3. Results and Discussion

3.1. Structural, electronic properties and adsorption site analyses

The optimized B12N12 nanocage, obtained using the B3LYP/6-311G 
(d,p) basis set, is illustrated in Fig. 1a. The B12N12 nanocage is highly 
stable, with equivalent nitrogen and boron sites. It consists of six 
tetragonal (4-membered) rings and eight hexagonal (6-membered) 
rings. The B-N bond lengths vary depending on their positions. The 
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optimized B-N bond length of pristine B12N12 between two hexagonal 
rings (b66) is 1.438 Å, while the B-N bond between a tetragonal and a 
hexagonal ring (b64) is 1.486 Å. These findings are consistent with 
previous theoretical research studies [97–99].This study explored 
various sites for modifying Cu on B12N12 nanocages, including doped, 
decorated, and encapsulated configurations. The sites were designated 
as follows: (i) doped CuB11N12, (ii) doped B12N11Cu, (iii) b66 (Cu 
decoration between two hexagonal rings), (iv) b64 (Cu placement be
tween a tetragonal and hexagonal ring), (v) Btop (Cu positioning on 
boron top), (vi) Ntop (Cu placement on nitrogen top), (vii) r6 (Cu posi
tioning on the center top of the hexagonal ring), and (viii) r4 (Cu 
placement on top of the tetragonal ring). Despite attempts at all 
mentioned positions, five optimized structures were achieved: doped 
configurations (CuB11N12 and B12N11Cu, involving the substitution of a 
B and N atom with a Cu atom, respectively), decorated structures 
(Cu@b66 and Cu@b64, where a Cu atom is positioned on the bond be
tween two hexagonal rings and between a tetragonal and hexagonal 
ring, respectively), and an encapsulated structure (Cu@B12N12, with a 
Cu atom positioned within the B12N12 nanocage). Some other initial 
input geometries like Cu on top of B and N atom transformed into these 
final configurations during the optimization process. Fig. 1b and c 
exhibit the Cu-doped nanocages, CuB11N12 and B12N11Cu, respectively. 
Substituting either a B or N atom with a Cu atom resulted in structural 
deformation in the initial B12N12 nanocage. The protrusion of the Cu 
atom from the nanocage surface was notable, which was attributed to its 
larger atomic radius compared to B and N atoms. In the optimized 
CuB11N12 nanocage, the longest Cu-B bond length was 1.898 Å, and the 
shortest Cu-B bond length was 1.874 Å. This effect was more pro
nounced in the B12N11Cu nanocage. In B12N11Cu, the longest Cu-B bond 
length was 2.038 Å, and the shortest Cu-B bond length was 1.936 Å. 
Fig. 1d and e depict two potential copper-decorated structures: Cu@b64 
(Cu bonded between a hexagonal and a tetragonal ring) and Cu@b66 (Cu 
bonded between two hexagonal rings), respectively. In Cu@b66, the 
longest B-N bond length was 1.511 Å, 0.073 Å greater than in pure 
B12N12. In Cu@b64, the longest bond length was 1.596 Å, 0.004 Å longer 
than in the pristine structure. Fig. 1f illustrates the Cu atom encapsu
lated within a B12N12 nanocage (Cu@B12N12), showcasing B− N bond 
lengths (b66 = 1.427 Å and b64 = 1.482 Å) signifying the Cu atom’s 
perfectly housed inside the B12N12 nanocage [89,100]. The bond lengths 

(b66 and b64) deviate slightly from those of the original pristine B12N12 
nanocage. The results in Table 1 indicate that the optimized B12N12 
nanocage structures exhibited a zero dipole moment and an Eg of 6.74 
eV, which is consistent with previous theoretical research [98,101]. The 
Ecoh values of the five Cu-modified nanocages (CuB11N12, B12N11Cu, 
Cu@b66, Cu@b64, and Cu@B12N12) were − 7.05, − 6.94, − 7.08, − 7.08, 
and − 6.87 eV respectively, compared to − 7.32 eV for the pristine B12N12 
nanocage. Therefore, the B12N12 nanocage with an Ecoh value of − 7.32 
eV demonstrates greater stability than the five copper-modified nanoc
ages. However, despite the negative Ecoh values, the Cu-modified B12N12 
nanocages are feasible and viable. Similar findings were noted in the 
doping of B12N12 with Mn and Fe, [18] and the encapsulation of 3d, 4d, 
or 5d transition metal (TM) atoms within a B12N12 nanocage [100]. 
Nonetheless, we observed a significant decrease in Eg values ranging 
from 1.82 to 3.33 eV upon Cu-modification. These results align with 
prior research on Cu-decorated B12N12 nanocages, [17,102] the doping 
of B12N12 with Al, Ga, and Sc, [98] and the encapsulation of Fe, Co, Ni, 
Cu, and Zn atoms in the B12N12 nanocage [89]. Among the five Cu- 
modified systems, the CuB11N12-doped nanocage exhibited the most 
prominent band gap change. Conversely, an increase in the dipole 
moment was observed, ranging from 2.05 to 3.17 D, with a more pro
nounced effect seen in the Cu@B12N12 encapsulated nanocage. These 
modifications indicate varied interactions with the FAV molecule. Ge
ometry optimization of B12N12 and Cu-modified B12N12 nanocages with 
the FAV drug was conducted to assess their potential as drug delivery 
carriers, employing MEP and adsorption energy calculations to identify 
active sites and interaction mechanisms with FAV. We explored the 

Fig. 1. Optimized structures for (a) isolated B12N12, (b) CuB11N12, (c) B12N11Cu,(d)Cu@b64(e) Cu@b66, and (f) Cu@B12N12 nanocages.

Table 1 
Calculated Values of Cohesive Energy(Ecoh), Dipole Moment(μD), HOMO Energy 
(EH), LUMO Energy(EL), Band Gap(Eg) and Fermi Energy Level(EF) for the Iso
lated Systems and Favipiravir Drug in gas phase.

System Ecoh(eV) μD(Debye) EH(eV) EL(eV) Eg(eV) EF(eV)

B12N12 − 7.32 0.0 − 7.85 − 1.11 6.74 − 4.48
CuB11N12 − 7.05 2.05 − 6.99 − 5.17 1.82 − 6.08
B12N11Cu − 6.94 2.34 − 5.30 − 2.49 2.81 − 3.90
Cu@b64 − 7.08 2.12 − 4.93 − 1.65 3.28 − 3.29
Cu@b66 − 7.08 2.20 − 4.90 − 1.57 3.33 − 3.24
Cu@B12N12 − 6.87 3.17 − 4.28 − 1.72 2.56 − 3.0
FAV − 3.25 − 7.11 − 2.57 4.54 − 4.84
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interaction between the FAV drug and the pristine B12N12 nanocage, 
examining various orientations (both vertical and horizontal). Ulti
mately, FAV aligns vertically in both initial orientations on the nanocage 
(Fig. S2).Through this exploration, we identified three distinct geome
tries, termed A1, A2, and A3 (Fig. 2), each showcasing a different 
orientation of the FAV drug on the B12N12 nanocage. We employed three 
different functionals, B3LYP, wB97XD and M06-2X, using the same basis 
set for the adsorption energy calculations. In the scenarios, the structure 
with the lowest energy corresponded to A1, demonstrating adsorption 
energies of − 16.57, − 24.22 and − 24.18 kcal mol− 1(Table S1) respec
tively. In the B3LYP case, there is a slight deviation from the A2 ge
ometry. In contrast, in the A3 geometry, the bond length between FAV 
and the B12N12 nanocage extends to 1.739 Å, resulting in a lower 
adsorption energy of − 3.12 kcal mol− 1. The difference in adsorption 
energies is due to the increased distance between the oxygen (from the 
carbonyl group of FAV) and the B12N12 nanocage, as well as between the 
nitrogen from the benzene ring and the nanocage. Strong adsorptions 
usually occur at shorter distances, as seen in the A1 and A2 orientations. 
The O and N atoms also show negative MEP, indicating their tendency to 
interact with the positively charged B atoms of the B12N12 cage. Like
wise, the N atom of B12N12 displays negative MEP, as shown in Fig. 2, is 
more relevant for the electrophilic attack by H atoms of FAV. This is 
supported by the average local ionization energy (ALIE) [103], which 
confirms these points as preferential sites for electrophilic attack. Based 
on MEP maps calculations and ALIE [103] analyses from the literature, 
different initial configurations of B12N12-FAV complexes were con
structed by considering electrostatic attraction, with the resulting most 
stable complexes shown in Fig. 2.

