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Finding new drug-delivery materials has attracted considerable interest from many researchers in recent years.
Herein, systematic investigation of the metformin interaction with the surface of pristine B;3Nj and group I
metals (Li, Na, and K) encapsulation nanoclusters was carried out at B3LYP/631++ (d, p) level of theory based
on the DFT calculations. MF molecule has two nucleophilic sites, NH and NH; groups. The trapping of Li, Na, and

K atoms affected the HOMO-LUMO gaps of the considered configurations and the electronic properties of
considered complexes. Besides, it is noticed that presence of alkali metals remarkably increased the absorption
energies of MF-B15N12 to —2.14, —2.24, —2.30, and —2.38 for B12N12, Li@B12N12, Na@B12N12, and K@B12N12
respectively. In addition, DOS plots show a decrease in Egap by the addition of alkali metals and therefore an
increase in reactivity of the considered configurations, which is confirmed by the decrease in total hardness.

1. Introduction

Metformin (C4H;11Ns) (MF) drug is utilized to decrease blood sugar
amount in patients with type 2 diabetes [1,2]. It works by decreasing the
absorption of glucose from the intestines, lowering glucose production
in the liver, and improving insulin sensitivity. In addition, researchers
are investigating metformin’s potential to reduce the risk of cancer
[3-5], dementia, and stroke, slow aging, prevent age-related diseases,
and increase lifespan in people with type 2 diabetes. On the other hand,
by using MF, LDL cholesterol and triglycerides in the blood are reduced.
Therefore, MF is an essential and useful drug for the medicine of di-
abetics, and it’s easier absorption into the blood is very important.

In the last decades, many nanostructures have been introduced as
drug delivery systems due to their unique features such as small particle
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size, higher drug loading capacity, and controllable release profile in the
field [6,7]. Carbon fullerene nanostructures [8-11], boron nitride clus-
ters, and nanotubes have drawn considerable attention because of their
remarkable physical and chemical characteristics. Boron nitride nano-
materials are more stable than carbon nanomaterials from the chemical
point of view and compared to carbon nanostructures, boron nitride
nanomaterials have superior chemical inertness, making them viable
candidates for biomedical applications [12,13]. Based on previous
studies B15N7 5 is the most stable cluster between (BN)s structures [14].
Fowler et al. [15] calculations indicated that the B1sN12, B1gN7e, and
B2gNog are magic clusters of the boron nitride and the B;oNj5 cluster is
the more stable. Also, computational studies showed that the B1sNjo
structure includes of eight hexagonal and six square rings, and is more
durable than one that contains hexagons and pentagons [16,17]. In
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Fig. 1. Optimized structure, MEP plot, and FMO plot (HOMO and LUMO) of the MF molecule (the color scheme for MEP surface is red-electron rich or partially
negative charge; blue-electron deficient or partially positive charge; light blue-slightly electron deficient region; yellow-slightly electron rich region, respectively).

addition, BN nanoclusters have excellent adsorption properties, which
have been studied experimentally and computationally by numerous
researchers [18-21], studying the adsorption of multiple molecules such
as CO, HCN, SCN, Phenol and phenol, etc. B;3N7» has shown its potential
as a sensor [18,22-24], B1oNj2 has demonstrated great stability as a
collector of noble gases [25], and many studies have been done about
the performance of the B;3Nj2 cluster in the adsorption of various drugs
[26-34].

Many strategies were studied to improve (BN)x properties, doping
atoms of group III or transition metals (replace a new atom with one
Bohr atom) [35-37], encapsulating various atoms in BN nanocage
[38,39].

Influence of alkali metal doping or trapping on NLO (nonlinear op-
tical) and electronic properties of organic BjgHj4basket [40], conju-
gated aromatic rings [41], Al;2N72 nanoclusters [42], and CgoCig [43]
have been reported and shown to be effective in improving their prop-
erties. Recently, Shakerzadeh et al. [44] showed that the encapsulation
of alkali metals in the group III nitrides could adjust the NLO and
electronic features of these nanoclusters. The recent work reported by
Huang et al. [45] indicated the computational study of D-Penicillamine
adsorption onto BN surface doped with Al and Ga for drug delivery. The
designed material showed promising performance for drug delivery
applications.

