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ABSTRACT: In this investigation, the feasibility of detecting the amantadine (AMD) molecule onto the outer surface of
pristine fullerene (Cgy), as well as C50X (X = Si, Ge, B, Al, Ga, N, P, and As) decorated structures, was carefully
evaluated. For achieving this goal, a 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. Natural bond orbital (NBO) and the quantum
theory of atoms in molecules (QTAIM) were implemented using the B3LYP-D3/6-311G(d) method and the results were
compatible with the electronic properties. In this regard, the total density of states (TDOSs), the Wiberg bond index
(WBI), natural charge, natural electron configuration, donor-acceptor NBO interactions, and the second-order per-
turbation energies are performed to explore the nature of the intermolecular interactions. All of the energy calculations
and population analyses denote that by adsorbing of the AMD molecule onto the surface of the considered nanos-
tructures, the intermolecular interactions are of the type of strong physical adsorption. Among the doped fullerenes, Ge-
doped structure has very high adsorption energy compared to other elements. Generally, it was revealed that the
sensitivity of the adsorption will be increased when the AMD molecule interacts with the decorated fullerenes and
decrease the HOMO-LUMO band gap; therefore, the change of electronic properties can be used to design suitable

nanocarrier.
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1. INTRODUCTION

The nano materials are structurally divided into carbon
and noncarbon materials. After the discovery of ful-
lerene in 1985 by Kroto et al. as a new carbon allotrope
with unique features, scientists turned their attention to
such structures.'” Fullerene has shown amazing me-
chanical,*” electromagnetic.*’ and chemical proper-
ties.'""'* Using surface modification techniques, the
properties of fullerenes can be significantly altered. For
example, the solubility of fullerene, which is one of the
basic properties in drug delivery, can be improved by
functionalizing the surface.'*'°

In the last two decades, theoretical studies in the
density functional theory (DFT) framework on
nanostructures have attracted the attention of many
scientists in the fields of computational chemistry and
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solid-state physics. The study of silicon carbide nano-
tube is no exception, and many theoretical studies on
this nanostructure have led to interesting proposals for
the manufacture of industrial devices. Theoretical
studies show the molecular stability, structure, and
properties of fullerene.'”~?° Heterofullerenes have also
been widely studied: Xie et al. studied the sensor
characteristic of CsoNT and CyN;,.>! Matsubara and
Massobrio performed a first-principle study on the
silicon-doped fullerenes.”> Haddon considered the su-
perconductivity properties of alkali metal doped in
Cgo.>> Fullerene and its derivatives are used in the
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absorption of many substances.'®**° A brief study
was performed by Alver et al. to investigate the inter-
action of amantadine (AMD) with Cg,.>! The wide-
spread use of silicon carbide nanotubes provides the
basis for further study on such structures.

The AMD (also known as 1l-amino-adamantine)
drug molecule is the basis of many new drugs and
chemicals. AMD was first discovered by Davis in 1964
and was used to treat the flu virus.”> AMD is a member
of the adamantane branch when an amino group joins
one of the four most stable methine positions in ada-
mantane to form C;yH;;N. This molecule is used in
anti-viral drugs and in the treatment of Parkinson’s
and influenza A infections.”>*® Although AMD is
renally cleared, there are some side effects that can be
reduced using drug delivery methods like implement-
ing carriers such as nanomaterial.’”>°

This paper discusses the design of such a drug car-
rier. The main objective end of this study is to inves-
tigate the interactions of AMD with Cg and CsoX
(X = Si, Ge, B, AL, Ga, N, P, and As) was studied. After
optimizing the pristine and decorated fullerene struc-
tures by Gaussian software, to study the chemical sta-
bility and conductivity, the elements doping process on
this fullerene have been studied. Because of the high
sensitivity of computation to precisely determine the
energy of molecular orbitals to investigate the con-
ductivity and probability of physical and chemical ad-
sorption, different structures need to be optimized
using the appropriate computational methods. For this
purpose, the HSEHIPBE functional and 6-311G(d)
basis set was used in this research for computation. The
B3LYP-D3, wB97XD and M062X functionals with a 6-
311G (d) basis set were also used to calculate the single-
point energies. Natural bond orbital (NBO) and
quantum theory of atoms in molecules (QTAIM) were
studied by using the HSEHIPBE/6-311G (d) method
and the results were used to obtain various physical
parameters.