Fig. 3 illustrates the labeled adsorption of FAV on the Cu-modified 
boron nitride nanocages, while Table S2 presents the calculated bond 
lengths before and after the interaction with the FAV drug. A significant 
hike in bond length was noted during the adsorption of FAV on the 
pristine B12N12 nanocage, from 1.58 Å to 1.68 Å. In the CuB11N12-FAV 
complex, the Cu13-N30 bond increased from 1.83 Å to 1.98 Å, the N1-O34 
bond increased from 2.62 Å to 3.32 Å, while the N11-H29 bond decreased 
slightly from 3.62 Å to 2.71 Å. Similarly, in the B12N11Cu-FAV complex, 
the Cu12-N30 bond increased from 1.82 Å to 1.96 Å. In the Cu@b64-FAV 

and Cu@b66-FAV complexes, the bond lengths of Cu25-N31 increased 
from 1.81 Å to 1.85 Å and 1.84 Å to 1.89 Å, respectively. The 
Cu@B12N12-FAV complex exhibited a notable decrease in the B8-N31 
bond length, decreasing significantly from 1.86 Å to 1.51 Å, indicating a 
decrement of 0.35 Å. These shifts in bond lengths indicate an enlarge
ment within the complexes, reflecting heightened reactivity after 
adsorption. The optimized bond lengths in the interacting complexes 
followed a trend: Cu@b64-FAV~Cu@b66-FAV (1.85 Å) < B12N11Cu- 
FAV (1.96 Å) < CuB11N12-FAV (1.98 Å). This pattern indicates that 
Cu@b64-FAV~Cu@b66-FAV complexes exhibit moderate interaction 
distances of 1.85 Å, while CuB11N12-FAV~B12N11Cu-FAV complexes 
show longer interaction bond lengths of 1.96 Å and 1.98 Å, respectively.

3.2. Analyses of FAV drug adsorption on Cu-modified B12N12 nanocages

To assess the capacity of both the pristine B12N12 and its copper Cu- 
modified nanocages as carriers for the delivery of FAV drug, we per
formed adsorption energy calculations both in gas phase and solvent 
phase utilizing density functional theory (DFT) at the B3LYP/6-311G(d, 
p) basis set. Fig. 3 illustrates the stable configurations of the FAV drug 
adsorbed on Cu-modified B12N12 nanocages. The calculated adsorption 
energies of Cu-modified boron nitride nanocages (CuB11N12, B12N11Cu, 
Cu@b64, Cu@b66, and Cu@B12B12) are presented in Table 2. Earlier 
studies by Mohsen Asle Zaeem et al. [104] and Tanveer Hussain et al. 
[105] characterized an Eads value of ± 1 eV (±23 kcal mol− 1) as weak 
chemisorption or strong physisorption. In this study aimed at drug de
livery of FAV in biosystems, strong physisorption was observed in 
CuB11N12-FAV and B12N11Cu-FAV complexes, while Cu@b64-FAV, 
Cu@b66-FAV, and Cu@B12N12-FAV complexes showed chemisorption 
interactions. This indicates that the Cu-modified B12N12 nanocages 
exhibit strong adsorption of the FAV drug, demonstrating their potential 
for drug delivery. The negative values of Eads observed for all drug- 
delivery complexes, affirm the stable adsorption of various FAV drug 
orientations on the Cu-modified B12N12 nanocages. The adsorption en
ergy ranged from − 20.41 to − 56.58 kcal mol− 1 and the trend was 
Cu@B12N12-FAV>Cu@b66-FAV>Cu@b64-FAV>B12N11Cu- 
FAV>CuB11N12-FAV respectively. The highest adsorption of − 56.58 

Fig. 2. Representations of MFP of B12N12 (a), MEP of FAV drug (b); optimized structures of A1(c), A2 (d), A3 (e); and MEPs of A1 (f), A2 (g) and A3 (h).
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kcal mol− 1 occurs in the Cu@B12N12-FAV complex, while the smallest, 
− 20.41 kcal mol− 1, occurs in the CuB11N12-FAV complex.

The BSSE-corrected adsorption energy was calculated using the 
counterpoise (CP) formalism according to the Boys and Bernardi method 
[90].The BSSE energies of Cu-modified B12N12-FAV complexes, ranging 
from 4.17 to 16.71, are detailed in Table S3. The BSSE energies of the 
complexes CuB11N12-FAV, B12N11Cu-FAV, Cu@b64-FAV, Cu@b66-FAV 
and Cu@B12N12-FAV are 9.02, 9.32, 16.71, 16.69 and 4.17 kcal mol− 1 

respectively. In this study, the adsorption energy and BSSE-corrected 
adsorption energy were also calculated using the M06-2X/6-311G(d,p) 
basis set and are summarized in Table S4. The computed Eads and 
BSSE-corrected energies (EBSSE) are shown in Table 2, ranging from 
− 21.41 to − 56.58 kcal mol− 1 and − 11.39 to − 52.41 kcal mol− 1, 
respectively. The FAV drug adsorption energies on original and Cu- 
modified B12N12 nanocages(CuB11N12-FAV, B12N11Cu-FAV, Cu@b64- 
FAV, Cu@b66-FAV and Cu@B12N12-FAV) are − 16,57, − 20.41, 
− 28.61, − 45.61, − 45.68, and − 56.58 kcal mol− 1 respectively. Modified 
nanocages usually exhibit improved drug adsorption compared to the 
original, with the exception of the Cu-doped ones. Fig. 4 illustrates the 
adjustment between ZPE-adsorption energy and BSSE-corrected energy, 
emphasizing the contributions from doped transition metals. Reviews 
[106,107] indicate that lower negative BSSE-corrected adsorption en
ergies suggest more favorable drug-cage interactions.

The adsorption process increased by incorporating a Cu atom on the 
B12N12 nanocages. The results in Table 2 show that the adsorption of the 
FAV drug onto Cu-modified B12N12 nanocages occurred spontaneously 
(negative ΔG values) and was exothermic (negative ΔH values). The Eads 

Fig. 3. Representations of the optimized complexes between FAV drug and isolated nanocages with labeling (a) B12N12-FAV (b) CuB11N12-FAV, (c) B12N11Cu-FAV, 
(d) Cu@b64-FAV, (e) Cu@b66-FAV, and (f) Cu@B12N12-FAV.