Here we trapped alkali metal atoms (Li, Na, and K) on B15N15 clusters
and studied the interaction of MF molecule on the surface of

nanoclusters, in comparison with pure B1oNjp within their structural
and electronic properties. It has been observed that encapsulation with
the group I metals has an influence on the features of these nanoclusters.

2. Computational methods

Full geometry optimization of the MF (metformin) molecule,
considerable M@B15N12(M = Li, Na, K) nanoclusters and their various
state of interactions were performed using B3LYP functional with
6-311+4G (d, p) basis set based on density functional theory (DFT)
[45-47]. Frequency analysis was performed, and no imaginary fre-
quencies were seen for all states. The restricted approach is applied for
geometry optimization and electronic features investigation of pure
B1oNj2 and the spin-unrestricted method for encapsulated clusters.
Molecular electrostatic potential (MEP), natural bond orbital (NBO)
[48,49]and, frontier molecular orbital (FMO) analysis was carried out
via the Gaussian09 package [50,51] to investigate the crucial parame-
ters. Basis set superposition error (BSSE) calculations were performed
for all states. The density of states (DOS) plots were calculated using the
GaussSum program [52]. The GaussView code [53] was used as a
visualized program for the optimized structures and charge density
distributions [45].

the adsorption energies (Ea4s) of metformin molecule over the pure
B12Nj» fullerene and encapsulated cages are represented by [45]:
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Fig. 2. The optimized geometries of Li@B12N12, Na@B;2N15, K@B12Nj2 and the contour plots of HOMO and LUMO of the considered complexes.
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Fig. 3. Optimized geometry of the metformin drug absorption with NH,(states A-E) and the metformin drug absorption with NH (state A’-E") groups upon the pure

B15N;5 fullerene.
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Fig. 4. Optimized geometries of the MF interacting with Li@B12N12 fullerene.

Euas = EMF/cage - (Ecagr +EMF) + Epsse (@]

where Eyy is the total energy of the MF molecule, and Eq, is the total
energy of pristine and M@B12N13 clusters. Eycqg is the total energy of
considrable clusters loaded with the MF drug [45].

The thermodynamic parameters of metformin adsorption over
nanocages, the Gibbs free energy (AG), enthalpy (AH), and entropy (AS)
magnitude of adsorption per molecule, were also calculated at 298 K and

1 atm using B3LYP /6-311++G (d, p) computational method.

Based on the Koopman theory [54], the physicochemical features of
investigated complexes were evaluated by defining the energies of the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) according to the following equations [45]:

I+A

=124 @
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Fig. 5. Optimized geometries of the MF interacting with Na@B12N12 fullerene.
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Fig. 6. Optimized geometries of the MF interacting with K@B12N12 fullerene.

Table 1
Calculated adsorption energy (Eags), dipole moment (uj,), HOMO energy (Enomo), LUMO energy (Eruymo), energy gap (Egap), and quantum molecular descriptors for
MF, B1,N12, Li@B11N12 and Na@B11N12 and K@B12N12and the most stable state of MF/ M@B11N12.