2. COMPUTATIONAL DETAILS

The DFT calculations at HSEHIPBE functional to-
gether with 6-311G(d) Pople split-valence triple-zeta
basis set with polarization functions®® were used for
geometry optimization for all different positions of the
AMD/fullerene complex structures. To determine the
stability of the optimized structures, frequency calcu-
lations are also performed using a similar level of
theory to approve that all the stationary points are
in agreement with a minimum point through the
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potential energy surface. For further investigation,
single-point energy calculations using different levels of
theory were also applied to 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 the B3LYP-D3, M06-2X, wB97XD together
with 6-311G(d) basis set. NBO and the QTAIM were
implemented by using the B3LYP-D3/6-311G(d)
method. All the calculations including geometry opti-
mization, single-point energy calculations and NBO
analysis were performed by Gaussian 16 package.*' It
should be noted that the NBO calculations were per-
formed using NBO v 3.0 software which is embedded
within Gaussian software. In order to perform quan-
tum theory of atoms in molecule (QTAIM) and density
of state (DOS) analyses, the Multiwfn program.”*~**
was employed.

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

Eus = Efullerene/CFM - (Efullerene + EAMD)v (1)

where Efjierene/anp represents the total energy of the
complex structure. Epgpeene @and Eayp are the total
energies of the pure fullerene and the pure AMD
molecule, respectively. Note that the absorption energy
consists of two parts, namely the interaction energy
(Eint) and the deformation energy (Eg4.) that occur in
the absorption process. Therefore, the following equa-
tions are used to calculate these proportions:

E.qs = Eint + Eqet, (2)

Eint = Efullorcno/ CFM — Efullcrencincomplex

- EAl\rlDincomplexa (3)

fullerene AMD
Eqet = Eqet + Eqet

(Efullcroncincomplcx - Epristincfullcronc)

+ (EAMDincomplex - EisolatedAMD)v (4)

where Efullereneincomplex and EAl\'IDincomplex are energies of
AMD molecule and fullerene in the optimized com-
plexes, respectively.

3. RESULT AND DISCUSSION

3.1. The structural analysis

To optimize the structure of pristine fullerene
structure using the DFT method, we selected HSEH1PBE
functional together with basis set 6-311G (d). After
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Fig. 1. The geometry information of the AMD molecule. The
optimization process has been done using HSEHIPBE/6-311G
(d) level of theory. The atomic distances are expressed in
Angstrom (A).

optimization of the pristine Cy, we substituted a carbon
atom with X (X = Si, Ge, B, Al, Ga, N, P, and As)
elements then the optimization process has been re-
peated for doped structures. Figure 1 shows the struc-
ture of AMD and quantitative values of bond lengths
for isolated C60 are shown in Fig. 2. Figures S1-S8
show the values of bond lengths for other isolated cages
in the supplementary material.

The next step was the optimization of AMD with
Cep as well as C59X complexes. In this step, the AMD
molecule was placed on the outer surface of each

Fig. 2. The values of bond length for Cg. The optimization
process has been done using HSEH1PBE/6-311G (d) level of theory.
The atomic distances are expressed in Angstrom (A).

above-mentioned structures with a vertical distance of
about 2.1 A. To find out the optimum distances be-
tween fullerene and AMD molecules, we used the rigid
scan for some cases to estimate the most efficient dis-
tance. It should be noted that the level of theory in both
optimization and the rigid scan was HSEH1PBE/6-
311G (d). To better explain the details of the adsorption
process, it will be useful to compare Figs. 2 and 3. In
addition, Figs. S9-S16 show the most stable form of
AMD/C5X, X (X = Si, Ge, B, Al, Ga, N, P, and As) in
the supplementary material.

The fullerene is composed of several symmetric
hexagons and pentagons that have five different ad-
sorption positions for the adsorption of any molecule
onto the outer surface shown in Fig. 4: adsorption
position on the carbon atom (T,), between two hex-
agonal rings (T,), between two hexagonal and pen-
tagonal rings (T3), adsorption position at the hexagonal
center (T,), and adsorption position at the pentagonal
center (Ts). The logical approach is to put the AMD
molecule in each of these positions and measure the
amount of adsorption energy (E, ). It is important to
note that the AMD molecule has different heads
(H, N), and each of these heads must be placed on the
desired position on the fullerene to measure the
amount of absorption energy. Our experience shows
that negligible differences exist in the amounts of ad-
sorption energies when we place the AMD in any of the
possible adsorption sites. As mentioned in Ref. 45,
when the differences in the adsorption energies are
“below the range of chemical interest”, placing the
AMD in different positions on the fullerene provides
identical results. Nevertheless, we put the AMD mole-
cule from N-head onto the desired positions on the
outer surface of fullerene structures. The test result
showed that there is a negligible difference among the
adsorption energies; therefore, the center of the hex-
agonal ring position was the target position on the
fullerene.

Single point energy calculations using different
functional such as B3LYP-D3, wB97XD and M062X
with a 6-311G (d) basis set were done. The calculated
values indicate strong interactions between fullerenes
and AMD molecule. Since the HSEH1PBE functional
does not account for the scattering contribution, 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 long-
range and dispersion effects. In this work, we used
B3LYP-D3 and wB97XD to consider long range and
dispersion effects. The well-known M062X functional is
used for better comparison. The results show that the
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Fig. 3.
atomic distances are expressed in Angstrom (A).

