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Abstract

Nowadays, nanostructures such as nanotubes and nanosheets are widely used in industry, especially the medical industry, for
drug delivery, prevention and treatment. In the present investigation, the feasibility of detecting the amantadine gas molecule
onto the outer surface of pristine single layer boron nitride nanosheet, as well as its aluminum (Al)-, gallium (Ga)-, phospho-
rus (P)-, and arsenic (As)-doped structures, was carefully evaluated. For achieving this goal, a periodic boundary condition
density functional theory level of study using the HSEH1PBE functional together with a 6-311G (d) basis set has been used.
Subsequently, the B3LYP-D3, wB97XD, and M062X functionals with a 6-311G (d) basis set were also employed to consider
the single point energies. Subsequently, the B3LYP-D3 (BJ)/6-31G (d) method was also used to consider the contribution
of scattering interactions to energy analyzes, natural bond orbital and quantum theory of atoms in molecules and the results
were compatible with the electronic properties. In this regard, the total density of states, the Wiberg bond index, natural
charge, natural electron configuration, donor—acceptor natural bond orbital interactions, and the second-order perturbation
energies are performed to explore the nature of the intermolecular interactions. All of the calculations and analyses denote
that by adsorbing of the amantadine molecule onto the surface of pristine boron nitride nanosheet, the adsorption is of the
type of physical adsorption and van der Waals interactions. Among the doped nanotubes, gallium-doped nanotube has a
very high adsorption energy compared to other elements, and is expected to be chemically adsorbed in this case and appears
to be a suitable drug delivery option.
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1 Introduction

The nanomaterials are structurally divided into carbon and
non-carbon materials. Carbon nanotube (CNT) was first dis-
covered independently by Iijima and Ichihashi in 1991 in
soot from carbon discharge in a neon-containing medium
[1]. CNTs are able to pass through the cell wall because of
their needle shape [2]. Subsequently, for the first time in
1995, boron nitride nanotubes (BNNTSs) were synthesized
[3, 4]. These BNNTSs, like CNTs, have excellent mechanical
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properties due to the strong sp> bonds in the wall of the
nanosheet [5, 6]. Boron nitride nanosheet (BNNS) like gra-
phene sheet consists of the juxtaposition of hexagonal rings,
honeycomb structure, developed in two dimensions [7]. The
method of synthesizing nanosheets of boron nitride, which,
unlike graphene, are not suitable conductors for electric cur-
rent, is described here [8—12]. In summary, these nanopar-
ticles are obtained from the chemical vapor deposition of
borazine at very high temperatures.

BNNSs are characterized by remarkable mechanical and
electrical properties such as wide band gap (5-6 eV), such a
large band gap makes the BNNS act as an electrical insulator
[12—-14]. Among the nanosheets, the very high thermal con-
ductivity of BNNS is exemplary [15-17]. The physical and
chemical properties of layered structures are directly related
to the number of layers, so that in the case of graphene, the
properties change dramatically with increasing layers [18].
But in the case of boron nitride nanosheets, the properties of
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the single-layer structure are close to those of the multi-layer
structures. For instance, high thermal and chemical stability,
and high oxidation resistance is not really thickness depend-
ence [19-21]. Due to the presence of such properties, in the
industry, many uses of boron nitride nanosheets are widely
used. For example, due to the proton transfer property, these
materials are used in fuel cells [22]. It can also be used as a
valuable material in the coating industry and metal protec-
tion, because it is impermeable to gases and liquids and is
also an electrical insulator [20, 23-25].

In the last two decades, theoretical studies in the den-
sity functional theory (DFT) framework on nanostructures
have attracted the attention of many scientists in the fields
of computational chemistry and solid-state physics. The
study of boron nitride nanosheet is no exception, and many
theoretical studies on this nanostructure have led to inter-
esting proposals for the manufacture of industrial devices.
Omidirad and Azizi [26] showed that when H,O molecule
placed on the VD-8*8BNNS cavity, it will dissociatively
chemisorbed. Esrafili et al. have investigated widely various
theoretical researches in order to adsorb different molecules
such as NO [27], CO [28], CH,O [29], COCl, [30], C,H,
[31], and N,O [32] on the surface of pristine and decorated
boron nitride nanosheet. Mohammadi et al. [33] have studied
the adsorption of halomethanes onto the BN-, Al-/Ga-doped
nanosheets. Rossini et al. [34] showed the characterization
of h-BNNS molecular edge terminations. In Shao et al. [35]
BNNS @Ti;C, was used as an electrocatalyst. Azamat et al.
[36] had an interesting simulation for the separation of cop-
per and mercury using BNNS, and many other researches,
all of which cannot be mentioned here [37—40]. The wide-
spread use of boron nitride nanosheets provides the basis for
further study on such structures.

The amantadine molecule is the basis of many new drugs
and chemicals amantadine was first discovered by Davis in
1964 and was used to treat the flu virus [41]. Amantadine is
a member of adamantane branch when an amino group joins
to one of the four most stable methine positions in adaman-
tane to form C,,H;;N. This molecule is used in antiviral
drugs and in the treatment of Parkinson’s and influenza A
infections [42].