Property Es (V) ppDeby Enomo(eV) Erumo(eV) Egap(eV) I(eV) A (eV) x(eV) pu(ev) n(eV) S (evh) w(eV)
MF - 1.17 -0.25 —0.01 0.21 0.25 0.01 0.1 —0.11 0.10 4.78 0.06
B1oNis - 0.00 -0.29 —0.04 0.25 0.29 0.04 0.17 -0.17 0.12 4.06 0.16
State C -0.93 7.39 —0.24 —0.05 0.19 0.24 0.05 0.14 —-0.14 0.09 5.26 0.11
State E -1.03 9.74 —0.25 —0.04 0.21 0.25 0.04 0.14 —0.14 0.10 4.76 0.10
State C’ -2.08 10.22 —0.24 —0.04 0.20 0.24 0.04 0.14 —0.14 0.10 5.00 0.10
State E” —2.14 19.38 -0.25 —0.04 0.21 0.25 0.04 0.14 —-0.14 0.10 4,95 0.10
Li@B11N1» - 2.89 ~0.16 —0.06 0.10 0.16 0.06 0.1 —0.11 0.05 10.52 0.12
State A -1.61 11.04 -0.13 -0.05 0.08 0.13 0.05 0.09 —0.09 0.04 12.50 0.10
State B -1.71 6.04 -0.15 —0.05 0.10 0.15 0.05 0.10 -0.10 0.05 10.00 0.10
State A’ —2.23 14.44 —0.12 ~0.05 0.07 0.12 0.05 0.08 —0.08 0.04 14.28 0.09
State B’ —2.24 6.04 -0.15 ~0.05 0.10 0.15 0.05 0.10 ~0.10 0.05 10.00 0.10
Na@By;N - 3.47 -0.15 -0.07 0.08 0.15 0.07 0.11 -0.11 0.04 12.35 0.14
State A ~1.68 11.72 -0.13 —0.06 0.07 0.13 0.06 0.09 —0.09 0.03 14.28 0.13
State B ~1.69 11.60 -0.13 ~0.06 0.07 0.13 0.06 0.09 ~0.09 0.03 14.28 0.13
State A’ -2.30 15.21 -0.11 -0.05 0.06 0.1 0.05 0.08 -0.08 0.03 16.66 0.10
State B’ —-2.30 15.20 —-0.11 —0.05 0.06 0.1 0.05 0.08 —0.08 0.03 16.67 0.11
K@B11Ni2 - 3.30 -0.15 —0.08 0.07 0.15 0.08 0.12 —0.12 0.04 13.12 0.17
State A -1.83 7.21 —0.12 -0.05 0.07 0.12 0.05 0.08 -0.08 0.03 14.28 0.10
State B ~1.80 9.66 -0.12 —0.06 0.06 0.12 0.06 0.09 —0.09 0.03 16.66 0.13
State A’ —2.38 9.78 —0.11 —0.05 0.06 0.11 0.05 0.08 —0.08 0.03 16.66 0.10
State B’ -2.38 9.78 —0.12 -0.05 0.07 0.16 0.05 0.08 —0.08 0.03 14.71 0.10
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Calculated enthalpy change (AH,q), Gibbs free energy change (AG,4s), entropy change (ASy4) at 298 K and 1 atm, minimum vibrational

frequencies (Umin) and maximum vibrational frequencies (Umax)-

Property AG(eV) AH(eV) AS(eV/K) Viminem ™! Vinaxem ™!
MF - - - 61.76 3677.63
B1oNia - - - 324.36 1441.61
State C -0.16 —0.09 —0.0002 19.34 3553.67
State E -0.17 -0.19 0.0007 22.54 3676.13
State C’ -0.21 -0.23 0.0006 7.28 3699.1
State E -0.21 -0.23 0.0006 19.38 3707.83
Li@B11N12 - - - 306.37 1431.49
State A -0.30 -0.86 0.0018 19.14 3564.27
State B —0.40 -0.96 0.0018 16.62 3562.86
State A* ~0.96 ~1.47 0.0017 11.58 3693.27
State B* -0.98 -1.48 0.0017 16.62 3562.86
Na@B;;N - - - 352.65 1396.77
State A -0.37 -0.93 0.0018 19.23 3564
State B -0.38 -0.93 0.0018 18.36 3563.75
State A’ -1.02 -1.55 0.0017 19.24 3699.77
State B’ -1.02 -1.55 0.0017 19.39 3699.93
K@B11N12 - - - 396.57 1314.5
State A -0.55 -1.11 0.0018 15.47 3646.73
State B 0.54 -1.08 0.0018 17.30 3653.07
State A° -1.11 -1.63 0.0017 17.38 3694.09
State B’ -1.11 -1.63 0.0017 17.37 3694.12
U= —x 3 distinguished. The common bond among hexagonal rings (hh) and the
bond that joint one tetragonal and hexagonal (hs) ring together. hh B-N
7= 1(1 —4) 4) bond lengths are 1.43, 1.43, 1.46 and 1.49 A, and the comparable hs
2 bonds lengths are 1.48, 1.49, 1.52 and 1.54 A for B1oN7s, Li@B12N12,
1 Na@Bj2N15 and K@B12Nj2 nanoclusters respectively, with a sp2 orbital
S=— (5) hybridization. Our calculations agree with the results of reported theo-
21 retical data. The hs bond length value is more than the corresponding hh
N bond because the involvement of the p orbital in hs bonds is larger than
w = %7 6) hh bonds[44]. In all investigated cages atomic sites are equivalent. First,

where I (-Epgomo) and A (-Epymo) are the ionization potential and the
electron affinity of the system respectively. u is chemical potential, x the
electronegativity, 5 the global hardness, S the global softness and based
on Parr et al [55] definition,  is electrophilicity [45].