The most stable form of AMD/Cyy. The cluster has been optimized using the HSEH1PBE functional and 6-311G(d) basis set. The

energies obtained from the HSEHIPBE and other
functionals are consistent with the accuracy of the
calculations. On the other hand, as expected, the
B3LYP-D3 method shows higher values of energy than
the others, due to the dispersion contribution consid-
eration. Also, by doping the Al and Ga elements on the
fullerene, significant changes in the results are achieved.
Table 1 shows that doping Al and Ga increases the
absorption energy and enhanced chemical absorption.
The related deformation energies (E,.) are reported in
Table S1 in the supplementary material. Table 2 also
shows the bond length and the nearest intermolecular

Fig. 4. All possible target positions for the adsorption of any
arbitrary molecules onto the surface fullerene. Top of carbon atom
(T;), between two hexagonal rings (T,), between hexagonal and
pentagonal rings (T3) top of the hexagonal ring (T,), and top of the
pentagonal ring (T').

distances (re(A)) between AMD molecule and Cg, as
well as CgoX.

3.2. Energetics properties

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

= —xM. (5)

Parr and his colleagues®® 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 rel-
ative to the number of electrons, as follows:

OE 1
—(Z) —__ap+EA
" (aN>U(,> LwprEA).

Table 1. The adsorption energies (E,4,) for pristine Cqy and
Cs59X (X = Si, Ge, B, Al, Ga, N, P, and As) with AMD mole-
cule. All values are in (eV).

System HSEHI1PBE B3LYP-D3 MO06-2X wB97XD
AMD/Cqq —0.056 —0.128 —0.111 -0.213
AMD/Cs4Si —1.650 —1.786 —1.945 —2.015
AMD/Cs9Ge —1.730 —1.791 —2.173 —2.091
AMD/CsyB —0.068 —0.255 —0.129 —0.252
AMD/CsoAl —2.227 —2.463 —2.451 —2.511
AMD/Cs59Ga —2.196 —2.414 —2.447 —2.526
AMD/CsgN —0.058 —0.237 —0.116 —0.238
AMD/CsoP —0.078 —0.265 —0.153 —0.251
AMD/Cs9As —0.424 —-0.713 —0.568 —0.684
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Table 2. The bond lengths and the nearest intermolecular
distances (re (A)) between AMD molecule with pristine Cg
and C59 X (X = Si, Ge, B, Al, Ga, N, P, and As). All calcu-
lations were performed using PBC-DFT HSEH1PBE/6-311G
(d) level of theory.

Systems N...(x) H...(x) C...x) C-C C-(x)
Ceo - — - 1447 1392
CsoSi — — — 1447 1.837
CsoGe — — — 1447  1.908
CsoB - - - 1453 1.545
CyoAl - — — 1435  1.900
CsGa — — — 1436  1.906
CsoN - - - 1451 1399
CsoP — — — 1455  1.829
CsoAs — — — 1440  1.902
AMD/Cq, 3.665 3.183 4.586 1.447 1392
AMD/CsoSi 1.933 2.453 3.006 1.448 1.774
AMD/Cs59Ge 2.015 2.523 3.044 1434 1.826
AMD/C5¢B 5.827 4.861 6.493 1.442 1524
AMD/CsAl 2.013 2.487 3.041 1.392 1938
AMD/Cs9Ga 2.027 2.519 3.010 1446 1.941
AMD/Cs59N 4.164 4.631 4.637 1.449 1401
AMD/CsoP 3.957 3.366 4.593 1.446  1.829
AMD/Cs9As 4.130 3.289 4.070 1.392 1935

where IP and EA are the ionization affinity and electron
affinity, respectively.”” Based on the Koopman ap-
proximation (see the Hartree-Fock theory) and Janak’s
approximation,*® the chemical potential is defined as
follows:

ON ) om 2 ’

= <8E> ~. (eLuno + erowmo) 7)
u(F)
where egono and epyno 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 v(r) is the external potential.

Comparison of the variation in electron chemical
potentials to that in the number of electrons at a
constant external potential is called chemical hardness,
which is expressed as follows:

_(Op\ 1 (0% (8)
T=\on) “2\on2)
Parr et al.*® used the electron energy curve as well as

the finite difference approximation to express hardness
as follows:

n = %(IP _EA). (9)

Moreover, using Janak and Koopman’s approxima-

tions, the hardness equation is transformed as follows:
112

AEmin = % . (10)

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 hard-
ness, the equation for molecule softness is denoted as
follows™":

s=1 (11)

Inspired by Maynard’s work, Parr et al>' 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 = pAN + EU(AN)Z. (12)

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

@_0 (13)
dAN

The electron load received from the environment is
maximized, and the total energy of the system is
eventually minimized. Thus,

AI\[ma.x = _ﬂa (14)
n
2

AEmin = _M_ (15)
21

Since > 0, AE < 0 always, and the charge transfer is
energetically desirable. Accordingly, Parr et al. pro-
posed the following equation to denote the electro-
philicity of electrophilic species.

w:'u—z. (16)

In fact, the electrophilicity index is the capacity of a
species to accept an arbitrary number of electrons from
the environment.””
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Table 3. Values of HOMO energy (¢z), LUMO energy (1),
HOMO and LUMO energy gap (HLG), chemical potential
(p), chemical hardness (1), and electrophilicity (w). All
values are in (eV) and were obtained from completed ful-
lerene B3LYP-D3/6-311G (d) level of theory.