This study discusses about the interactions of amanta-
dine (AMD) with BNNS and BN nanosheets doped with
Al, Ga, P, and As, elements. After optimizing the structure
of boron nitride nanosheets by Gaussian software, to study
the chemical stability and conductivity, the elements dop-
ing process on this nanosheet have been studied. Because of
the high sensitivity of computation to precisely determine
the energy of molecular orbitals to investigate the conduc-
tivity and probability of physical and chemical adsorption,
different structures need to be optimized using appropriate
computational methods. For this purpose, the HSEH1PBE
functional and 6-311G (d) basis set was used in this research
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for computation. The B3LYP-D3, wB97XD, and M062X
functionals with 6-311G (d) basis set were also used to cal-
culate the single point energies. Natural bond orbital and
quantum theory of atoms in molecules were studied by using
the B3LYP-D3/6-311G (d) method and the results were used
to obtain various physical parameters.

2 Computational details

The DFT calculations at Heyd—Scuseria—Ernzerhof () func-
tional [43] together with 6-311G (d) Pople split-valence
triple-zeta basis set with polarization functions [44] were
used for geometry optimization for all different positions of
the AMD/sheet complex structures. To determine the stabil-
ity of the optimized structures, frequency calculations are
also performed using the similar level of theory to approve
that all the stationary points are in agreement with a mini-
mum point through the potential energy surface. For further
investigation, single point energy calculations using differ-
ent levels of theory were also applied on the most stable
relaxed structures, which were obtained from geometry opti-
mization at the HSEH1PBE/6-311G (d) level. The levels of
theory used for the single point energy calculations included
B3LYP-D3, M06-2X, wB97XD together with 6-311G (d)
basis set. Natural bond orbital (NBO) and quantum theory
of atoms in molecules (QTAIM) were implemented by using
the B3LYP-D3/6-311G (d) method. All of the calculations
including geometry optimization, single point energy cal-
culations, and NBO analysis were performed by Gaussian
16 package [45]. It should be noted that the NBO calcula-
tions were performed using NBO v 3.0 software which is
embedded within Gaussian software. In order to perform
quantum theory of atoms in molecule (QTAIM) and density
of state (DOS) analyses, the Multiwfn program [46—48] was
employed.

The adsorption energy (E,4,) of the investigated AMD
onto the surface of pristine and doped nanosheets can be
calculated as follows:

Eyuis = Egnecuamp — (Esheet + Eamp) (D

where Eg .. amp represents the total energy of the complex
structure. Egy... and E,yp, are the total energy of the pure
nanosheet and the pure AMD molecule, respectively. It is
noteworthy that the absorption energy consists of two parts:
the interaction energy (E;,) and the deformation energy
(E4ep) that occur in the absorption process. Therefore, the
following equations are used to calculate these shares:

Eads = Einl + Edef (2)
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Eim = Esheet/AMD - Esheet incomplex EAMD in complex 3)

E

pristine sheet )

Edef — Esheet + EAMD — ( E

def def sheetin complex —

+ (EAMD incomplex Eisolated AMD) (4)

where Esheet in complex and EAMD in complex are energies of
AMD molecule and nanosheet in the optimized complexes,
respectively.

3 Result and discussion
3.1 The structural analysis

To optimize the structure of pristine single layer boron
nitride nanosheets using periodic boundary conditions, we
select a 2D unit cell of boron and nitrogen atoms which is
a=10.0042 A and »=10.0043 A in length containing 32
atoms. We optimized this nanosheet by DFT method with
HSEHIPBE functional together with basis set 6-311G (d).
After optimization of the pristine nanosheet we substituted
Al and Ga with B then P and As with N atom then the opti-
mization process has been repeated for doped nanosheets.
The quantitative values of bond lengths are shown in Fig. 1.

The next step was the optimization of AMD/nanosheet
complexes. In this step the AMD molecule was placed on
the outer surface of each above-mentioned nanosheets with

vertical distance of about 2.1 A. To find out the optimum
distances between nanosheet and AMD molecule we used
the rigid scan for some cases to estimate the most efficient
distance. It should be noted that the level of theory in both
optimization and rigid scan was HSEHI1PBE/6-311G (d). To
better explain the details of the adsorption process, it will be
useful to compare Figs. 1 and 2.

The boron nitride nanosheet is composed of several sym-
metric hexagons that have four different adsorption positions
for the adsorption of any molecule onto the outer surface of
the nanosheet as shown in Fig. 3: adsorption position on B
atom (T,); adsorption position on N atom (T,); and adsorp-
tion position on B-N bond (T5); adsorption position at hex-
agonal center (T,). The logical approach is to put the AMD
molecule in each of these positions and measure the amount
of adsorption energy (E,4,). It is important to note that the
AMD molecule has different heads (Br, Cl, F), and each
of these heads must be placed on the desired position on
the nanosheet to measure the amount of absorption energy.
Our experience shows that negligible differences exist in the
amounts of adsorption energies when we place the AMD in
any of the possible adsorption sites. As mentioned in [49],
when the differences in the adsorption energies are “below
the range of chemical interest”, placing the gas in differ-
ent positions on the nanosheets provides identical results.
Nevertheless, we put the AMD molecule from N-head onto
the desired positions on the BN nanosheet. The test result
showed that there is a negligible difference among the

(d)

(e)

Fig. 1 The values of bond length for a BNNS, b BNAINS, ¢ BNGaNS, d BNPNS, and e BNAsNS. The optimization process has been done

using HSEH1PBE/6-311G (d) level of theory
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Fig.2 The most stable form of a isolated AMD and the adsorbed AMD molecule onto the outer surface of a BNNS, b BNAINS, ¢ BNGaNS, d
BNPNS, and e BNAsNS. All clusters have been optimized using the HSEH1PBE functional and 6-311G (d) basis set

adsorption energies; therefore, the boron atom position was
the target position on the BN nanosheet.

