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INTRODUCTION

Pharmaceuticals play a significant role in
improving human health and the quality of life,
yet the release of unused pharmaceuticals in the
environment can have devastating impacts on
ecosystems. Themostimportantsourcesofspreading
pharmaceuticals in the environment include
excreting active ingredients of pharmaceuticals
from the bodies of humans or animals, improperly
getting rid of unused or expired medicines, and
releasing active ingredients in nearby waterways
[1-3]. Due to their potentially devastating impacts,
sensing and removing pharmaceuticals and their
active ingredients accumulated in soil, river, and
lake water is essential. Amantadine is a tricyclic
amine employed for treating dyskinesia associated
with parkinsonism and influenza type A [4].
Further, this drug is used for treating pain in dogs
and cats [5, 6]. A small amount of amantadine is
metabolized in the body and the rest (about 90%) is
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excreted unchanged by kidneys in urine [7].
Nanostructures have attracted great attention
to be employed as adsorbents and detectors
owing to their highly efficient surface area [8-11].
Parlak and Alver studied the potentials of B, Al,
Si, Ga, and Ge-doped C_j fullerenes for detecting
and adsorbing amantadine [12]. They showed
that doped C_ fullerenes could be utilized for
detecting amantadine. As shown by Noroozi et.
al., the adsorption of amantadine on the bowl-
like B, nanocluster reduces the E_of B, by 13.7%
which indicates the sensitivity of B, toward
amantadine; however, there is a strong attraction
between amantadine and B, (-194.2 kj/mol)
[13]. The adsorption of amantadine on pristine
and Al-doped B N, and Zn O,, nanocages was
investigated by Farmanzadeh and Keyhanian [14].
They demonstrated that amantadine was chemically
adsorbed on pristine and doped considered
nanocages. Xianghong Sun et. al. indicated that
Al ,O,, and BN, nanocages could be employed
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as work function type and conductivity sensors,
respectively [15]. Doust Mohammadi and
Abdullah investigated amantadine adsorption
on pristine, Al-, Ga-, P-, and As-doped boron
nitride nanosheets employing several DFT
functionals [16]. Based on their calculations, the
amantadine adsorption on the pristine nanosheet
was a physisorption type, whereas the drug was
chemically adsorbed on the doped nanosheets.
In another work, they studied the interaction of
amantadine with C_ and C_X fullerenes (X=Si,
Ge, B, Al, Ga, N, P, and As), indicating that
CX fullerenes were more sensitive toward the
medication than C, fullerene [17]. The present
work aims to study the potentials of Sc-, Ti-, and
Zn-doped boron nitride nanosheets for adsorbing
and detecting amantadine drug, employing B3LYP
and CAM-B3LYP DFT functionals, natural bond
orbital (NBO), and quantum theory of atoms in
molecules (QTAIM) analyses.

In this study, the used dopant elements have
vacant orbitals, thereby they can play Lewis acid
role that can interact with elements having the
nonbonding pair electrons. Therefore, the novelty
of this work was included as follows: (1) choosing
the transition metals as the dopant elements which
is unprecedented in the literature, (2) discussing
two main parameters including E and E , which
play the main role in the sensing ability, (3) using
the QTAIM method for those system.

COMPUTATIONAL DETAILS

Density functional theory (DFT) through
B3LYP hybrid functional [18] accompanied by
6-31G(d) basis set was applied for optimizing the
geometries of amantadine, doped boron nitride
nanosheets (BNNS), and amantadine-nanosheet
complexes. The adsorption energies (E ;. E, 2
) between amantadine and doped BNNS were

obtained using Eq. (1):
Epas = Esp—ns — Eap — Eys + BSSE (1)

where  E;n_weEin_ys» EipEsp, and
EycEys denote the energies of amantadine-
nanosheet complexes, amantadine drug, and doped
BNNSs, respectively. BSSE stands for the basis set
superposition error, calculated by applying Boys-
Bernardi method [19]. Furthermore, Egs. (2)
to (5) were used to calculate binding energies,
deformation energies of amantadine (E;, + ap

Edﬂf_AD) and doped BNNSs (Erisf..'nfSEdaf..'JS
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), and total deformation energies of amantadine-
nanosheet complexes (Eygeqr gerErorar def)

respectively.