System ey €L HLG o n w

Ceo —5.974 —3.212 2.763 —4.593 1.381 14.569
CsoSi —5.794 —3.617 2.177 —4.705 1.089 12.050
Cs9Ge —5.856 —3.726 2.130 —4.791 1.065 12.221
Cs9B —5.645 —3.210 2.435 —4.428 1.217 11.933
CsoAl —5.366 —3.097 2.269 —4.231 1.134 10.154

Cs9Ga —5433 —3.185 2.249 —4.309 1.124 10.438
CsoN —4.559 —3.281 1278 —3.920 0.639 4.908
CsoP —5.176 —3.239 1.938 —4.208 0.969 8.576
CsoAs —5221 —-3.209 2.012 —4.215 1.006 8.939
AMD/Cq, —6.017 —3.277 2.740 —4.647 1.370 14.789
AMD/CsSi  —4.610 —2.537 2.073 —3.574 1.037 6.619

AMD/Cs59Ge —4.602 —2.551 2.051 —3.576 1.025 6.557
AMD/CsoB  —5.710 —3.271 2.439 —4.491 1.219 12.295
AMD/Cs9Al —4.698 —2.559 2.140 —3.628 1.070 7.043
AMD/Cs9Ga —4.711 —2.601 2.110 —3.656 1.055 7.049
AMD/CsoN  —4.633 —3.339 1.294 —3.986 0.647 5.139
AMD/CsoP  —5.227 —3.284 1.943 —4.256 0.972 8.799
AMD/Cs9As —5.275 —3.248 2.027 —4.261 1.013 9.200

The values of maximum occupied molecular orbital
(HOMO) and lowest occupied atomic orbital (LUMO)
and their differences (HLG), chemical potential (u),
chemical hardness (1), and electrophilicity (w) are
reported in Table 3. From the results of this table, it can
be seen that by adsorption of AMD molecule, the

distance between HOMO and LUMO levels is reduced
relative to the pure fullerene. Dopping Ga element shows
the greatest decrease in the interaction of the fullerene
structures and AMD, which is caused by the molecular
energy absorption matched from this position. The de-
crease in HLG results in an increase in the electrical
conductivity and thus an increase in the metal property
of all the C59X compared to pure Cg. It is also note-
worthy that the observed changes in HLG after doped Al
and Ga are mainly due to lower LUMO energy levels. To
study these changes in the electron structure of the
studied cases more closely, the density of state spectra
(DOS) will be analyzed in Sec. 3.3. For a more detailed
study of the electron structure changes, the density of
state spectra (DOS) diagrams for isolated Cqy and AMD/
Cgo cluster are extracted and illustrated in Figs. 5 and 6.
Moreover, the DOS diagrams for other systems are
shown through S17-S32 in the supplementary material.

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 3. The lowest
amount of adsorption energy is related to the pristine
fullerene and the highest amount of adsorption energy
is for the adsorption of AMD onto the Ga-doped ful-
lerene, the most changes are also observed in the DOS
spectrum relative to this structure. In other words, the
electron structure changes show a direct relationship
with the absorption energies. Given the amount of
absorption energy, high amount of binding energy, and
the structure of DOS spectra obtained in all of these

bDS spectrum
Occupied Orbitals
Wirtual Orbitals

Energy (el

Fig. 5.

The density of state (DOS) diagram for the Cq, The data were obtained from B3LYP-D3/6-311G (d) level of theory.
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Fig. 6. The density of state (DOS) diagram for the adsorption of AMD molecule onto the surface of the Cqy. The data were obtained from

B3LYP-D3/6-311G (d) level of theory.

cases, it can be claimed that the adsorptions of AMD
molecule onto Cy4y and CsoX structures are a strong
physical adsorption type.

3.3. NBO and QTAIM analyses

In the NBO approach,”* a given wave function
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 calcu-
lated from atom-centered basis functions.” Second-
order perturbation theory is also one of the highest
used methods for estimating energy effects.”®~%°

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
electrons in atomic and molecular orbitals. NBO is
defined as the following equation for o bonding be-
tween atoms A and B.

oap = Cahy + Cghy, (17)

where h, and hp are natural hybrids on the A and B
atoms. In the covalent limit, C, = Cg, and at the ionic
limit, C4 > Cjp (if the electronegativity of A is greater
than B). Each bonding NBO must be paired with a
corresponding anti-bonding NBO.