3. Result and discussion

Fig. 1 presents MEP and FMO plots of the optimized metformin
molecule. Based on MEP calculation, rich or partially negative charge
(red and yellow regions) is observed around nitrogen atoms and
partially positive charge (blue and light blue regions) is seen around
carbon atoms. Hence the metformin illustrates two nucleophilic sites for
interaction with cluster, NH, and NH.

Herein, alkali metal atoms were trapped in the Bj3Nj3 and new
clusters are examined using the DFT method. In this regard, the metal
atom of group I is placed in the center of the cage structure. The di-
ameters of the structures are plotted, and the metal atom is at the
intersection of the diameters. Full geometry optimization has been
carried out at B3BLYP/6-311++G (d, p) computational level [44]. The
optimized structures of pure BisNjp and encapsulated nanoclusters
(M@B;2N12, M = Li, Na, K) are presented in Fig. 2. From this figure, it
can be seen that alkali atoms are located almost at the center of the
structures after optimization. It can be noticed that each nanocluster
contains hexagonal and tetragonal rings, and two types of B-N bonds are

we examined four states for the interactions of the MF molecule over the
surface of the pure cluster B1oNi5. Next, metformin molecule nears
various sites of the cluster, comprising the B or N atom, the bridging site
of the hh or hs bond, and over the center of different rings, via NH or
NH,. Four states for drug adsorption via the NH, group upon B1oN15 (A-
E) and four states via the NH group (A’-E") were optimized, obtained
configurations are depicted in Fig. 3. After optimization two stable and
recognizable complexes are acquired for each nucleophilic site. Opti-
mum configurations of drug interaction with encapsulation clusters,
Li@B12N12, Na@B12N12, and K@B12Ny 5 are presented in Figs. 4, 5, and
6, respectively. The best interaction distances are also determined.
Based on the above results, the interaction of MF molecules on the
surface of encapsulated clusters was performed and adsorption energies
(Eags) were obtained using Eq. (1) for each state (Table1). The negative
binding energies show that the interaction of drug molecule with com-
plexes have exothermic nature. The most negative adsorption energies
belong to the interaction of the NH nucleophile site, which forms a
strong covalently binding to the Bohr atom of BjsNij, Li@B12Nia,
Na@B1oN13, and K@B12N12 nanoclusters with the value of —2.14,
—2.22, —2.30 and, —2.38 eV respectively [45].

NBO analysis indicates that strong interactions are existed between
metformin and cluster, due to the rich electron sites of the drug (NH and
NH; group) and the empty 2p valence shell of the Bohr atom, so, a large
charge transfer occurs between the drug and the considered cluster,
from MF to cage. Hence, MF is defined as an electron donor, and the
cluster is defined as an acceptor. It is noticed that due to the trapping of
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Fig. 7. The typically contour plots of HOMO and LUMO of the best structures of the MF interacting with the Li@B12N;2, Na@B;2N15, K@B13N75 systems.
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Fig. 8. DOS plots of pure B13N;,, Li@B12N12, Na@B12N12, K@B12N72 nanoclusters.

alkali metal atoms within the B12N13 nanocages, the adsorption energies
for Li@B12N12, Na@B12N12, and K@B12N15 increase, respectively. Ac-
cording to charge computations, transferring the diffuse excess electrons
to the BN fullerene from the metal atom, change the electronic attributes
of the deemed clusters and consequently, the adsorption energies of
complexes. The K@B12N;, configuration shows impressively the largest
E.gs among the considered configurations. Based on the obtained dipole
moments (Table 1), the polarization of doped clusters increases after
drug adsorption. Adsorption functionals via the NH nucleophile site
have higher dipole moments than the NH; group in all encapsulated
clusters, confirming their more excellent stability.