Table 2 
Calculated Bond Lengths (Å) after adsorption of FAV, Interaction Energy(Eint), Adsorption Energy(Eads), BSSE-corrected adsorption energy(EBSSE), Enthalpy Change 
(ΔH), Gibbs free Energy(ΔG) in kcal mol− 1 and change in entropy(ΔS) in kcal mol− 1K− 1, of all the Studied Complexes using the Optimized Structures Obtained from 
the B3LYP/6-311G(d,p) basis set in gas phase.

systems dcage-N (Å) Eint kcal mol− 1 Eads kcal mol− 1 EBSSE kcal mol− 1 ΔH kcal mol− 1 ΔG kcal mol− 1 ΔS kcal mol− 1K− 1

B12N12-FAV 1.683 − 28.74 − 16.57 − 13.10 − 16.35 − 4.78 − 0.039
CuB11N12-FAV 1.983 − 25.97 − 20.41 − 11.39 − 15.83 − 13.19 − 0.009
B12N11Cu-FAV 1.960 − 30.14 − 28.61 − 19.29 − 28.05 − 17.25 − 0.036
Cu@b64-FAV 1.841 − 53.89 − 45.61 − 28.92 − 45.07 − 33.74 − 0.038
Cu@b66-FAV 1.849 − 54.33 − 45.68 − 28.98 − 45.14 − 33.89 − 0.038
Cu@B12N12-FAV 1.512 − 65.26 − 56.58 − 52.41 − 56.32 − 43.26 − 0.044

Fig. 4. Calculated ZPE-corrected adsorption energy vs BSSE-corrected adsorp
tion energy at the B3LYP/6–311++G (d,p) level of theory.
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values for the B12N11Cu-FAV, Cu@b64-FAV, Cu@b66-FAV, and 
Cu@B12N12-FAV complexes exceeded 27.21 kcal mol− 1, indicating a 
more negative range and limiting their sensor applicability, unlike the 
CuB11N12 nanocage. The CuB11N12 nanocage exhibited an Eads value 
(− 20.41 kcal mol− 1) between − 8.16 kcal mol− 1 and − 27.21 kcal 
mol− 1[108] suggesting a moderate interaction with FAV drug, making it 
suitable as a drug carrier. Thus, the Cu-doped CuB11N12 nanocage in
teracts with the FAV drug molecule through a strong physisorption 
(weak chemisorption) process, indicating favorable adsorp
tion–desorption behavior with a reasonable recovery time. The defor
mation energy of the complexes was calculated and summarized in 
Table S3, showing positive values and indicating distortion from the 
relaxed state. The electronic structure of the FAV drug after adsorption 
was also checked, with the HOMO at − 7.03 eV and LUMO at − 2.52 eV, 
resulting in an Eg of 4.51 eV. Before adsorption, the HOMO was − 7.11 
eV and the LUMO was − 2.57 eV, with an Eg of 4.54 eV. This indicates no 
significant change in the FAV drug’s electronic structure after adsorp
tion on the studied nanocages, showing that the adsorption process did 
not significantly alter the drug’s electronic properties.

To thoroughly examine the drug adsorption on nanocages, we 
computed the adsorption enthalpy (ΔH) and Gibbs free energy (ΔG) of 
the complexes under standard conditions (298.15 K and 1 atm). The 
negative ΔH and ΔG values indicate the spontaneity and exothermic 
nature of the adsorption process. The sequence of negative ΔG values 
(CuB11N12-FAV<B12N11Cu-FAV<Cu@b64-FAV<Cu@b66- 
FAV<Cu@B12N12-FAV) further highlights the spontaneous interaction 
between these Cu-modified B12N12 cages and FAV. Additionally, the 
study explored the potential of these nanomaterials as drug carriers.

3.3. Electronic properties

The analysis of electron densities and electronic energy levels pro
vides crucial insights into the influence of Cu-modification and FAV 
adsorption on both the pristine and Cu-modified B12N12 nanocages. The 
optimized FAV adsorbed Cu-modified B12N12 nanocages are depicted in 
Fig. 5. Table 3 details essential orbital parameters, including HOMO and 
LUMO energies, Fermi level energy (EF), and the HOMO-LUMO energy 
difference (Eg). The B12N12 nanocage demonstrates semiconductor 
characteristics with an Eg value of 6.74 eV. Specifically, it’s HOMO and 
LUMO energies are recorded as − 7.85 and − 1.11 eV, respectively, with 
an EF at − 4.48 eV. The Fermi level energy denotes the midpoint of the 

HOMO-LUMO energy gap. Introducing Cu onto the B12N12 nanocage 
induces changes in the HOMO-LUMO energies [109]. In the CuB11N12 
nanocage, the HOMO energy rises to − 6.99 eV, the LUMO energy de
creases to − 5.17 eV, narrowing the HOMO-LUMO gap to 1.82 eV, with 
the Fermi level shifting to − 6.08 eV. Conversely, in the B12N11Cu 
nanocage, the HOMO energy increases to − 5.30 eV, causing the LUMO 
energy to decrease to − 2.49 eV, resulting in a reduced HOMO-LUMO 
gap of 2.81 eV, with the Fermi level registered at − 3.90 eV. The 
changes in HOMO and LUMO energies are attributed to the stabilization 
of the LUMO and destabilization of the HOMO, respectively. In the 
decorated systems Cu@b66 and Cu@b64, the HOMO energies are 
increased from − 7.85 eV to − 4.93 and − 4.90 eV, while the LUMO en
ergies decrease from − 1.11 eV to − 1.65 and − 1.57 eV, respectively. This 
leads to energy gaps of 3.28 and 3.33 eV, with Fermi level energies at 
− 3.29 and − 3.24 eV, respectively. In the encapsulated configuration 
Cu@B12N12 nanocage, the HOMO and LUMO energies are noted as 
− 4.28 eV and − 1.72 eV, respectively. This results in an energy gap of 
2.56 eV and a Fermi level energy of − 3.00 eV respectively.

The investigation of the electronic characteristics of FAV interacting 
with Cu-modified adsorbent complexes involved an in-depth analysis of 
the HOMO, LUMO, and Frontier Molecular Orbitals (FMOs) depicted in 
Fig. 5. Notable changes in HOMO and LUMO energy levels were 
observed upon drug adsorption onto the nanocages, as shown in Fig. 5. 
The reduction in the HOMO energy level resulted in a decreased ioni
zation energy, facilitating electron movement upon FAV drug adsorp
tion. Initially, the HOMO and LUMO orbitals were uniformly distributed 
across the drug. After adsorption, the orbital distribution on the complex 
nanocages became non-uniform due to charge transfer. Post-adsorption, 
the HOMO was uniformly dispersed across the molecule, while the 
LUMO predominantly localized on the FAV, with a fraction shared be
tween the adsorbent and the drug. Notably, a substantial distribution 
area between the FAV drug and the metal-doped adsorbent was evident 
in the HOMO and LUMO orbitals, indicating strong chemical bonds and 
robust interaction between the molecules. The analysis of Frontier Mo
lecular Orbitals clarified the sensitivity and reactivity of the metal- 
doped adsorbent nanostructures. These insights guided computations 
for electron affinity (A=-ELUMO) and ionization potential (I=-EHOMO). 
The decrease in HOMO energy reduced the ionization potential, 
enhancing the complexes’ reactivity. Conversely, the electron affinity 
increased with rising ELUMO, signifying heightened reactivity, especially 
in CuB11N12-FAV. The adsorption of Cu on B12N12 nanocages shifted the 