In the next step, the nanosheet is expanded three times in
each directions (a=25.85 A, »=25.92 A) and terminated with
hydrogen atom for single point, NBO, and QTAIM studies
(Fig. 4). Single point energy calculations using different func-
tional, such as B3LYP-D3, wB97XD, and M062X and 6-311G
(d) basis set, were done. The calculated values indicate a strong
interactions between nanosheets and AMD molecule. Since the
HSEH1PBE functional does not account for the scattering con-
tribution, it is expected that in poor interactions, this functional
will not give a good estimate of the amount of energy. For this
reason, methods have been developed for effects. One of the
most effective, accurate and low computational methods is the
experimental method developed by Grimme et al. This method
is highly accurate because it has an empirical basis and its
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parameters are extracted from the spectroscopic experimental
data. Various versions of the semi-empirical Grimme method
have been presented in recent years [5S0-52]. In this work
we used the latest version of B3LYP-D3known as D3 (BD)
(GD3BYJ), and wB97XD to consider long range and dispersion
effects. The well-known M062X functional are used to better
comparison. The results show that the energies obtained from
the HSEH1PBE and other functionals are consistent with the
accuracy of the calculations. On the other hand, as expected,
the B3LYP-D3 method shows more energy values than the
others, due to the dispersion contribution consideration. Also
by doping the Al, Ga, P, and As elements on the BN nanosheet,
significant changes in the results are achieved. Table 1 shows
that doping Al, Ga, P, and As increase the absorption energy
and enhanced the physical absorption.
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Fig.3 All possible target positions for the adsorption of any arbitrary
molecules onto the surface of BNNS. Top of boron atom (T,), top of
nitrogen atom (T,), between boron and nitrogen atoms (T;), and top
of the hexagonal ring (T,)

3.2 Energetics properties

The chemical electron potential (1) describes the tendency of
electrons to escape from a particular species at the ground
state. This quantity is equal to the absolute negative electron-
egativity obtained from the definition provided by Mulliken,
as follows:

p=—xM )

Parr et al. [53] used the DFT to show that at a constant
external potential, the potential energy of an electron is related
to the first derivative of energy relative to the number of elec-
trons, as follows:

O0E 1
where IP and EA are the ionization affinity and electron
affinity, respectively [54]. Based on the Koopman’s approxi-
mation (In the Hartree—Fock theory) and Janak’s approxi-
mation [55] (in the DFT theory), the ionization and elec-
tron affinity potentials are equal to the negative value of
the highest occupied molecular orbital (HOMO) energy
(egomo = —IP) and negative value of the lowest unoccupied
molecular orbital (LUMO) (¢; ymo = —EA). Therefore, the
chemical potential in Janak’s approximation is defined as

_(9E\ _ (erumo *+ €nomo)
n=() = %
oON o(7) 2

where eyomo and €y g are the energies of the HOMO and
the LUMO, respectively. N is the number of electrons, E
is the total electronic energy of the system, and o(r) is the
external potential.

Fig.4 The 2D a boron nitride, b Al-doped boron nitride, ¢ Ga-doped
boron (b), P-doped boron nitride, and ¢ As-doped boron nitride
nanosheets terminated with hydrogen atoms

Comparison of the variation in electron chemical poten-
tials to that in the number of electrons at a constant external
potential is called chemical hardness, which is expressed as

_(9r\_1(2E
"=\~ )~ 2\ o2 ®)
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Table 1 The interaction energy (E,) for BNNS, BNAINS, BNGaNS,
BNPNS, and BNAsNS with AMD molecule

System HSEHIPBE B3LYP-D3 M06-2X wB97XD
AMD/BNNS —0.138 -0.241 -0.160 —0.243
AMD/BNAINS —-0.783 —-0.826 -0.742 -0.831
AMD/BNGaNS —0.884 —-0.867 -0.819 -0.874
AMD/BNPNS  —-0.817 —-0.802 -0.740 —-0.828
AMD/BNAsSNS  —0.839 -0.841 -0.755 —-0.848

All values are in (eV)

Parr et al. [56] used the electron energy curve as well as
the finite difference approximation to express hardness as
follows:

1= (P —EA) ©)

Moreover, using Janak and Koopman’s approximations,
the hardness equation is transformed as follows:

2

H
AEnin = 5, (10)

n
Chemical hardness is the energy gap between the HOMO
and the LUMO. Therefore, molecules with high energies are
considered as hard molecules, while those with low energies
are called soft molecules. Since the softness of a molecule
is the opposite of its hardness, the equation for molecule
softness is denoted as follows [57]:

1
§=-= 11
" 1D
Inspired by Maynard’s work, Parr et al. [58] introduced
electrophilicity as the steady-state energy in which an atom
or a molecule at ground state gains by receiving additional
electron charges from the environment. The energy changes

that lead to such a charge transfer are expressed as follows:
1
AE = uAN + En(AN)z (12)

When the system receives electron charges from the envi-
ronment sufficient to equate its potential to that of the envi-
ronment, the system is saturated with electrons and can be
expressed as follows:

dAE

4aN ~ 1

The electron load received from the environment is maxi-

mized, and the total energy of the system is eventually mini-
mized. Thus,
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u

ANmax = ~ (14)
2
U

AEnin = _Z (15)

Since >0, AE <0 always, and the charge transfer is
energetically desirable. Accordingly, Parr et al. proposed the
following equation to denote the electrophilicity of electro-
philic species.