Next, thermodynamic parameters (A Hags, A Gagds, and A Spgs) were
obtained at 298 K, and values are given in Table 2. Negative magnitudes
show that drug molecule adsorption is an exothermic reaction. As we
can see, thermodynamic energies became more hostile with the trapping
of alkali metals in pristine B15N12, and an increasing trend is observed by
the atomic number enhancement of alkali metals. Fig. 7 shows the
HOMO (highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) molecular orbitals of adsorbed metformin (in

the different states) over pristine and encapsulated fullerenes. The green
color orbitals imply positive regions, and the red colors imply negative
regions. In all states, the HOMO orbitals are located on the Nitrogen and
Bohr atoms of clusters, and the LUMO orbitals are localized on metfor-
min and B atoms of cages. The corresponding HOMO and LUMO en-
ergies and HOMO-LUMO gap (Egap = Erumo—-Enomo) of the optimized
structures are summarized in Table 1. The fullerene has an energy band
gap (Egap) of 6.48 eV, which is similar to data from other reports [37].
Encapsulation reduces the energy gaps of obtained clusters more than
pristine BjoNpo. Systems with smaller energy gaps tend to be more
reactive and less stable from the kinetic point of view [45]. Therefore,
the incorporation of the Li, Na, and K atoms into the B1sNj, structure
enhances the adsorption energies of functionalized systems, confirming
the decline in HOMO-LUMO gaps.

Next, based on HOMO and LUMO energies, quantum molecular de-
scriptors (Egs. (2)-(6)) were obtained for MF adsorption on considerable
nanoclusters that are reported in Table 1. It is observed.

that by encapsulating the alkali metal atoms in the B1aNjy cage, a
reduction trend is observed with the increase in atomic radius or atomic
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Fig. 9. DOS plots of the best structures of the MF interacting with the pure B13N73, Li@B12N12, Na@B15N12, K@B15N72 systems.

number, so the global hardness also shows the reduction trend, con-
firming the increase in adsorption energies.

For further investigation, the density of states (DOS) was examined
for all functionals. The DOS spectrums presented in Figs. 8 and 9,
illustrate that B;oN15 and Li@B12N12, Na@B12N12, and K@B;5N7- have
semiconducting features, and also show the decrease of Eg,p upon the
adsorption process in continuation of previous results in this work.

To better understand the nature of adsorption of MF molecules on the
pure BoN;j5; and M@B1oN12(M = Li, Na, K) fullerenes, the topology
variance in the electron localization function (ELF) of the best state of
each encapsulation cluster was analyzed. A good electron space delo-
calization between the drug and the considered clusters is observed. The
ELF of the jellium-like homogeneous electron gas has an order of
magnitude 0 < ELF < 1. ELF = 1.0 is related to covalent bonds and lone
pair electrons (red areas), ELF = 0.50 corresponds to free electrons gas
behavior (green areas), and 0.0 shows no localization [56]. ELF contour
plots of the MF molecule adsorption on the BjsNjp, Li@BiaNjo,
Na@Bj2N19, and K@B12N5 fullerenes are displayed in Fig. 10. Signifi-
cant localization is observed among the N element of the drug and the

Bohr element of the encapsulated nanoclusters (red areas), resulting in
strong covalent binding in the respective states. The electrons are fully
localized among the nitrogen atom of the MF molecule and the surface of
the nanoclusters, where they share some electrons. As displayed in Fig. 6
the larger ELF value (Z= 1.0) located on the B-N bonds, exhibits a
chemical covalent bond that can be formed through the MF molecule
adsorption on the pure and encapsulated fullerenes [57].

4. Conclusion

A comprehensive DFT study at the B3LYP/6-311+-+G (d, p) level
indicates, trapping Li, Na, and K metals on the B;sNj» structure can
significantly intensify the adsorption ability of the metformin drug
compared to the pure B15N75 cage. Through NBO results two nucleo-
philic sites, NH and NH; groups, of the MF drug as doner of electrons
interact to empty Bohr atomic orbitals of clusters as acceptors. The
analysis illustrates that interactions of the NH group formed the most
stable configurations compared to the NH2. HOMO-LUMO energy gaps
and DOS plots introduce considered complexes as semiconductors,
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Fig. 10. Electron Localization Function the best structures of the MF interacting with the Li@B;5N13, Na@B13N12, K@B12N12 systems.

whose gap energies decrease with encapsulation of Li, Na, and K.
Thermodynamic parameters calculation shows an exothermic reaction
via MF adsorption. Obtained adsorption energies and thermochemistry
parameters exhibit a strong interaction and exothermic reaction be-
tween drug and clusters. The quantum molecular descriptors are
calculated, and a reduction trend in the global hardness besides an in-
crease of adsorption energies is observed by increasing in atomic radius
of trapped metals, in addition, the encapsulated clusters have higher
reactivity than pure ByaNja.
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