Epinging = Eap incom T Ens incom — Eap -nus — BSSE
(2)

Eder.ap = Eap incom — Eap (3)
Eserns = Ensincom — Ens (4)
Eiotat asf = Eaer.ap T Egepns (5)

where EAD in com EAD in com and E:'JS in com

E

WS in com Aare the energies of amantadine and
doped BNNS in their complex geometries. The
adsorption, binding, and deformation energies
were calculated using B3LYP and CAM-B3LYP
[20] hybrid functionals and 6-31G(d) basis set. All
optimization and energy calculations were carried
out using Gaussian 09 quantum package [21].

For obtaining the highest occupied molecular
orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO), and charge transfer, the NBO
analysis was performed using NBO3 embedded
Gaussian 09 [21]. For characterizing molecular
orbitals, the orbital decomposition analysis was
carried out using Chemcraft 1.7 [22]. Additionally,
GaussSum package was used to draw the density of
states (DOS) and partial density of states (PDOS)
diagrams [23]. The bandgap energy, fermi level, and

work function were calculated by Egs. (6) to (8):

E, = LUMO — HOMO (6)
1
E; = 2 (LUMO + HOMO) (7)
EZ0
¢ =E, —E — —E (8)

The quantum theory of atoms in molecules
(QTAIM) analysis was employed to recognize the
nature of the interaction between amantadine and
doped BNNSs [24]. QTAIM analysis was conducted
by Multiwfn 3.7 [25]. To ensure the global minima
for the boron nitride complex rather than a local
minimum, the potential energy surface (PES) scans
were performed with respect to several dihedral
angles (D).

RESULTS AND DISCUSSION
Structure, electrostatic potential, and NBO of
amantadine

As shown in Fig. 1, amantadine is an organic
compound with a chemical formula C10HI17N
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Table 1. The formation energy (E

form

and LUMO (Eg) and work function (®) of pristine and Sc-, Ti-, and Zn-doped BNNSs

) doping energy (E, ), the HOMO, LUMO, and fermi (E,) energy levels, Bandgap between HOMO

Nano Sheet Eform Edop HOMO  LUMO Er Bandgap D

(Kcal/mol) (Kcal/mol) (eV) (eV) (eV) (eV) (eV)

NS 2284.46 -8.02 1.39 332 9.41 332
(-2104.30) (-662)  (0.06)  (-328)  (668)  (3.28)

216131 123.15 7.72 -L11 -4.42 6.61 442

Sc-doped BNNS 1007 76) (116.54) (-624)  (-1.97)  (-4.11) (4.27) (4.11)
. -2160.72 123.74 -5.92 -0.31 312 5.61 3.12
Ti-doped BNNS 1903 19) (121.17) (421)  (-121)  (-271) (G.00) (271
-2042.48 241.98 -7.46 -3.66 -5.56 3.8 5.56

Zn-doped BNNS " occ70)  (237.60) (-607)  (-468)  (-538)  (139) (538

Fig. 1. (a) the structure and (b) the map of electrostatic potential ot amantadine

which include three cyclohexane with an amino
group substituent. Moreover, Fig. 1 depicts the map
of the electrostatic potential (ESP) of amantadine.
As shown, the minimum and maximum ESPs
are located on nitrogen and hydrogens linked to
nitrogen, respectively. The NBO analysis indicated
that the minimum and maximum partial charges
are related to nitrogen and its linked hydrogens
with a partial charge of -0.895 and +0.373 in CAM-
B3LYP level (-0.888 and -0.370 in B3LYP level),
respectively. The DOS diagram and the shape of
HOMO and LUMO obtained in CAM-B3LYP level
are shown in Fig. 2. HOMO, LUMO, and bandgap
energies of amantadine are -7.82, 3.16, and 10.98
eV, respectively. The orbital decomposition analysis
demonstrated that HOMO and LUMO were
mainly dominated by occupied p orbitals of N atom
and unoccupied s orbitals of N, C, and H atoms,
respectively.