2

w=—
2n

16)

In fact, the electrophilicity index is the capacity of a spe-
cies to accept an arbitrary number of electrons from the
environment. In this regard, Nourizadeh and Maihami [59]
used electrophilicity in the Diels—Alder reaction and stated
that “atoms appear to be arranged in a natural tendency to
reach the lowest electrophilicity.” This expression is called
the minimum electrophilicity principle (MEP).

The values of maximum occupied molecular orbital
(HOMO) and lowest occupied atomic orbital (LUMO) and
their differences (HLG), chemical potential (¢), chemical
hardness (), and electrophilicity (@) are reported in Table 2.
From the results of this table, it can be seen that by adsorp-
tion of AMD molecule onto the outer surface of nanosheets
the distance between HOMO and LUMO levels is reduced
relative to the pure nanosheet, which shows the greatest
decrease in the interaction of the Ga-doped boron nitrogen
nanosheet and AMD, which is caused by the molecular
energy absorption matched from this position. By doping the
elements Al, Ga, P, and As, it is observed that HLG changed.
The decrease in HLG for Al and Ga as well as increased for
P and As results in an increase in the electrical conductivity
and thus an increase/decrease in the metal property of all the
nanosheets compared to pure BNNS. It is also noteworthy
that the observed changes in HLG after doped Al, Ga, P, and
As are mainly due to lower LUMO energy levels. In order to
study these changes in the electron structure of the studied
cases more closely, the density of state spectra (DOS) will
be analyzed in the next section. For a more detailed study of
the electron structure changes, the density of state spectra
(DOS) are extracted and illustrated in Fig. 5.

From the DOS spectra, it is clear that DOS spectra for all
absorption are in agreement with the values of the energy
parameters reported in Table 2. The lowest amount of
adsorption energy is related to the pristine nanosheet and
the highest amount of adsorption energy is for the adsorp-
tion of AMD onto the Ga-doped BN nanosheet, the most
changes are also observed in the DOS spectrum relative to
the Ga-doped nanosheet. In other words, the electron struc-
ture changes show a direct relationship with the absorption
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Table 2 Values of HOMO

energy (&), LUMO energy Systems H L HLG ! ! ?
(¢1), HOMO and LUMO energy  BNNS -7.022 -1.271 5751 —4.147 2.876 24.721
& iﬁ:rg)cﬁeﬁﬁif‘(’gngjé BNAINS ~6.834 ~1.186 5.648 ~4.010 2.824 22703
electrophilicity (o) BNGaNS —6.864 -1.192 5.672 —4.028 2.836 23.007
BNPNS —-6.363 —-1.219 5.144 -3.791 2,572 18.478
BNAsNS -6.239 -1.208 5.031 3724 2,515 17.441
AMD/BNNS -6.297 —-1.337 4.960 -3.817 2.480 18.068
AMD/BNAINS —-5.726 -0.937 4.790 -3.331 2.395 13.288
AMD/BNGaNS —5.688 -1.030 4.658 —-3.359 2.329 13.137
AMD/BNPNS —-5514 -1.279 4235 -3.396 2.118 12.213
AMD/BNAsNS —5.646 -1.337 4308 -3.491 2.154 13.129

All values are in (eV) and were obtained from completed nanosheet B3ALYP-D3/6-311G (d) level of theory

energies. Given the amount of absorption energy, high
amount of binding energy, and the structure of DOS spectra
obtained in all of these cases, it can be claimed that the
adsorption of AMD molecule onto BN, BN (Al), and BN
(Ga), BN (P), and BN (As) nanosheets is a strong physical
adsorption type.

3.3 NBO analyses

The natural bond orbital (NBO) analysis has been developed
based on many-electron molecular wavefunction in terms
of localized electron pair bonding units and uses first-order
reduced density matrix of the wavefunction [60, 61]. In the
NBO approach, a given wavefunction should be transformed
into a localized form in which NBOs are considered as local
block eigenfunctions of the density matrix. NBO analysis is
applicable in both closed-shell and open-shell systems which
are calculated from atom-centered basis functions [62]. The
mechanism of the energetic analysis of NBO interactions is
based on the one-electron effective energy operator (Fock
or Kohn—-Sham matrix) that arise from the host electronic
structure system (ESS). Second-order perturbation theory
is one of the highest uses methods for estimating energy
effects. For the case of HF or DFT methods, the interactions
between NBOs are considered to analyze the wavefunction
energetically, with the explanation that the Kohn—Sham
matrix elements are implemented in the DFT platform
[63-73].