Fig. 5. Three–dimensional maps of the HOMO-LUMO electron distribution of the complexes (a) B12N12-FAV (b) CuB11N12-FAV, (c) B12N11Cu-FAV, (d) Cu@b64-FAV, 
(e) Cu@b66-FAV, and (f) Cu@B12N12-FAV.
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HOMO towards the copper, making the metal electron-rich. However, 
being electropositive, the metal could not retain the excess electrons, 
leading to their dispersion.The relationship between the HOMO− LUMO 
gap (Eg) and conductivity is described a correlation between high energy 
levels in the newly formed HOMO and conductivity [110].The calcula
tions in this study show that LUMO energies decreased in the nanocage 
geometries compared to the pure B12N12 nanocage. After the adsorption 
of the FAV drug on Cu-modified B12N12 nanocages, there was a notice
able stabilization in both the HOMO and LUMO energies. The Fermi 
level energies for the CuB11N12-FAV, B12N11Cu-FAV, Cu@b64-FAV, 
Cu@b66-FAV, and Cu@B12N12-FAV geometries were determined as 
− 4.92 eV, − 3.93 eV, − 2.97 eV, − 2.93 eV, and − 2.96 eV, respectively. 
The adsorption of FAV on Cu resulted in reduced interaction between Cu 
and the B12N12 nanocage, leading to a decrease in the push of outer 
d electrons due to decreased coordination with the metal center. In the 
FAV-Cu-B12N12 complex, the HOMO showed higher density on the metal 
with some diffuse density within the cage. Furthermore, the energies of 
the LUMO decreased upon FAV adsorption, indicating a shift towards 
the nanocage and contributing to its stabilization through reduced en
ergy levels. The conductivity (σ) of B12N12 nanocage and its Cu-modified 
nanocages with the FAV drug can be determined as Eq. (8) as follows; 

σ ∝exp( − Eg/KT) (8) 

Where σ denotes the conductivity, Eg energy gap between HOMO- 
LUMO, Κ is the Boltzmann’s constant and T is the temperature. This 
equation suggests a significant increase in electrical conductivity with 
the reduction in the HOMO− LUMO energy gap (Eg). Our findings 
highlight significant improvements in the Cu-doped CuB11N12 nanoc
age’s sensing ability for FAV adsorption compared to pristine B12N12 
nanocages and other modified nanocages. As shown in Table 3, the QCT 
is an essential indicator for evaluating charge transfer during adsorp
tion. A QCT value below zero indicates charge transfer from the drugs to 
the carriers, while a QCT value above zero signifies charge transfer from 
the carriers to the drugs. In the studied complexes, all QCT values were 
greater than zero except for CuB11N12 nanocages, suggesting charge 
flowed from the surface to the drug in these cases [109]. The charge 
transfer amounts were 0.28 e, 0.61 e, 0.62 e, and 0.57 e for the com
plexes of B12N11Cu-FAV, Cu@b64-FAV, Cu@b66-FAV, and Cu@B12N12- 
FAV, respectively. In the case of CuB11N12, the transfer amount was 
− 0.13 e, indicating that the drug acted as a charge donor. The higher 
QCT values of the doped systems compared to the original suggest that 
doping enhances the nanocarrier’s charge transfer capability.

3.4. Dipole moment analysis

As evident from Table 3, the dipole moment of the FAV drug prior to 
adsorption is measured at 3.25 debye, signifying its polar nature. The 
dipole moments were assessed for pure B12N12, Cu-modified B12N12, and 
Cu-B12N12-FAV structures. The symmetrical nature of the pure B12N12 
cage results in a zero dipole moment. Introducing Cu onto this B12N12 
nanocage increases the dipole moment from zero to a range of 2.05 to 
3.17 D. This shift is attributed to the presence of Cu, disrupting the 
charge separation within B12N12 nanocages. For FAV-adsorbed Cu- 

modified B12N12 complexes, dipole moments range between 5.33 and 
10.16 D. The change in dipole moment upon FAV adsorption on Cu- 
modified B12N12 nanocages originates from charge transfer between 
drugs and nanocages, leading to a greater deviation in the positive and 
negative charge centers of the complex compared to the isolated system. 
Consequently, the dipole moment of the complex is increased. 
Furthermore, the enhanced dipole moment indicates that the adsorption 
on the nanocage surface facilitates more efficient drug transport within 
the body. The most significant change in dipole moment is observed 
when FAV is adsorbed on CuB11N12nanocage (10.16 D), while the 
encapsulated Cu@B12N12-FAV shows the lowest dipole moment change 
(5.33 D). It is important to highlight that the incorporation of Cu in the 
system (CuB11N12) not only amplifies the dipole moment of the complex 
but also significantly enhances the dipole moment of the drug molecules 
within the complex. This observation underscores the advantageous role 
of the Cu doping system in facilitating drug flow. The dipole moment 
trend among the FAV complexes follows as CuB11N12-FAV>Cu@b66- 
FAV>B12N11Cu-FAV>Cu@b64 > Cu@B12N12.

3.5. Density of states (DOS)

The interaction between FAV and Cu-modified B12N12 nanocages 
was confirmed through density of states (DOS) and partial density states 
(PDOS) analysis, as illustrated in Fig. 6 and Fig. S3.This analysis effec
tively illustrates the change in the energy gap (Eg) upon FAV adsorption 
onto various Cu-modified nanocages. DOS analysis quantifies the 
availability of electron states at distinct energy levels, with lower values 
indicating fewer available states and higher values indicating more 
available states. The pronounced change in Eg values post-FAV adsorp
tion on Cu-modified B12N12 nanocages is noteworthy. The Eg range re
fers to the electron excited states, indicating the energy required for 
outermost shell electrons to become charge carriers, which is crucial for 
assessing a system’s electrical conductivity. The Eg decrease observed 
after FAV interaction with Cu-modified B12N12 nanocages shifted their 
behavior towards a semiconductor, as evident from the DOS analysis in 
Fig. 6.The DOS analysis indicated that drug molecules mainly contrib
uted to the HOMO, while the Cu-modified B12N12 nanocages exhibited 
higher values in the LUMO, actively engaging in the adsorption process 
via the LUMO orbital. The distribution of the LUMO orbital corresponds 
to the substantial contribution of the PDOS of FAV to the TDOS of the 
complexes. Comparing the LUMO values among various Cu-modified 
nanocages highlighted the significant contribution of the Cu-doped 
complex to the adsorption process, implying its potential effectiveness 
as an electrochemical sensor. All nanocages exhibited bonding attributes 
within the DOS value range of 0.0 to − 15 eV. Additionally, their Fermi 
energy level values were calculated as − 5.29, − 3.93, − 2.97, − 2.93, and 
− 2.96 eV for Cu-modified CuB11N12-FAV, B12N11Cu-FAV, Cu@b64-FAV, 
Cu@b66-FAV, and Cu@B12N12-FAV complexes, respectively. These ob
servations from DOS analysis provide crucial insights into the electro
chemical behavior and adsorption characteristics of the Cu-modified 
nanocages interacting with the FAV drug.

Table 3 
Calculated Values of Dipole Moment (Debye), HOMO Energy(EH), LUMO Energy(EL), Band Gap(Eg), Electronic Sensitivity(% ΔEg), Fermi Energy Level(EF) and the 
fractional charge transfer QCT (QCT for the complexes between FAV drug and Isolated Nanocages) in gas phase.