O'zB = CAhA — CBhB' (18)

In NBO analysis, molecular energy is divided into two
parts: total energy (for nonstationary 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 nonoccupied
NBOs are used to describe noncovalent effects. The
most important nonoccupied NBOs are anti-bond
orbitals.”*00¢

Various types of bond order analyses are developed
to take into account the bond property such as Mulli-
ken bond order analysis,” Mayer bond order analy-
sis,°*%? Multi-center bond order analysis,”””! Wiberg
bond order analysis,”* Fuzzy bond order’*’* and so on.
Due to the different assumptions, caution should be
exercised when using the above-mentioned methods
for example basis set containing diffuse functions as
case in point, leads to unreliable results for Mulliken or
Mayer analyses.**

According to the literature,”” the Wiberg bond
order, in comparison to the Mayer method, has much
less sensitivity to the basis set. The WBI is the sum of
squares of off-diagonal density matrix elements be-
tween atoms and is denoted as follows:

WBL= Y pi = 2p; — pj, (19)
k

where Pj represents the density matrix elements (i.e.
the contribution of interactions between basis functions
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j and k) and Pj is the charge density in the atomic
orbital. In the WBI, there is no difference between net
bonding or anti-bonding type of elements of the den-
sity matrix.

NBO analysis was used to calculate the bond order
using the Wiberg method.”” for a more detailed ex-
amination of the types of interactions. After studying
the adsorption energy of the complexes, we examine
the bond length and bond order of the AMD and
fullerenes before and after the adsorption. The Wiberg
bond order for these clusters is reported in Table S2.
According to this table, the bonds of the nitrogen
atoms in AMD molecules oriented to the X (X = Sij,
Ge, B, Al, Ga, N, P, and As) atom in Cs;¢X are the most
significant bonds. The results of the WBI analysis agree
with the adsorption energies, as reported in Table 1.
They reveal that these fullerenes show a strong inter-
action with the AMD molecules and can be considered
a suitable drug carrier for it.

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 fullerenes. The
NBO approach was implemented for all atoms in the
pristine and cluster systems to reveal the quantities
listed in Table 4. Charge transfer quantity between
AMD molecule and fullerenes can also be a criterion to
study the interaction of fullerene and AMD, such that
the stronger the interaction, the more the charge
transfer between AMD and the fullerene. Table 4 shows
that there is a significant charge transfer between two
species during the adsorption process would happen.

In addition, by implementing the natural electron
configuration, the type of interaction between full-
erenes and AMD molecules will be described. From
Table 4, it can be obvious that valance configuration of
isolated AMD molecule and fullerenes, as well as va-
lance configuration of fullerene/AMD clusters, have
been increased. Therefore, the interaction of AMD with
Cso and Cs9X can be classified as a strong physical
adsorption process.

The second-order perturbation theory estimate of
donor-acceptor interactions in the NBO basis. For each
donor NBO (i) and acceptor NBO (j), the stabilization
energy E(2) is calculated as follows®”:

(Fij)?
(5;' — &)
where €i, €j are diagonal elements which show the

orbital energies, ¢; denotes the donor orbital
occupancy (g = 2 for closed-shell systems and g =1

E(2) = AEj = —q, 7 (20)
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Table 4. Natural electron configurations and natural charges
(esu) for the isolated AMD, pristine Cgy and C59X (X = Si, Ge,
B, Al, Ga, N, P, and As) and their complex structures. All values
calculated by the B3LYP-D3/6-311G(d) level of theory.