We used the B3LYP-D3/6-311G (d) level of theory to
perform the NBO calculations. The concept of bonded
orbitals can be used to understand the distribution of elec-
trons in atomic and molecular orbitals. Atomic charges and
molecular bonds can be used to obtain these orbitals. In this
method, an electron density matrix is used to both define
the shapes of the atomic orbitals in the molecular environ-
ment and obtain molecular bonds (electron density between
atoms). NBO is defined as the following equation for ¢ bond-
ing between atoms A and B.

oap = Cahp + Cghy (17

where h, and Ay are natural hybrids on the A and B atoms.
In the covalent limit, C, = Cy, and at the ionic limit, C, >> Cg
(if the electronegativity of A is greater than B). Each bond-
ing NBO must be paired with a corresponding antibonding
NBO.

oap = Calty — Cghy (18)

Binding orbital analysis is used to evaluate the effects
of non-stationary effects, such as anomeric effect, rotation
barrier, hydrogen bonding, and so on. In NBO analysis,
molecular energy is divided into two parts: total energy (for
non-stationary enters) and Lewis molecule energy (where
super-conjugation does not occur, and the electrons are
strongly bound in single bonds and pairs). The occupied
NBOs describe the covalent effects in the molecule, while
the non-occupied NBOs are used to describe non-covalent
effects. The most important non-occupied NBOs are anti-
bond orbitals [60, 72, 73].

Various types of bond order analyses are developed to
take into account the bond property such as Mulliken bond
order analysis [74], Mayer bond order analysis [75, 76],
multi-center bond order analysis [77, 78], Wiberg bond order
analysis [79], fuzzy bond order [80, 81] and so on. Due to
the different assumptions, caution should be exercised when
using the above-mentioned methods and the term “Caveat
emptor” in this case is a practical example to describe such
a situation. Basis set containing diffuse functions as case in
point, leads to unreliable result for Mulliken or Mayer analy-
ses [46]. According to the literature [82], the Wiberg bond
order, in comparison to the Mayer method, has much less
sensitivity to the basis set. The Wiberg bond index (WBI) is
the sum of squares of off-diagonal density matrix elements
between atoms and is denoted as follows:
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Fig.5 The density of state
(DOS) diagrams for the adsorp-
tion of AMD molecule onto
the surface of the a pristine,

b Al-doped, ¢ Ga-doped, d
P-doped, and e As-doped boron
nitride nanosheets. The data
were obtained from completed
nanosheet and B3LYP-D3/6-
311G (d) level of theory. The
left side diagrams are isolated
nanosheets and the right side
diagrams are AMD/nanosheet
clusters
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WBI = Zk‘,l’z = 2p; =P} (19)
where P represents the density matrix elements (i.e., the
contribution of interactions between basis functions j and
k) and P;; is the charge density in the atomic orbital. In the
WBI, there is no difference between net bonding or antibo-
nding type of elements of the density matrix.

NBO analysis was used to calculate the bond order using
the Wiberg method [79] for a more detailed examination
of the types of interactions. After studying the adsorption
energy of the complexes, we examine the bond length and
bond order of the gases and the nanosheets before and after
the adsorption. The Wiberg bond orders for these clusters
are reported in Table 3. According to this table, that the bond
of the halogen atoms in AMD molecules oriented to the N
in BNNS, Al in BNAINS, Ga in BNGaNS, P in BNPNS,
and As in BNAsSNS are the most significant bonds. The
results of the WBI analysis agree with the adsorption ener-
gies reported in Table 1. They reveal that these nanosheets
show a strong interaction with the gas molecules and can be
considered a suitable sensor for such gases.

One of the results of the natural population analysis
obtained from NBO calculation is a natural electron con-
figuration which shows the effective valence electron con-
figuration for any atoms in the studied structure. The results
of the NBO calculations shed light on the natural electron
configuration and partial natural charge, which are useful in
the study of the character of the bond between the AMD and
the nanosheets. The NBO approach was implemented for all
atoms in the pristine and cluster systems to reveal the quanti-
ties listed in Table 4. Charge transfer quantity between AMD
molecule and nanosheets can also be a criteria to study the
interaction of nanosheet and AMD, such that the stronger
the interaction the more the charge transfer between AMD
and the nanosheet. Table 4 shows that there is a significant
charge transfer between two species during adsorption pro-
cess would be happened.

In addition, by implementing the natural electron con-
figuration the type of the interaction between nanosheets
and AMD molecule will be described. From Table 4 it can

be obvious that valance configuration of isolated AMD mol-
ecule and nanosheets as well as valance configuration of
nanosheet/AMD clusters have been increased. Therefore, the
interaction of AMD with all nanosheets can be classified as
a strong physisorption process.

The second-order perturbation theory is an estimate of
donor—acceptor interactions in the NBO basis. NBO analysis
expresses the complex quantum—mechanical wavefunction
into a more palpable Lewis-dot-like formalism. Lewis-type
NBOs are called filled or “donor” orbitals (¢) and Non-
Lewis-type NBOs are called vacant or “acceptor” orbitals
(c*). For each donor NBO (i) and acceptor NBO (j), the
stabilization energy E(2) is calculated as follow [70]:

EQ2) = AE2 = _q,ﬂ
! l(fj —€;)

where ¢;, ¢; are diagonal elements which show the orbital
energies, g; denotes the donor orbital occupancy (¢g=2 for
closed-shell systems and g =1 for open-shell systems), and
the off-diagonal NBO Fock matrix element is demonstrated
by F(i, j), and AE; is the stabilization energy.