Optimized structure and NBO of pristine and SC-,
Ti-, and Zn-doped BNNSs

The optimized geometry of the BNNS
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model consists of 27 pairs of boron and nitrogen
atoms organized in 20 hexagonal rings (Fig. 3).
Hydrogen atoms were added to 18 edge atoms of
the nanosheet, leading to their to saturation. The
partial charge of nitrogen and boron atoms (except
for edge N and B) are -1.186 to -1.189 and +1.180
to +1.185 in CAM-B3LYP level (-1.171 to -1.174
and +1.166 to +1.170 in B3LYP level), respectively,
indicating the ionic nature of B-N bonds. The DOS
diagram and the shape of HOMO and LUMO of
BNNS at CAM-B3LYP level are shown in Fig. 4.
Additionally, HOMO, LUMO, bandgap, fermi level,
and work function of BNNS are listed in Table 1.
Based on orbital decomposition analysis, the
occupied p orbitals of N atoms and unoccupied p
orbitals of edge B atoms mainly form HOMO and
LUMO of BNNS, respectively.

Sc-, Ti-, and Zn-doped BNNSs were built by
replacing one of the B atoms of the central ring with
Sc, Ti, and Zn atoms. Fig. 5 shows the geometries
of Sc-, Ti-, and Zn-doped BNNSs. As depicted,
replacing the boron atom with the dopants deforms
the flat structure of the nanosheet. The doping
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Table 2. The NBO charge population analysis of pristine and Sc-, Ti-, and Zn-doped BNNSs

Nanosheet Charges of dopand Charges of B atoms Charges of N atoms
(i) i i
Sedoped BNS (G0 (i eniaen (117 1220
T s e e
mawis B HERNE GEER

energies (E, ) and formation energies (E, ) were
obtained by the following formulas:
Edpp = Edopsd —-BNNS T 53.\-‘.'\-'5 - Edopmzd + EB (9)
27 27

Eform = Edopsd —swns — 26Eg — Eﬂopmzd - ?Ef\-‘: _?EHZ
(10)

where E oped —BNNS Edopad —sans> Eanns
EBNN_‘." Edﬂpmz d Edopm:d > EB EB’ E:'v'f E':".-'E
, and Eg, Ey, indicate the energies of doped

BNNS, BNNS, isolated dopant atom, isolated B
atom, and Nitrogen and Hydrogen molecules. The
doping and formation energies are reported in
Table 1. As shown, Sc-, Ti-, and Zn-doped BNNSs
are highly stable; however, their stability is less than
pure BNNS.

Table 2 presents the results of NBO population
analysis for pristine and doped BNNSs. As shown in
Table 2, replacing a central B atom with transition
metal atoms increases charge separation between
cations and onions, especially in the vicinity of metal
dopant. The PDOS diagrams of Doped BNNSs at
CAM-B3LYP level are depicted in Fig. 5. HOMO,
LUMO, fermi energy, bandgap, and work function
of doped BNNSs are included in Table 1. Based on
Table 1 and Fig. 5, the Sc-doping diminished the
bandgap energy by decreasing the LUMO level.
Based on orbital decomposition analysis, occupied
d orbitals of the Sc atom partly contributes to
the HOMO level. However, the LUMO mainly
is comprised of unoccupied s and p orbitals of
the Sc atom. Replacing the B with Ti reduced the
bandgap by decreasing the LUMO level and made
a new single electron orbital in the vicinity of the
fermi level of BNNS. In addition to the unrestricted
electron character of Ti-doped BNNSs, there are two
kinds of single electron orbitals for electrons with
the spin of a and f. HOMO and LUMO are relative
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to the highest occupied orbital for spin a and the
lowest unoccupied orbital for spin P, respectively.
The occupied d orbitals of the Ti atom dominate the
HOMO level, whereas the LUMO level consists of
unoccupied s orbitals associated with unoccupied p
and d orbitals of the Ti atom. Similar to Ti-doped
BNNS, the molecular orbitals in Zn-doped BNNS
are different for electrons with spins of a and . The
HOMO and LUMO of Zn-doped BNNS correspond
to the highest occupied and the lowest unoccupied
orbitals relative to spin B, respectively. HOMO and
LUMO of Zn-doped BNNS are mainly dominated
by the occupied and unoccupied p orbitals of N
atoms in the vicinity of the Zn atom. The shape
of HOMO and LUMO of Sc-, Ti-, and Zn-doped
BNNSs are displayed in Fig. 6.