Natural
Systems Atom charge  Natural electron configuration
Ceo C 0.000 [core]2S (0.87)2p(3.12)3p(0.01)
CsoSi C  —0.003 [core]2S (0.87)2p(3.12)3p
(0.01)
Si 1.306  [core]3S (0.98)3p(1.69)3d(0.02)4p
(0.01)
CsoGe C  —0.005 [core]2S (0.87)2p(3.12)3p(0.01)
Ge 1.100  [core]4S (1.17)4p(1.73)4d(0.01)5p
(0.01)
CsoB C  —0.001 [core]2S (0.87)2p(3.12)3p(0.01)
B 0.707  [core]2S (0.60)2p(1.68)3p(0.01)
CsoAl C  —0.002 [core]2S (0.86)2p(3.12)3p(0.01)
Al 1.642 [core]3S (0.65)3p(0.70)3d(0.01)4p
(0.01)
Cs0Ga C  —0.002 [core]4S (0.78)4p(0.85)4d(0.01)
Ga  1.391 [corel4S (0.78)4p(0.85)4d(0.01)
CsoN C  —0.003 [core]2S (0.87)2p(3.12)3p(0.01)
N  —0.345 [core]2S (1.18)2p(4.15)3p(0.01)
CsoP C  —0.001 [core]2S (0.85)2p(3.12)3p(0.01)
P 1.037 [core]4S (1.41)4p(2.01)4d(0.01)5p
(0.01)
CsoAs C  —0.001 [core]2S (0.86)2p(3.12)3p(0.01)
As 1.022  [core]4S (1.52)4p(2.44)4d(0.01)5p
(0.01)
AMD/Cq, C 0001 [core]2S (0.87)2p(3.12)3p(0.01)
N  —0.886 [core]2S (1.42)2p(4.45)3p(0.01)3d
(0.01)
C 0135 [core]2S (0.87)2p(2.98)3p(0.01)3d
(0.01)
H 0370 1S (0.63)
AMD/C5,Si  C  0.001 [core]2S (0.87)2p(3.12)3p(0.01)
Si 1.920 [core]3S (0.72)3p(1.32)3d(0.03)4p
(0.01)
N —0.940 [core]2S (1.41)2p(4.51)3p(0.01)
C  —0.464 [core]2S (0.89)2p(2.95)3p(0.01)
H 0448 1S (0.55)
AMD/Cs50Ge C 0.001 [core]2S (0.87)2p(3.12)3p(0.01)
Ge 1.719  [core]4S (0.88)4p(1.40)4d(0.01)5p
(0.01)
N —0.898 [core]2S (1.40)2p(4.48)3p(0.01)
C  —0.027 [core]2S (0.88)2p(2.96)3p(0.01)
H 0446 1S (0.55)
AMD/CsyB C 0.001 [core]2S (0.87)2p(3.12)3p(0.01)
B 0.707  [core]2S (0.60)2p(1.68)3p(0.01)
N —0.886 [core]2S (1.42)2p(4.45)3p(0.01)3d
(0.01)
C 0136 [core]2S (0.87)2p(2.98)3p(0.01)3d
(0.01)
H 0.368 1S (0.63)
AMD/CsoAl C 0.001 [core]2S (0.87)2p(3.12)3p(0.01)
Al 1703 [core]3S (0.53)3p(0.75)3d(0.02)
N —0.969 [core]2S (1.41)2p(4.54)3p(0.01)
C 0.140 [core]2S (0.88)2p(2.96)3p(0.01)
H 0436 1S (0.56)
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Table 4. (Continued) Table 5. Acceptor NBO interactions and second-order pertur-
- | bation energies (E/(2)) for the AMD clusters with pristine Cgq
el 4 and CyoX (X = Si, Ge, B, AL, Ga, N, P, and As). All values
Systems Atom charge  Natural electron configuration

obtained from completed fullerenes at the B3LYP-D3/6-311G (d)

AMD/C5Ga  C  0.001 [core]2S (0.87)2p(3.12)3p(0.01) level of theory.