System Dipole moment(Debye) EH(eV) EL(eV) Eg(eV) ΔEg(%) EF(eV) QCT

B12N12-FAV 10.90 − 6.80 − 3.85 2.96 56.08 − 5.33 0.06
CuB11N12-FAV 10.16 − 6.42 − 3.41 3.01 65.38 − 4.92 − 0.13
B12N11Cu-FAV 5.65 − 4.83 − 3.03 1.80 35.94 − 3.93 0.28
Cu@b64-FAV 5.39 − 3.74 − 2.20 1.54 53.04 − 2.97 0.61
Cu@b66-FAV 5.71 − 3.72 − 2.13 1.59 52.25 − 2.93 0.62
Cu@ B12N12-FAV 5.33 − 4.01 − 1.91 2.10 17.97 − 2.96 0.57
FAV 3.25 − 7.11 − 2.57 4.54 − − 4.84 −
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Fig. 6. Density of States (DOS) diagrams of isolated B12N12 (a), CuB11N12 (c), B12N11Cu (e), Cu@b64 (g), Cu@b66 (i) and (k) Cu@B12N12 nanocages before and after 
interacting with Favipiravir (B12N12-FAV(b), CuB11N12-FAV(d), B12N11Cu-FAV (f), Cu@b64-FAV (h), Cu@b66-FAV(j), and Cu@B12N12-FAV(l)).
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3.6. Global Indices of reactivity

Further investigation into the stability and reactivity of the com
plexes was conducted using global reactivity descriptors: ionization 
potential (IP), electron affinity (EA), chemical potential (μ), global 
hardness (η), electrophilicity index (ω), and global softness (S). These 
descriptors, calculated via the B3LYP/6-311G(d,p) basis set and outlined 
in Table 4, offer crucial insights. In this study, the chemical descriptors 
were calculated using the HF/STO-3G level of theory also, and the data 
are summarized in Table S5. Global hardness (η) has been associated 
with a chemical species’ resistance to deformation in an electric field, 
where lower values indicate higher reactivity and lower stability. 
Conversely, higher global softness (S) values often indicate increased 
reactivity but decreased stability. Elevated chemical potential (μ) values 
signify higher reactivity and lower stability. The electrophilicity index 
(ω) differentiates between strong and weak electrophiles. Before 
adsorption, the complexes displayed an increasing order of global 
hardness values: 0.91, 1.41, 1.64, 1.66, and 1.28 for Cu-modified 
CuB11N12, B12N11Cu, Cu@b64, Cu@b66, and Cu@ B12N12nanocages, 
respectively. Post-FAV adsorption, these values changed to 1.14, 0.90, 
0.77, 0.80, and 1.05 eV for the aforementioned complexes, indicating 
their high reactivity and low stability. Global softness values ranged 
closely from 0.4386 to 0.6494 eV. The order of chemical potential values 
was observed as Cu B11N12-FAV>B12N11Cu-FAV>Cu@b64-FAV>Cu@ 
B12N12-FAV>Cu@b66-FAV, with values of − 5.29, − 3.93, − 2.97, − 2.96, 
and − 2.93 eV, respectively. Strong electrophilic properties were iden
tified in CuB11N12-FAV (12.27 eV), B12N11Cu-FAV (8.58 eV), and 
Cu@b64-FAV (5.73 eV). While Cu-modification on B12N12 enhanced the 
electrophilicity index value, a slight reduction was observed in the Cu- 
doped nanocage. The calculated adsorption energy based on global de
scriptors ranked the complexes as B11N12-FAV>B12N11Cu- 
FAV>Cu@b64-FAV>Cu@B12N12-FAV>Cu@b66-FAV, showcasing their 
high reactivity and sensitivity. The lower electronegativity of the FAV 
drug compared to the Cu-modified adsorbent suggested an electron flow 
from FAV to the nanocages. Regarding FAV as the donor and the 
nanostructure adsorbent as the acceptor, the negative QCT values 
confirmed the electron transfer from the drug to the nanocage 
adsorbent.

3.7. NBO analysis

Natural bond orbital (NBO) analysis is a powerful tool for under
standing intra- and intermolecular bonding, hybridization, and charge 
transfer following interactions between an adsorbate and adsorbents. 
This analysis involves converting atomic orbitals (AOs) into natural 
bond orbitals (NBOs) using natural atomic orbitals (NAOs) and natural 
hybrid orbitals (NHOs). It facilitates the delocalization of electrons from 
filled Lewis-type donor NBOs to empty non-Lewis-type acceptor NBOs, 
transforming delocalized molecular orbitals into localized ones. This 

transformation significantly reflects fundamental chemical bonding 
concepts. Stabilization energy (E2), is the second order perturbation 
energy in a donor and acceptor interaction based on n→σ* or σ→σ* 

charge transfer. When FAV interacts with Cu-modified nanocages the 
highest E2 values are observed for charge transfer from lone pair of ni
trogen atom of FAV to antibond pair or anti lone pair of Cu which ranges 
from 36.03 to 41.62 kcal mol− 1. For the CuB11N12-FAV, the E2 value is 
39.08 kcal mol− 1 for n(N30(FAV)) → σ*(Cu13).For B12N11Cu-FAV, the E2 

value is 36.03 kcal mol− 1 for n(N30(FAV)) → σ*(Cu12-B20). The highest value 
of E2 for Cu@b64-FAV is 36.55 kcal mol− 1 for n(N31(FAV)) → n*Cu25 and 
for Cu@b66-FAV 41.62 kcal mol− 1 for nN31FAV→n*Cu25. However, in 
Cu@B12N12-FAV complex, the charge transfer occurs for σ → σ*. The E2 

values for bond formation between nitrogen atom of FAV and boron 
atom of nanocages are 3.11, 3.11, 2.17 and 2.15 kcal mol− 1 for σ(C26-N31 

(FAV)) → σ*(B8-N18 (nanocage)), σ(C26-N31(FAV)) → σ*(B8-N19(nanocage)), σ(C26-N31 

(FAV)) → σ*(B8(nanocage)-N31(FAV)) and σ(C27-N31(FAV)) → σ*(B8(nanocage)-N31 

(FAV)), respectively. When FAV interacts with pristine B12N12, charge 
transfer occurred for σ(B6-N24(nanocage)) → σ*(B1(nanocage)-N30(FAV)) and 
σ(C25-N30(nanocage)) → σ*(B1(nanocage)-N30(FAV)) with the E2 value of 15.24 
and 3.65 kcal mol− 1, respectively. Table S6 presents second-order 
perturbation interaction energies between filled and empty NBOs, 
emphasizing substantial charge transfer within intermolecular NBOs.

3.8. Sensor mechanisms

Measuring the work function (Φ) holds pivotal importance in the 
construction of a drug sensing device. Mollania et al. [111], Mirhaji et al. 
[112] and Cachaneski-Lopes and Batagin-Neto [113] have established 
the work function as the minimum energy essential to release the least 
bound electron from a solid surface’s Fermi energy level, extending 
toward a vacuum point. This parameter is pivotal for understanding the 
sensitivity and reactivity of doped boron nitride (B12N12) concerning 
FAV drugs. Assessing the conducting energy of a sensor material in
volves considering both the highest and lowest molecular orbital energy 
gap (Eg) alongside the work function of the sensing material (Φ). A 
reduced Eg value signifies the material’s efficacy in electron trans
portation between the conduction and valence bands and the calculation 
is obtained using Eq. (9); 

Φ = Vel(+∝) − EF (9) 

The work function (Φ) is determined by the equation Φ = − EF, where 
Vel(+∝) represents the vacuum electrostatic potential energy (often 
approximated as close to 0), and EF signifies the Fermi level energy. This 
equation establishes a direct relationship between the work function and 
the negative value of the Fermi energy. Thus, any fluctuation in the 
Fermi energy level induces a corresponding change in the work function, 
as highlighted in Table 5.