Amantadine adsorption on Sc-, Ti-, and Zn-doped
BNNSs

Based on the ESP map of the amantadine drug
in Fig. 1, amantadine can be adsorbed on the
doped metal of the doped BNNSs from its nitrogen
atom. Fig. 7 shows the geometries of amantadine
adsorption on the doped BNNSs. In addition, the
adsorption and deformation energies are reported
in Table 3, indicating that amantadine adsorption
on the doped BNNSs has a chemisorption nature
[26]. Sc-doped BNNS is the best adsorbent for
amantadine among the considered doped BNNSs
in this work; this nanosheet experienced the
least deformation after adsorbing amantadine.
Furthermore, the NBO second-order perturbation
theory analysis of Fock matrix and QTAIM analysis
were performed to characterize the interaction
between amantadine and the doped BNNSs. Table
4 summarizes main electron delocalizations and
their 2e-stabilization energies (E(2)) between
amantadine and doped BNNSs. As shown, the
electron delocalization between the lone pair (LP)
of the N atom of amantadine (as donor) and LP’
of transition metals is mainly responsible for the

109




E. Saedi Khosroshabhi et al. / Theoretical Investigation of Amantadine Adsorption on Nitride Nanosheets

a) a)

—— DOs spectrum
— Occupied orbitals
— Virtual orbitals

— DOS spectrum
71 —— Occupied orbitals
— Virtual orbitals

N E.~10.98 EV

il

-15 -10 =5 0 5
Energy (eV)

b) HOMO

Fig. 2. (a) DOS diagram and (b) the shaape of HOMO and (c) Fig. 4. (a) DOS diagram and the shape of (b) HOMO and (c)
LUMO of Amantadine LUMO of BN nanosheet

Fig. 3. The structure of BN nanosheet
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Table 3. The adsorption, binding, and deformation energies of amantadine on Sc-, Ti-, and Zn-doped BNNSs, and charge

transfer from amantadine to the nanosheet

Nanosheet Eate Eiind Eaetap Eaetivs Factal et Charge transfer (e)
(Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)
AD-Sc-doped BNNS Dol (T by 053 118) o19)
AD-Ti-doped BNNS (:ﬁigg) (;giii) (8232) (iig(s)) (g:i) (:g:(l)%)
ADZndoped BNNS G0 Gty 06 a1 603 Coom)

a) Sc-doped BNNS

-10

— sc

— BN

—— Occupied orbitals
—— Virtual orbitals

=5 0
Energy (eV)

J—

— BN

—— Alpha Occupied orbitals

—— Alpha Virtual orbitals

—— Beta Occupied Orbitals
Beta Virtual Orbitals

Eqs=5.61 eV

5 o 5 10
Energy (eV)

—
— BN

—— Alpha Occupied orbitals

—— Alpha Virtual orbitals

— Beta Occupied Orbitals
Beta Virtual Orbitals

Energy (eV)

Fig. 5. The structure and PDOS diagrams of (a) Sc-, (b) Ti-, and (c) Zn-doped BNNSs
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Table 4. NBO second-order perturbation theory analysis of Fock matrix of amantadine adsorption on Sc-, Ti-, and Zn-doped BNNSs

donor acceptor E(2)/(kcal/mol)
AD-Sc-doped BNNS LP (N, AD) LP*(Sc, NS) 56.49
AD-Ti-doped BNNS LP (N, AD) LP'(Ti, NS) 33.5
LP (N, AD) LP'(Zn, NS) 29.74
AD-Zn-doped BNNS 1, 'Ap)  BD'(N-Zn,NS) 7.09
a) Sc-doped BNNS (HOMO) a) Sc-doped BNNS (LUMO)