[core]
Ga  0.140 [core]4S (0.67)4p(0.93)4d(0.01) _ .
N —0911 [core]2S (1’40)212(4'49)313(0.01) Systems Donor NBO (i) Acceptor NBO (j) E2(kcal/mol)
C 0.140  [core]2S (0.88)2p(2.96)3p(0.01) AMD/C, BD (C-H) BD*(C-C) 0.06
H 0434 1S (0.56) BD (N-H) BD*(C-C) 0.05
AMD/C5)N C 0.001 [core]2S (0.87)2p(3.12)3p(0.01) BD (N-H) BD*(C) 0.06
N —-0.352 2S (1.42)2p(4.45)3p(0.01)3d
[Co(rg]ol)( )2p(4.45)3p(0.01) AMD/C,Si  BD (C-C) LP*(Si) 1.01
N —0.886 [core]2S (1.18)2p(4.16)3p(0.01) gg Eg‘gg g*g‘; 1006576
1 28 (0.87)2p(2. 01 - ! :
C 0.136 [co(rg]ols) (0.87)2p(2.98)3p(0.01)3d BD (C-H) BD*(C_Si) 0.78
H 0369 1S (6.63) BD (C-H) BD*(C-C) 0.27
AMD/C,P  C 0001 [core]2S (0.87)2p(3.12)3p(0.01) gg (E‘E) BIISE é&;, }33'1
P 0994 [core]3S (1.38)3p(2.58)3d(0.03)4p (N-H) (C-S) :
(0.02) BD (N-H) RY*(C) 0.11
N  —0.887 [core]2S (1.41)2p(4.46)3p(0.01)3d AMD/CsyGe BD (C-C) RY*(Ge) 0.06
(0.01) BD (C-C) LP*(Ge) 0.79
C 0.136  [core]2S (0.87)2p(2.98)3p(0.01)3d BD (C-C) RY*(C) 0.06
(0.01) BD (C-H) RY*(C) 0.19
H 0371 1S (0.63) BD (C-H) RY*(Ge) 0.79
AMD/Cs0As C 0.001 [core]2S (0.87)2p(3.12)3p(0.01) BD (C-H) LP*(Ge) 0.79
As 1.013  [core]4S (1.51)4p(2.46)4d(0.01)5p BD (C-H) BD*(C-Ge) 0.96
(0.01) BD (C-N) RY*(Ge) 0.14
N  —0.883 [core]2S (1.42)2p(4.45)3p(0.01)3d BD (C-N) RY*(C) 0.07
(0.01) BD (C-N) BD*(C-Ge) 0.09
C 0135 [core]2S (0.87)2p(2.98)3p(0.01)3d BD (N-H) RY*(Ge) 11.14
(0.01) BD (N-H) LP*(Ge) 0.33
H 0369 15(0.63) BD (N-H) RY*(C) 0.17
BD (N-H) BD*(C-Ge) 1.49
AMD/Cs,B BD (C-H) BD*(C-C) 0.03
. BD (N-H) BD*(C-C) 0.04
for open-shell systems), and the off-diagonal NBO Fock AMD/CuAl  BD (C-H) RYC) ™
. . . 2 . 9 - .
matrix ejlfzme'nt is demonstrated by F(i, j), and AEj; is > BD (C—HD) BD*(C-C) 004
the stabilization energy. BD (C-N) RY*(C) 0.03
The results of electron donor-acceptor electron BD (N-H) RY*(C) 0.06
configuration of Cgy and Cs¢X are reported in Table 5. sy /CyGa  BD (C-C) LP*(Ga) 0.64
It is noteworthy that in this table the most important BD (C-C) BD*(C-Ga) 0.04
interactions in terms of the electron transfer stability BD (C-C) RY*(Ga) 0.03
energy are reported. The existence of such interactions BD (C-H) LP*(Ga) 0.28
with the remarkable stability energies in this table Eg Eg_g; BI;S({S(_C()}E‘) 8'(1);
shows that 'in all cases the doped atom has been .in— BD (C_H) BD*(C_C) 0.12
corporated into the fullerene structure by the chemical BD (C-N) LP*(Ga) 421
interaction and the stability structure has been BD (C-N) BD*(C-Ga) 0.16
achieved. In other words, the inserted atom behaves as BD (C-N) RY*(Ga) 0.15
a doping atom. The data in Table 5 show that the most Eg (E‘E) BIISI:*éGZg 5'?
important interaction for the pristine Cy, related to BD EN:Hi RY(*((_;a)a) 8.1451
electron transfer from the BD (C-C) bond as the AMD/CAN BD (CoC D (ot 0'19
electron donor to the BD*(N-H) as the receptor. This ? (€-C) (C-H) '
is in agreement with the results of the absorption en- ~ AMD/CsP Eg (g‘? Eg:(g‘i ) 8'82
ergy as well as with the other results which have ex- AMD/CoA ((C_C)) *((C _A)) '
; L MD/CsAs ~ BD (C- BD*(C-As 0.03
amined. In the study of the doped complexes, it is BD (C-H) BD*(C-AS) 08

observed that in the X-doped complex, the X atom BD (C_H) RY*(As)
electron pair is an electron donor (Lewis base) and the

0.04
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N-bonded electron pair is the AMD group is electron
acceptor (Lewis acid). The highest electron-acceptor
stabilization energy in all cases is due to the same in-
teraction, which indicates strong adsorption of the
molecule onto the CsyGa fullerene compared to the
others.

3.4. QTAIM analysis

The QTAIM method proposed by Bader et al.”®™%!
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), (2) bond critical point (BCP), (3) ring critical
point (RCP), and (4) cage critical point (CCP). The
Poincaré-Hopf relationship should be satisfied to verify
if all CPs may have been found as follows®>%:

The eigenvalues of Hessian matrix, \;, and \,, are
negative and |\;| < |A;| for the BCP. The p(r) and
V2p(r) play an important role in the segmentation and
identification of different types of chemical interac-
tions. 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 clas-
sified as of the nonsubstrate close-shell type (which
includes ionic and van der Waals interactions).** The
elliptical bond (¢).*” and the virial theorem®® 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:

where || > |A,]. (21)
Large values of € indicate an unstable structure and vice
versa. Also, based on the virial theorem, the following
relationship exists between the electron kinetic energy
density G(r),*” the electron potential energy density
V(r)®% and V2p(r):

V791 = 26() + V1), (22)
The balance between G(r) and V(r) reflects the nature
of the interaction. If G/|V| ratio is less than 0.5, the
nature of the interaction will be purely covalent, and if
this ratio is greater than 1, the interaction may be
considered as completely noncovalent. Note that for
covalent bonds (i.e. V2p(r) < 0 and G/|V| < 0.5), the
nature of the bond from van der Waals interactions to
strong covalent interactions becomes covalent. It can

DOI: 10.1142/82737416521500022
J. Comput. Biophys. Chem. 2021

10

also play a decisive role in controlling the amount of
ionic interaction for closed-shell interactions (i.e. V2p
(r) >0 and G/|V|>1), as they become stronger
ionically (and weakly electrostatic) by reducing inter-
actions. Therefore, the QTAIM topology analysis to-
gether with WBI analysis and adsorption results
exposes an important trend: by increasing the ionic
character of atomic bonds in the fullerene, the tendency
of the AMD to adsorb is also increased.