Research conducted by Dushman [114] has indicated that changes in 

Table 4 
The Energy gap(Eg), Ionization Potential(IP), Electron Affinity(EA), Chemical Potential(μ),Electrophilic Index(ω), Chemical Hardness(η), Chemical Softness(σ) and 
Electronegativity(χ) calculated for all systems. All units are electron volt (eV) calculated at B3LYP/6-311G(d,p) basis set in gas phase.

Systems Eg IP EA μ ω η σ χ

FAV 4.54 7.11 2.57 − 4.84 5.16 2.27 0.2203 4.84
B12N12 6.74 7.85 1.11 − 4.48 2.08 3.37 0.1484 4.48
CuB11N12 1.82 6.99 5.17 − 6.08 20.31 0.91 0.5495 6.08
B12N11Cu 2.81 5.30 2.49 − 3.90 5.41 1.41 0.3559 3.90
Cu@b64 3.28 4.93 1.65 − 3.28 3.28 1.64 0.3049 3.28
Cu@b66 3.33 4.90 1.57 − 3.24 3.15 1.66 0.3003 3.24
Cu@B12N12 2.56 4.28 1.72 − 3.0 3.52 1.28 0.3906 3.0
B12N12-FAV 2.96 6.80 3.85 − 5.33 9.60 1.48 0.3378 5.33
CuB11N12-FAV 3.01 6.42 3.41 − 4.92 8.04 1.51 0.3322 4.92
B12N11Cu-FAV 1.80 4.83 3.03 − 3.93 8.58 0.90 0.5556 3.93
Cu@b64-FAV 1.54 3.74 2.20 − 2.97 5.73 0.77 0.6494 2.97
Cu@b66-FAV 1.59 3.72 2.13 − 2.93 5.40 0.80 0.6289 2.93
Cu@B12N12-FAV 2.10 4.01 1.91 − 2.96 4.17 1.05 0.4762 2.96
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the work function of a semiconductor, observed using the Kelvin probe 
method, affect the emission of electron current densities from the sur
face. This alteration in emission properties within an electric field gen
erates electric signals, facilitating the detection and identification of 
specific chemical species. The Richardson − Dushman equation further 
elucidates the strong correlation between the work function and the 
emitted electron current density (j) from the solid surface, expressed 
mathematically as Eq. (10); 

j = AT2exp
(− Φ

KT

)
(10) 

Equation (10) involves a complex formulation for precise calculations 
and is defined as follows: A represents the Richardson constant (A/m2), k 
denotes Boltzmann’s constant, j signifies current density, and T stands 
for temperature (K). To compute the change in Φ after the adsorption of 
FAV drugs, it is determined using Eq. (11); 

ΔΦ =

(
Φ2 − Φ1

Φ1

)

× 100% (11) 

Where Φ1 and Φ2 are the values of Φ for the doped B12N12 and the FAV 
drug/doped B12N12 nanocomplex, respectively.

Table 5 displays the work function values for isolated doped 
nanocages before drug adsorption, ranging from 3.00 to 6.08 eV. After 
drug adsorption, these values decreased, falling within the range of 2.96 
to 5.29 eV. This decrease implies an electron flow from the FAV drug to 
the modified B12N12 nanocage and then to the adsorbed complexes. As a 
result of this charge transfer, the energy gap reduced post-adsorption. 
The modified nanocages exhibited varying changes upon interaction 
with FAV, showcasing percentage changes of 65.38 %, 53.04 %, 52.25 
%, 35.94 %, and 17.97 % for CuB11N12-FAV, Cu@b64-FAV, Cu@b66- 
FAV, B12N11Cu-FAV, and Cu@B12N12-FAV respectively. These nanoc
ages displayed lower energy gap values and higher percentage changes, 
indicating their potential as work function sensors for drug detection. 
Among them, the Cu-doped CuB11N12 nanocage showed higher sensi
tivity to the FAV drug.

The computation of the electron transfer fraction, offering an 
assessment of both the electronegativity of the interacting surface and 
the adsorbed complex, along with an evaluation of the chemical hard
ness within these interacting systems. This calculation provided valu
able insights into the rate of electron charge transfer from the adsorbate 
to the adsorbent surfaces, shedding light on the strength of the charge 
interaction.

3.9. Non-covalent interaction analysis (NCI)

In the realm of drug design, NCI (Non-Covalent Interaction) analysis 
stands as a pivotal tool for understanding the different types of intra- and 

inter-molecular interactions between the adsorbate and adsorbent based 
on the electron density and its derivatives. To further confirm the 
interaction types between the FAV drug and transition metal Cu- 
modified B12N12 nanocages, we applied NCI analysis tool. The RDG 
plots which are generated by the reduced density gradient (RDG) S(r) 
versus electron density (ρ(r)) using Eq. (12);[115]

S(r) =
1

2(3π2)
1 /3

|∇ρ(r)|

ρ(r)4

/3
(12) 

The 2D RDG scattered plots of studied nanocage complexes are dis
played in Fig. 7. Within the NCI approach, the blue regions corre
sponding to large negative values of (sign(λ2)ρ), the second eigenvalue of 
the Hessian matrix (λ2) with the electron density, indicating attractive 
interactions such as dipole–dipole or hydrogen bonding. The red regions 
with positive values signify nonbonding interactions and indicate steric 
hindrance [116]. When (sign(λ2)ρ) ≈ 0(depicted in green), it signifies 
very weak van der Waals (vdW) interaction. In Fig. 7a-–e, spikes are 
noticeable at low values of (sign(λ2)ρ), indicating weak interactions 
between FAV and Cu-modified B12N12 nanocages. However, in Fig. 7f, 
blue spikes emerge at large values of (sign(λ2)ρ), indicating strong 
interaction between FAV and Cu-modified nanocages. The red regions 
with positive values signify nonbonding interactions and indicate steric 
hindrance. Furthermore, in Fig. 8, 3D color-filled RDG isosurfaces of all 
studied complexes are depicted. In each complex, disk-like green–red 
isosurfaces are present in between FAV and nanocages, stabilizing the 
vertical alignment of FAV molecule during interaction with nanocage. 
Additionally, two disk-like isosurfaces are observed within the FAV 
molecules, between nitrogen and hydrogen atoms and oxygen and 
hydrogen atoms, indicating intramolecular hydrogen bonding. For 
comparison without dispersion, we also examined non-covalent in
teractions (NCI) with dispersion correction using the M06-2X/6-311G(d, 
p) level of theory. The calculated NCI results are illustrated in Figs. S4 
and S5.