(20)

The results of electron donor—acceptor electron configu-
ration of pristine BNNS and doped BN (Al), and BN (Ga)
nanosheets are reported in Table 6. It is noteworthy that in
this table the most important interactions in terms of the
electron transfer stability energy are reported. The existence
of such interactions with the remarkable stability energies
in this table shows that in all cases the doped atom has been
incorporated into the nanosheet structure by the chemical
interaction and the stability structure has been achieved. In
other words, the inserted atom behaves as a doping atom.
The data in Table 5 show that the most important interaction
for the pristine nanosheet related to electron transfer from
the BD (B-x) (x=N, Al, Ga, P, and As) bond as the electron
donor to the BD*(N-H) as the receptor. This is in agree-
ment with the results of the absorption energy as well as
with the other results which have examined. In the study of
the doped complexes, it is observed that in the x- complex,
the x electron pair is donor (Lewis base) and the N-bonded
electron pair is the group of the electron-acceptor molecule

Table 3 The bond lengths

. Systems N....(x) N....B N....N

and the nearest intermolecular -

distances (re (A)) as well as WBI r(e) WBI r(e) WBI r(e)

Wiberg bond index (WBI)

between AMD molecule and AMD/BNNS - - 0.007 3.888 0.001 3.626

BNNS, BNAINS, BNGaNS, AMD/BNAINS 0.240 2.043 0.002 3.854 0.010 3.006

BNPNS, and BNAsNS AMD/BNGaNS 0.296 2.053 0.002 4.125 0.014 3.288
AMD/BNPNS 0.001 5.520 0.044 3.926 0.004 3213
AMD/BNASsNS 0.001 4.418 0.004 3.530 0.002 3.701

The calculations were performed using PBC-DFT HSEH1PBE/6-311G (d) for bond length and B3LYP-
D3/6-311G (d) for WBI (x=Al, Ga, P, and As)
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Table 4 Natural electron
configurations and natural
charges (esu) for the isolated
AMD, pristine and Al-, Ga-, P-,
and As-doped nanosheets and
their complex structures

@ Springer

Systems Atom Natural charge Natural electron configuration

BNNS B 1.17 [core]2S(0.43)2p(1.38)3p(0.01)3d(0.01)
N -1.17 [core]2S(1.34)2p(4.82)

BNAINS B 1.17 [core]2S(0.43)2p(1.38)3p(0.01)3d(0.01)
N -1.17 [core]2S(1.34)2p(4.82)
Al 2.00 [core]3S(0.39)3p(0.58)3d(0.02)

BNGaNS B 1.17 [core]2S(0.43)2p(1.38)3p(0.01)3d(0.01)
N -1.17 [core]2S(1.34)2p(4.82)
Ga 1.80 [core]4S(0.55)4p(0.67)4d(0.01)

BNPNS B 1.17 [core]2S(0.43)2p(1.38)3p(0.01)3d(0.01)
N -1.17 [core]2S(1.34)2p(4.82)
P 0.28 [core]3S(1.07)3p(3.64)3d(0.01)

BNASsSNS B 1.17 [core]2S(0.43)2p(1.38)3p(0.01)3d(0.01)
N -1.17 [core]2S(1.34)2p(4.82)
As 0.35 [core]4S(1.12)4p(3.53)4d(0.01)

AMD/BNNS B 1.16 [core]2S(0.43)2p(1.39)3p(0.01)3d(0.01)
N —-1.17 [core]2S(1.34)2p(4.83)
C 0.14 [core]2S(0.87)2p(2.98)3p(0.01)3d(0.01)
N -0.89 [core]2S(1.41)2p(4.46)3p(0.01)3d(0.01)
H 0.37 1S(0.63)

AMD/BNAINS B 1.17 [core]2S(0.43)2p(1.40)3p(0.01)3d(0.01)
N —1.18 core]2S(1.41)2p(5.00)3p(0.01)
Al 2.05 [core]3S(0.39)3p(0.54)3d(0.02)4p(0.01)
C 0.14 [core]2S(0.88)2p(2.97)3p(0.01)3d(0.01)
N —-0.96 [core]2S(1.41)2p(4.54)3p(0.01)
H 0.43 1S(0.57)

AMD/BNGaNS B 1.15 [core]2S(0.44)2p(1.37)3p(0.01)3d(0.01)
N —1.15 [core]2S(1.37)2p(4.80)
Ga 1.83 [core]4S(0.53)4p(0.64)4d(0.01)5p(0.01)
C 0.14 [core]2S(0.87)2p(2.97)3p(0.01)3d(0.01)
N -0.93 [core]2S(1.41)2p(4.51)3p(0.01)
H 0.43 1S(0.57)

AMD/BNPNS B 1.17 [core]2S(0.59)2p(1.64)3p(0.02)3d(0.01)
N -1.17 [core]2S(1.34)2p(4.84)
P 0.13 [core]3S(1.38)3p(3.48)3d(0.02)4p(0.01)
C 0.14 [core]2S(1.41)2p(4.45)3p(0.01)3d(0.01)
N -0.88 [core]2S(0.87)2p(2.98)3p(0.01)3d(0.01)
H 0.38 1S(0.62)

AMD/BNASNS B 1.16 [core]2S(0.60)2p(1.65)3p(0.02)3d(0.01)
N —1.16 [core]2S(1.34)2p(4.84)
As 0.19 [core]4S(1.43)4p(3.37)4d(0.01)5p(0.01)
C 0.14 [core]2S(0.87)2p(2.98)3p(0.01)3d(0.01)
N -0.89 [core]2S(1.41)2p(4.46)3p(0.01)3d(0.01)
H 0.37 1S(0.63)

AMD C 0.14 [core]2S(0.86)2p(2.98)3p(0.01)3d(0.01)
N -0.93 [core]2S(1.29)2p(4.63)3p(0.01)
H 0.40 1S(0.60)