Considerable results can be obtained from reviewing
Table S3. It is observed that in all adsorption sites
Laplacian of electron energy density has a positive
value, i.e. the bond is noncovalent. In the study of
doped systems, we found that for all clusters, the energy
density and the energy density of Laplacian are high
indicating that there is a strong bond between the
fullerenes and the AMD molecule and the elliptical
bond is close to 0, which means the interaction is
strong. As stated above, the ratio G/|V| more than 1
means noncovalent bonding, in the case of Si, Ge, Al
and Ga-doped clusters these amounts are less than 1. In
other words, the results of QTAIM analysis also con-
firm the strong adsorption of the AMD molecule on the
Cs9Al and Cs9Ga (see Fig. 7).

The reduced density gradient (RDG) function as
well as sign\,(r)p(r) function are used to evaluate the
weak interactions. These functions are categorized in
the context of noncovalant interaction methods
which is a powerful way to analyze the types of in-
termolecular interactions. The RGD is defined as
follows®*?7:

G
2675 o)’

The strength of the interaction has a positive corre-
lation with electron density p(r) and the second
largest eigenvalue of the Hessian matrix ()\,). Thus,
the real space function sign\,(r)p(r) (the products of
the signs of A, and p) can be defined. The scatter
graph of the sign of the A\,(r)p(r) function (X-axis)
and RDG (Y-axis) reveals the interaction type be-
tween AMD and fullerenes. 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 attraction), sign\,(r)p(r) ~ 0 (weak
van der Waals interaction), and sign),(r)p(r) > 0
(strong repulsion (steric effect in ring)).*>*°

RDGs = (23)
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Fig. 7. (Color online) QTAIM molecular graphs for the adsorption of AMD onto the surface of (a) Cgp, (b) Cs6Si, (c) Cs9Ge, (d) Cs9B,
(e) CsoAl (f) Cs59Ga, (g) CsoN, (h) CsoP, and (i) Cs9As. Orange dots represent the boundary critical points (BCPs).
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Using the isosurface RDG = 0.5 as a reference, it ~ The interaction of AMD with fullerenes is in the range
can be concluded that after adsorption of the AMD  of strong van der Waals interactions in nature. Signif-
onto the outer surfaces of the fullerenes, spots appeared ~ icant changes in the overall features of the pristine Cq,
around the region characterized by sign\,(r)p(r) ~ 0.  graph (Figs. 8 and 9) after the adsorption of AMD were
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Fig. 8. Plots for the average reduced density gradient (aRDG) (Y -axes) versus sign(X,)p(r) (X-axes) values for (a) Cgp, (b) Cs0Si, (c) CsoGe,
(d) Cs9B, (e) CsoAl (f) Cs59Ga, (g) CsoN, (h) CsoP, and (i) Cs9As. The data were obtained from B3LYP-D3/6-311G (d) level of theory.
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were obtained from B3LYP-D3/6-311G (d) level of theory.
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observed in the region characterized as sign\,(r)p(r)
< 0 (ie. strong attraction), implying that the AMD/
fullerene interactions were strong. Hence, this analysis
also confirms the results of the single-point energy
calculations and NBO analysis, namely that the inter-
actions of AMD with Cs59X were strong.

4. CONCLUSION

In this study, the interactions between AMD molecule
and pristine (Cgy) and Cs50X (X = Si, Ge, B, Al, Ga, N,
P, and As) decorated fullerene were investigated using
density functional framework. To this end, the struc-
ture of the fullerenes and AMD molecule was opti-
mized at the theoretical level of HSEH1PBE/6-311G
(d). Right after that B3LYP-D3, M062X and wB97XD
functionals and the 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 inter-
molecular interactions. The results of all analyses are in
agreement as follows: (1) Among the different positions
studied for pristine silicon carbide fullerene, the T,
position has the highest absorption energy; (2) inves-
tigations in this study show that the Si, Ge, B, Al, Ga, N,
P and As elements can be substituted by carbon atom
in the fullerene by chemical bonding and, as a binding
element, cause dramatic changes in the chemical,
electronic and mechanical structure of Cgy; (3) Among
the doped structures, Ge-doped system has 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 carrier characteristic op-
tion. The next category is the Al element, where the
adsorption energy is higher than the initial state but
lower than that of Ga. Generally, we found that the
adsorption tendencies of the AMD molecule have a
positive correlation to the nature of the bonds in Cg
and CsoX structures. Finally, we conclude that the Cg,
and CsoX are favorable candidates for utilization as a
drug carrier vehicle to move AMD molecule.
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