3.10. Solvent effect and recovery time

To explore the interaction between the Cu-modified B12N12 nanoc
ages and the FAV drug for potential drug-delivery applications, we 
optimized the nanocage complexes in a water solvent using the polar
izable continuum model (PCM).The impact of the solvent on the stability 
of the designed complexes was assessed by computing the solvation 
energy using the following Eq. (13); 

Esol = Ewater − Egas (13) 

Where Esol denotes the solvation energy, Ewater is the total energy of the 
complex in water media, while Egas is the total energy in the gas phase. 
The solvation energy of the FAV drug adsorbed on the Cu-modified 
B12N12 nanocages exhibited a notable increase, confirming its solubil
ity in water media and suggesting successful drug delivery to the target 
cell environment. Therefore, the determination of adsorption energies 
for the studied complexes in the aqueous phase provides valuable in
sights into their anticipated behavior within the human body. The 
interaction, adsorption, and solvation energies were calculated, as 
thoroughly explained in the computational methods section, and are 
compiled in Table 6.The water phase stability of the Cu-modified 
B12N12-FAV complexes is evident from Table 6, as indicated by the 
Favorable adsorption energies (Eads

solvent) for all the examined complexes, 
ranging from − 18.23 to − 54.19 kcal mol− 1. The computed values of 
interaction energy, Eint

solvent and adsorption energy, Eads
solvent in the water 

phase show a difference in order similar to that in the gas phase, making 
it less negative than in the gaseous phase. This difference can be 
attributed to variations in the energy of the deformed monomers.

The negative solvation energy value in water further indicates the 
stability of the investigated complexes. However, the Cu@B12N12-FAV 

Table 5 
Values of Electronic Sensitivity (% ΔEg), Fermi Level Energy (EF), Work Function 
(Φ), Changes in Work Function (%ΔΦ) and calculated NBO charges on Cu on the 
nanocages calculated using B3LYP/6-11G(d,p) basis set in gas phase.

System ΔEg(%) EF(eV) Φ(eV) % ΔΦ Q(e) on Cu

B12N12 ​ − 4.48 4.48 ​ ​
CuB11N12 ​ − 6.08 6.08 ​ 1.255
B12N11Cu ​ − 3.90 3.90 ​ 0.848
Cu@b64 ​ − 3.29 3.29 ​ 0.470
Cu@b66 ​ − 3.24 3.24 ​ 0.455
Cu@B12N12 ​ − 3.0 3.00 ​ 1.033
B12N12-FAV 56.08 − 5.33 5.33 − −

CuB11N12-FAV 65.38 − 4.92 5.29 − 12.99 1.352
B12N11Cu-FAV 35.94 − 3.93 3.93 0.77 1.022
Cu@b64-FAV 53.04 − 2.97 2.97 − 10.77 0.964
Cu@b66-FAV 52.25 − 2.93 2.93 − 9.57 0.962
Cu@ B12N12-FAV 17.97 − 2.96 2.96 − 1.33 1.045
FAV − − 4.84 4.84 − −
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Fig. 7. 2D-RDG scatter plots of (a) B12N12-FAV, (b) CuB11N12-FAV, (c) B12N11Cu-FAV, (d) Cu@b64-FAV, (e) Cu@b66-FAV and (f) Cu@B12N12-FAV complexes.

Fig. 8. The 3D color-filled iso-surface graphs for the studied complexes of a) B12N12-FAV, (b) CuB11N12-FAV, (c) B12N11Cu-FAV, (d) Cu@b64-FAV, (e) Cu@b66-FAV 
and (f) Cu@B12N12-FAV.
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encapsulation complex showed the maximum Eads value. The dipole 
moment of the investigated complexes also experienced a significant 
increase in water media. In the gas phase, the Cu-doped CuB11N12-FAV 
complex exhibited the maximum dipole moment value at 10.16 D, fol
lowed by Cu@b66-FAV at 5.71 D, B12N11Cu-FAV at 5.65 D, Cu@b64- 
FAV at 5.39 D, and Cu@B12N12-FAV at 5.33 D, respectively. However, 
in water media, the dipole moment values increased to 14.30 D for the 
CuB11N12-FAV complex, 10.50 D for Cu@b64-FAV, 10.26 D for 
Cu@b66-FAV, 9.75 D for B12N11Cu-FAV, and 7.68 D for Cu@B12N12- 
FAV complex. The elevated dipole moment values in water media 
affirmed the ability of the investigated complexes to dissolve in polar 
solvents, indicating a significant increase in their reactivity, which is 
advantageous for FAV drug delivery applications.

As the release of drug molecules from carriers is crucial in drug de
livery, evaluating the recovery time (τ) becomes significant for assessing 
desorption of FAV from the B12N12 nanocages. This information aids in 
understanding the applicability of nanocages for FAV adsorption, where 
high Eads values correlate with longer recovery times. Sensors can be 
constrained by the desorption of FAV from nanocages. Examining the 
work of S. Thomas and M. A. Zaeem [117,118], it is clear that a brief 
recovery time for an adsorbent is beneficial in creating an effective 
sensing device. To address this aspect, we have evaluated the recovery 
time (τ) for drug desorption from the B12N12 nanocage surfaces is 
defined as Eq. (14);[119]

τ = ν− 1
0 exp(− Eads/κbT) (14) 

Where ν0 is the attempt frequency, kb is Boltzmann’s constant 
(approximately 1.99 × 10− 3 kcal/ mol.K) [120], Eads is the adsorption 
energy and T represents the temperature in kelvin. The recovery time for 
the desorption process of the FAV molecule from the Cu-doped 
CuB11N12-FAV complex is computed under various attempt fre
quencies and at three different temperatures: 298.15 K, 398.15 K, and 
498.15 K, summarized in Table 7. As desorption is the inverse process of 
adsorption, the value of Eads is assumed to be equivalent to the energy 
barrier (Eactiv) for desorption. However, this assumption is unsuitable for 
a sensor of the FAV drug, resulting in an exceptionally low recovery time 
of 29.15 ns. The interaction between FAV and CuB11N12, B12N11Cu, 
Cu@b64, Cu@b66and Cu@B12N12 nanocages showcases strong phys
isorption (Eads ranging from − 20.41 to − 56.58 kcal mol− 1). Specifically, 
for 298.15 K (room temperature), the recovery time for the adsorption of 
the FAV drug molecule on the CuB11N12nanocage is calculated. This 

recovery time (29.01 ms), suitable for sensor applications, suggests a 
moderate interaction between CuB11N12 and FAV, effectively hindering 
the spontaneous desorption of FAV from CuB11N12 at room temperature. 
Thus, the Cu-modified B12N12 nanocages can act as drug delivery vehi
cles. Hence, the CuB11N12nanocage holds promise as a fast-response FAV 
sensor. Four different attempt frequencies (3.0x1016 HZ (ultraviolet), 
7.5 × 1014 HZ (yellow light), 3.9x1014 HZ (yellow light), and 1.2x1014 

HZ (yellow light)) were employed to comprehensively evaluate the 
variation in recovery time [121]. The calculated recovery times for 
CuB11N12 − FAV ranged from 29.15 ns to 7.25 s across different attempt 
frequencies and temperatures (detailed in Table 7). At 298.15 K and 
3.0x1016 HZ, specifically, the recovery time of the CuB11N12 nanocage 
(29.01 ms) indicates potential applications, particularly as a FAV drug 
carrier.