All values calculated by the HSEH1PBE/6-311G (d) level of theory
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Table 5 The donor—acceptor NBO interactions and second order per-
turbation energies (E(2)) for the AMD clusters with BNNS, BNAINS,
BNGaNS, BNPNS, and BNAsSNS

Systems Donor NBO (i) Acceptor NBO (j) E2 (kcal/mol)
AMD/BNNS BD (B-N) BD*(N-H) 0.09
AMD/BNAINS BD (B-Al) BD*(N—-H) 0.61
AMD/BNGaNS BD (B-Ga) BD*(N-H) 0.73
AMD/BNPNS  BD (B-P) BD*(N-H) 0.24
AMD/BNAsSNS BD (B-As) BD*(N-H) 0.23

All values obtained from completed nanosheets at the HSEH1PBE/6-
311G (d) level of theory

(Lewis acid). The highest electron-acceptor stabilization
energy in all cases is due to the same interaction, which
indicates a strong adsorption of the molecule onto the BN
(Ga) nanosheet compared to the others.

3.4 QTAIM analysis

QTAIM is a powerful tool for topology analysis containing
the type and structure of bonds and intermolecular interac-
tions. QTAIM method was proposed by Bader et al. [§3-88].
According to this theory, the critical point of the electron
density, which can be a minimum point, a maximum point,
or a saddle point, can fall into one of the following four
categories: (1) Atomic critical point (ACP), which denotes
the geometrical position of an atom or nucleus (other than
hydrogen), and geometrically represents a local maximum
point of electron density in all three directions of space; (2)
bond critical point (BCP), which indicates a critical point
related to a bond or physical or chemical interaction (in
reality, this point represents a saddle point with two direc-
tions of maximum electron density and one direction of
minimum electron density); (3) ring critical point (RCP)
[89, 90], which denotes a ring or set of atoms forming a
ring (geometrically, it is a saddle point with the minimum
electron density in one direction and in the other two direc-
tions); and (4) cage critical point (CCP), which is observed
when multiple rings form a cage (geometrically, this point

Table6 The AIM topological parameters, including electron den-
sity (p(r)), Laplacian of electron density (Vz/)(r)), the kinetic electron
density G(r), potential electron density V(r), eigenvalues of Hessian

is a local minimum point in all three directions of space).
Poincaré—Hopf relationship should be satisfied to verify if
all CPs may have been found as follows [91, 92]:

Nacp) — Nsepy + Mrep) — Mcep) = 1 21

The eigenvalues of Hessian matrix, 4, and 4,, are nega-
tive and 14,1 <I4,| for the BCP. 4, and 4, are perpendicular to
the bonding path, and 45 is a positive value along the bond-
ing path. For the QTAIM analysis, it is necessary to know
the electron density p(r) and Laplacian electron density V2
p(r). The p(r) and V?p(r) play an important role in the seg-
mentation and identification of different types of chemical
interactions. A BCP with negative values of V2p(r) and large
values of p(r) (of orders exceeding 10—1 a.u.) is defined as
a shared (covalent) intermolecular interaction. Also, when
V2p(r) is positive, the interactions can be classified as of the
non-substrate close-shell type (which include ionic and van
der Waals interactions) [93]. The elliptical bond (¢) [94]
and the virial theorem [95] are two other important factors
in the classification of bonds. An elliptical bond represents
the electron density preferentially accumulated on a plate
containing the bond and is defined as follows:

A

e=—-—-1

7 where |4,| > |4, (22)
2

Large values of ¢ indicate an unstable structure and vice
versa. Also, based on the virial theorem, the following rela-
tionship exists between the electron kinetic energy density
G(r) [96], the electron potential energy density V(r) [97],
and V?p(r):

%Vzp(r) =2G(r) + V(r) (23)

The balance between G(r) and V(r) reflects the nature of
the interaction, and therefore, the ratio of G/IVI can be used
as an appropriate index in link classification. If this ratio
is less than 0.5, the nature of the interaction will be purely
covalent, and if the ratio is greater than 1, the interaction
may be considered as completely non-covalent. Note that for

matrix (4) and bond ellipticity index (&) at BCPs of the AMD clusters
with BNNS, BNAINS, BNGaNS, BNPNS, and BNAsNS

Systems Bond p V2 G(r) V(r) G()/V(r) A A A3 €

AMD/BNNS N....B 0.0025 0.0084 0.0016 —0.0011 1.4178 —0.0003 —0.0014 0.0101 3.4508
AMD/BNAINS N....Al 0.0523 0.2711 0.0684 —0.0690 0.9911 -0.0727 -0.0711 0.4149 0.0229
AMD/BNGaNS N....Ga 0.0773 0.3000 0.0933 —0.1115 0.8363 —0.0926 —0.0923 0.4850 0.0034
AMD/BNPNS N....P 0.0036 0.0119 0.0023 —0.0016 1.4457 —0.0022 —0.0016 0.0157 0.3564
AMD/BNASNS N....As 0.0046 0.0158 0.0030 —0.0021 1.4255 —0.0034 —0.0020 0.0212 0.6602

All values have been calculated using the B3ALYP-D3/6-311G (d) level of theory from NBO analysis
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covalent bonds (i.e., Vzp(r) <0and G/IVI<0.5), the nature of
the bond changes from van der Waals interactions to strong
covalent interactions, it becomes covalent. It can also play a
decisive role in controlling the amount of ionic interaction
for close-shell interactions (i.e., V2p(r)>0 and G/IVI> 1),
as they become stronger ionically (and weakly electrostatic)
by reducing interactions. Therefore, the QTAIM topology
analysis together with WBI analysis and adsorption results
expose an important trend: by increasing the ionic character
of atomic bonds in the nanosheets, the tendencies of the
gases to adsorb is also increased.