Fig. 6. The shape of HOMO and LUMO of (a) Sc-, (b) Ti-, and (c) Zn-doped BNNSs

) Nanochem Res 8(2): 106-116, Spring 2023
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Table 5. QTAIM analysis of amantadine adsorption on Sc-, Ti-, and Zn-doped BNNSs

Critical number  Critical path p G(r) V(r) [V|/G LOL

1 N...Sc 0.0404  0.0393  -0.0362 09198  0.2574

AD-Sc-doped BNNS 2 C-H.N 0.0068  0.0037  -0.0031  0.8310  0.1583
3 C-H.N 0.0036  0.0021  -0.0015  0.6990  0.1044

. 1 N...Ti 0.0493  0.0535  -0.0503 09410  0.2628
AD-Ti-doped BNNS 2 C-H..N 0.0044  0.0026  -0.0019 07409  0.1158
1 N...Zn 0.0744  0.0884  -0.1159 13110  0.2992

AD-Zn-doped BNNS 2 C-H.N 0.0070  0.0044  -0.0036  0.8306  0.1451
3 C-H.N 0.0040  0.0024  -0.0018 07189  0.1068

a) AD/Sc-doped BNNS " —=

— Occupied orbitals
— Virtual orbitals

LN
=15 =10 -5 o]
Energy (eV)
— w0
14 —
— BN
—— Alpha Occupied orbitals
12 —— Alpha Virtual orbitals
~—— Beta Occupied Orbitals
— Beta Virtual Orbitals
10
8
6
E=5.83 ¢V
4
2 Q

-15 -10 =5 0 5 10
Energy (eV)
— D
—
— B
12 —— Alpha Occupied orbitals
—— Alpha Virtual orbitals
~—— Beta Octupied Orbitals
10 — betavinua) (&mvlta\s
8 U
b ¢ 6
« —
] Eg=3.91 eV
4 G
2

=15 -10 -5 0 5 10
i Energy (eV)

Fig. 7. The structure (containing interaction critical points) and PDOS diagram of the adsorption of amantadine on (a) Sc-, (b) Ti-,
and (c) Zn-doped BNNSs
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Table 6. the HOMO, LUMO, and fermi (E) energy levels, Bandgap between HOMO and LUMO (E,) and work function

(@) of Sc-, Ti-, and Zn-doped BNNSs adsorbed amantadine

HOMO LUMO Er

Bandgap o}

Bandgap

(V) (eV) (V) (eV) (V)  change (o)  © chanse (%)
ADScdoped BNNS T8 00 00 T G ais) (2058
AD-Tidoped NS 0 (B TG G e e Casan
AD-Zn-doped BNNS (:2:22) éiﬁi) (fx?g) (?jzl;) (iigg) (iig(g)) (iii??)

a) AD/Sc-doped BNNS (HOMO)

b) AD/Ti-doped BNNS (HOMO)

a) AD/Sc-doped BNNS (LUMO)

Fig. 8. The shape of HOMO and LUMO of the adsorption of amantadine on (a) Sc-, (b) Ti-, and (c) Zn-doped BNNSs
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adsorption of amantadine on the doped BNNSs.
Further, LP -> LP" 2e-stabilisation energies are in
agreement with the adsorption energies. The results
of the QTAIM analysis are summarized in Table 5.
The density of all electrons (p), Lagrangian kinetic
energy (G(r)), potential energy density (V(r)), and
localized orbital locator (LOL) are employed for
QTAIM analysis. The absolute ratio of V(r)/G(r) is
more than 1, indictating the partial covalent nature
of the nitrogen...zinc bond. However, the adsorption
of amantadine on Zn-doped BNNS is weaker than its
adsorption on Sc-, and Ti-doped BNNSs. The cause
may originate from stronger LP to LP" delocalization
and electrostatic interaction in N(AD)...Sc and
N(AD)...Ti. The partial charges of the N atom
of amantadine and transition metal are (+1.666,
-0.947), (+1.493, -0.938), and (+1.306, -0.940) in
CAM-B3LYP level for amantadine adsorption on
Sc-, Ti-, Zn-doped BNNSs, respectively.