We have also simulated drug adsorption and release behavior in the 
body conditions, B12N12-FAV and CuB11N12-FAV complexes were placed 
in water and an acidic environment. The conductor-like polarizable 
continuum model (CPCM) accounted for bulk solvent effects, with sol
vent energy defined as the difference between total energy in aqueous 
and gas phases. The pH difference between target and normal cells can 
trigger drug release, so the N atom of FAV drug was protonated in acidic 
conditions for both complexes shown in Fig. S6. DFT calculations were 
then performed to simulate drug release from the B12N12 and CuB11N12 
nanocage complexes in an acidic environment, investigating their po
tential as drug delivery vehicles [122].Additionally, four water mole
cules were placed at the binding sites of these complexes to explicitly 
explore solvent effects. The interaction energies between water mole
cules and fullerenes were calculated using by Eabs(H2O− BN) = (EH2O/BN 
–(EH2O+EBN) + EBSSE)/4. Table S7 lists the calculated solvent energies, 
water-fullerene interaction energies, and adsorption energies for 
B12N12-FAV and CuB11N12-FAV complexes. The interaction energies 
between water molecules and B12N12, as well as modified CuB11N12 
nanocag, are much weaker than those between FAV drug molecules and 
B12N12 and modified CuB11N12 nanocages. This indicates that FAV 
adsorption on these nanocages is minimally affected by the surrounding 
water molecules. Negative adsorption energies in both aqueous and gas 
phases indicate favorable and spontaneous interactions between the 
drugs and B12N12 nanomaterials.

4. Conclusion

This study examined the efficacy of Cu-modified B12N12 nanocages 
(CuB11N12, B12N11Cu, Cu@b64, Cu@b66, and Cu@B12N12) as carriers 
for delivering the FAV drug using DFT calculations. The Cu-modified 
nanocages showed enhanced reactivity, higher dipole moments, and 
stronger interactions with the FAV drug adsorption. Negative adsorption 
energy values in both gas and aqueous phases indicated favorable in
teractions and exothermic reactions. Analysis of the most stable con
figurations revealed distinct structural, energetic, and electronic 
properties of pure B12N12 and its modified nanocages, as well as the 
complexes formed with FAV. Various parameters were calculated, 
including adsorption energy, electronic properties, dipole moment, 
thermodynamic parameters (ΔH and ΔG), PDOS, and relevant quantum 
molecular descriptors. The Cu-decorated B12N12 nanocages Cu@b64 
and Cu@b66 showed significant reductions in energy gaps, from 3.28 eV 
and 3.33 eV to 1.54 eV and 1.59 eV, respectively, upon FAV adsorption. 
Thermodynamic calculations indicated that drug adsorption on these 
nanocages is spontaneous and exothermic. Drug adsorption in both gas 
and solvent phases is enhanced by doping, as confirmed by dipole mo
ments and quantum molecular descriptors calculation. PDOS and NBO 
analyses revealed substantial charge transfer from the drugs to nanoc
ages during adsorption. NCI analyses showed that drugs mainly adsorb 
on nanocages through weak van der Waals (vdW) interactions, facili
tating effective drug release. The drug’s adsorption and desorption 
characteristics in the solvent phase were improved by analyses of sol
vation effects. In low pH conditions, FAV can be separated from B12N12 

Table 6 
Dipole Moment (Debye), Interaction energy (Esolvent

int ) and adsorption energy 
(Esolvent

ads ) in kcalmol− 1 for the optimized complexes in water phase and solvation 
energy (ΔEsol in kcalmol− 1) of FAV-Cu-modified B12N12 optimized complexes in 
water phase.

systems DM(Debye) Esolvent
int Esolvent

ads
aΔEsol

CuB11N12-FAV 14.30 − 23.09 − 18.23 − 12.48
B12N11Cu-FAV 9.75 − 28.57 − 24.61 − 12.22
Cu@b64-FAV 10.50 − 60.68 − 44.55 − 15.63
Cu@b66-FAV 10.26 − 60.32 − 45.12 − 16.19
Cu@B12N12-FAV 7.68 − 61.93 − 54.19 − 11.12
aEsol = Esolvent-Egas

Table 7 
Calculated Values of Recovery Time (τ) of FAV Adsorbed CuB11N12 nanocage 
Using four Different Attempt Frequencies and Three Different Temperatures.

Attempt frequency Recovery Time

at 298.15 K at 398.15 K at 498.15 K

3.0 × 1016 HZ(10 nm) 29.01 ms 5.13 μs 29.15 ns
7.5 × 1014 HZ(400 nm) 1.16 s 0.21 ms 1.17 μs
3.9 × 1014 HZ(760 nm) 2.23 s 0.40 ms 2.24 μs
1.2 × 1014 HZ(2500 nm) 7.25 s 1.28 ms 7.29 μs
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and Cu-modified nanocages by H+ proton attack, suggesting B12N12 as a 
promising FAV drug delivery material. In comparison to other modified 
nanocages, the CuB11N12 nanocage showed the shortest recovery time 
and proved to be more effective in drug delivery. This study provides a 
theoretical foundation for designing and developing B12N12 nanocages 
as drug carriers.
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Özdemir, İ. Özdemir, New J. Chem. 45 (2021) 17878.
[89] M.R.S.A. Janjua, Inorg. Chem. 60 (2021) 10837.
[90] S.F. Boys, F. Bernardi, Mol. Phys. 19 (1970) 553.
[91] J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev. 105 (2005) 2999.
[92] M. Cossi, V. Barone, R. Cammi, J. Tomasi, Chem. Phys. Lett. 255 (1996) 327.

[93] N.M. O’boyle, A.L. Tenderholt, K.M. Langner, J. Comput. Chem. 29 (2008) 839.
[94] W. Humphrey, A. Dalke, K. Schulten, J. Mol. Graph. 14 (1996) 33.
[95] T. Lu, F. Chen, J. Comput. Chem. 33 (2012) 580.
[96] S. Bibi, S. Ur-rehman, L. Khalid, I.A. Bhatti, H.N. Bhatti, J. Iqbal, F.Q. Bai, H.- 

X. Zhang, RSC Adv. 12 (2022) 2873.
[97] T. Sutradhar, A. Misra, J. Phys. Chem. A 125 (2021) 2436.
[98] S. Larki, E. Shakerzadeh, E.C. Anota, R. Behjatmanesh-Ardakani, Chem. Phys. 526 

(2019) 110424.
[99] M.D. Esrafili, H. Abdollahpour, N. Saeidi, Chem. Select 3 (2018) 1168.

[100] Z. Zhao, Z. Li, Q. Wang, Chem. Phys. Lett. 739 (2020) 136922.
[101] A. Soltani, E. Tazikeh-Lemeski, M.B. Javan, J. Mol. Liq. 297 (2020) 111894.
[102] A.L.P. Silva, A.C.A. Silva, J.d.J.G. Varela Júnior, Comput. Theor. Chem. (2022, 

1215,) 113836.
[103] L. Zhang, X. Cheng, X.-H. Li, J.-H. Chen, W.-M. Sun, J. Mol. Liq. 360 (2022) 

119388.
[104] S. Thomas, M. Asle Zaeem, Appl. Surf. Sci. 563 (2021) 150232.
[105] T. Kaewmaraya, L. Ngamwongwan, P. Moontragoon, A. Karton, T. Hussain, 

J. Phys. Chem. C 122 (2018) 20186.
[106] N. Wazzan, K.A. Soliman, W.S.A. Halim, J. Mol. Model. 25 (2019) 265.
[107] M. Rakib Hossain, M. Mehade Hasan, S. Ud Daula Shamim, T. Ferdous, M. Abul 

Hossain, F. Ahmed, Comput. Theor. Chem. 1197 (2021) 113156.
[108] T. Kaewmaraya, L. Ngamwongwan, P. Moontragoon, W. Jarernboon, D. Singh, 

R. Ahuja, A. Karton, T. Hussain, J. Hazard. Mater. 401 (2021) 123340.
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