Considerable results can be obtained from reviewing
Table 6. It is observed that in all adsorption sites Laplacian
of electron energy density has a positive value, i.e., the bond
is non-covalent. In the study of doped systems, we found
that for the all clusters the energy density and the energy
density of Laplacian are high indicating that there is a strong
bond between the nanosheets and the AMD molecule and
the elliptical bond is close to 0, which means the interaction
is strong. As stated above, the ratio G/IV | more than 1 means
non-covalent bonding, in the case of Al- and Ga-doped clus-
ters these amounts are less than 1. In other words, the results
of QTAIM analysis also confirm the strong adsorption of the
AMD molecule on the BN(AI)NT and BN(Ga)NT (Fig. 6).

The reduced density gradient (RDG) function as well
as sign A,(r)p(r) are used to evaluate the weak interactions.
These functions are categorized in the context of non-cova-
lent interaction methods which is powerful way to analyze
the types of intermolecular interactions. The RGD is defined
as follows [98, 99]:

L[]
[ (24
23723 p(r)3

RDGs =

The strength of the interaction has a positive correlation
with electron density p(r) and the second largest eigenvalue
of the Hessian matrix (4,). Thus, the real space function
sign 4,(r)p(r) (the products of the signs of 4, and p) can
be defined. The scatter graph of the sign of the 4,(r)p(r)
function (X-axis) and RDG (Y-axis) reveals the interac-
tion type between gases and nanosheets. The RDG values
range from medium to very large around the nuclei and
edges of the molecules, whereas weak interactions (zero
to medium) are observed around the chemical bonds. Also,
for each specific value of RDG (seen as a horizontal line
on the graph), the regions of the graph can be classified
into three types, namely, sign ,(r)p(r) <0 (strong attrac-
tion), sign,(r)p(r) = 0 (weak van der Waals interaction),

@ Springer

and sign A,(r)p(r) >0 [strong repulsion (steric effect in ring)]
[98, 99].

Using the isosurface RDG=0.5 as a reference, it can be
concluded that after adsorption of the gas onto the outer
surfaces of the nanosheets, spots appeared around the region
characterized by sign 1,(r)p(r) % 0. The interaction of gas
with BN nanosheets is in the range of strong van der Waals
interactions in nature. Significant changes in the overall
features of the pristine nanosheets graph (Fig. 7) after the
adsorption of gases were observed in the region character-
ized as sign A,(r)p(r) <0 (i.e., strong attraction), implying
that the nanosheet/gas interactions were strong. Hence, this
analysis also confirms the results of the single-point energy
calculations and NBO analysis, namely that the interactions
of AMD with BNNS, BNAINS, BNGaNS, BNPNS, and
BNASsNS were strong.

4 Conclusion

In this study, the interactions between amantadine mol-
ecule and pristine, Al-doped, Ga-doped, P-doped, and As-
doped boron nitride nanosheets as were investigated using
density functional framework. To this end, the structure of
the nanosheets and AMD molecule was optimized at the
theoretical level of HSEH1PBE/6-311G (d). Right after that
B3LYP-D3, M062X, and wB97XD functionals and same
basis set were also used to consider the contribution of long
range interactions and dispersion effect. QTAIM and NBO
analyzes were also implemented to consider the character of
intermolecular interactions. The results of all analyses are in
agreement and show: (1) Among the different positions stud-
ied for pristine boron nitride nanosheet, the T position has
the highest absorption energy; (2) investigations in this study
show that the Al, Ga, P, and As elements can be substituted
by BNNS nanosheet atoms by chemical bonding and, as a
binding element, cause dramatic changes in the chemical,
electronic and mechanical structure of BNNS nanosheets;
(3) Among the doped nanosheets, Ga-doped BNNS has a
very high adsorption energy compared to other elements,
and is expected to be chemically adsorbed in this case and
appears to be a suitable sensor characteristic option. The
next category is Al element, where the adsorption energy is
higher than the initial state but lower than that of Ga. Gener-
ally, we found that the adsorption tendencies of the afore-
mentioned gas molecule have a positive correlation to the
nature of the bonds in BN nanosheets. Finally, we conclude
that the BNNS, BNAINS, BNGaNS, BNPNS, and BNAsSNS
are suitable drug delivery options for the AMD molecule.
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Fig.6 AIM molecular graphs for a AMD/BNNS, b AMD/BNAINS, ¢ AMD/BNGaNS, d BNPNS, and e BNAsNS systems. Orange dots repre-
sent the boundary critical points (BCPs)
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Fig.7 Plots for the reduced
density gradient (RDG) versus
sign (4,)p(r) values of the a pris-
tine, b Al-doped, ¢ Ga-doped,
P-doped, and As-doped boron
nitride nanosheets. The data
were obtained from completed
nanosheet and B3LYP-D3/6-
311G (d) level of theory. The
left side diagrams are isolated
nanosheets and the right side
diagrams are AMD/nanosheet
clusters

@ Springer
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