Fig. 7 displays the PDOS diagrams of
amantadine/Sc-, Ti-, and Zn-doped BNNS
complexes. Table 6 reportes the HOMO, LUMO,
bandgap, and work function of the complexes.
Comparing Table 6 to Table 1 demosntrates
that the adsorption of amantadine on the doped
BNNSs increases both HOMO and LUMO levels.
The amantadine adsorption on Sc-doped BNNS
significantly widened the bandgap energy of the
nanosheet by raising the level of LUMO more than
that of HOMO. The orbital decomposition analysis
indicated that occupied p orbitals of N atom in
the vicinity of Sc mainly dominate the HOMO of
amantadine/Sc-doped BNNS, whereas the LUMO
consists of unoccupied orbitals of Sc accompanied
with unoccupied s orbitals of the amine group of
amantadine (Fig. 8). The adsorption of amantadine
on Ti- and Zn-BNNSs slightly widened the bandgap
of the nanosheets. The electronic conductivity (o)
of materials is exponentially proportionate to their
bandgap [27]:

—E
o X exp (ﬁ) (11)

where K and T are Boltzmann constant and
temperature, respectively. Based on Eq. (11),
amantadine adsorption on Sc-doped BNNS
distinguishably reduced the electron conductivity
of Sc-doped BNNS. Therefore, Sc-doped BNNS can
be utilized as an electronic conductivity sensor for
amantadine. Additionally, the bandgap energy and
the values of the work function of materials relate to
some of their measurable properties. For example,
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the emitted current density (J) in thermionic
emission is sensitive to the work function [28]:

= _AT? (_‘?)
I = exp iT (12)

where A indicates the Richardson constant.
As shown in Table 6, the amantadine adsorption
changes the work function of all of the considered
doped BNNSs. Accordingly, Sc-, Ti-, and Zn-doped
BNNSs are suitable work function type sensors for
detecting amantadine.
The recovery time (1) of adsorbents
relative to attempt frequency (v,) and temperature,
can be obtained by the following equation [29]:

T = uﬂ_l exp (EbindeT) (13)

Based on this equation, for recycling Sc-, Ti-,
and Zn-doped BNNS under visible and ultra-
violent irradiation, a temperature of 500K is needed.
Although these nanosheets aren’t immediately
reusable, they still can be employed as recyclable
adsorbents and sensors of amantadine drug.

CONCLUSION

In the present work, the adsorption of
amantadine drug on the Sc-, Ti-, and Zn-BN
nanosheets was studied using B3LYP and CAM-
P3LYP DFT functionals, NBO, and QTAIM.
The energy and NBO calculations indicated that
replacing a central B atom with Sc, Ti, and Zn
atoms reduces the stability and bandgap energy of
the nanosheet. Amantadine is chemically adsorbed
on the transition metal dopant by its nitrogen atom.
Among the considered doped BNNSs, Sc-doped
BNNS was the best adsorbent for amantadine.
Based on the QTAIM analysis, the interactions
between amantadine and the doped BNNSs are
strong non-covalent for (AD)N...Sc and (AD)
N...Ti, and partial covalent for (AD)N...Zn. NBO
analysis demonstrated that amantadine adsorption
significantly widened the bandgap energy of
Sc-doped BNNS; thus, Sc-doped BNNS can be
used as an electronic conductivity type sensor of
amantadine. Moreover, amantadine adsorption
clearly changed the work function of the considered
doped nanosheets. The calculated recovery times
relative to frequency and temperature showed that
used Sc-, Ti-, and Zn-doped BNNSs are recyclable
under visible irradiation in 500K.
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