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In this study, a density functional theory (DFT) calculationwas carried out for the adsorption behavior and detec-
tion ofmetformin on the exterior surfaces of pure and doped boron nitride (BN) fullerenes by using B3LYP-D and
PW91-D functionals. The results demonstrate that the\\NH group of metformin can chemisorb on the boron
atom of B12N12 and B16N16 fullerenes. Presence of polar solvent (water) increases the adsorption energy of met-
formin on the pure and GaB11N12 fullerenes. However, at the presence of Ga doping and it was found that the
doping increases the binding energy of the metformin molecule, while the Ge doping decreases the binding en-
ergy. So our calculations suggest that the GeB11N12 has a greater sensitivity for the metformin molecule com-
pared with the GaB11N12 fullerene. Our results represented that the GeB11N12 fullerene has good potential as a
biosensor for the determination of metformin in environmental systems.

© 2018 Published by Elsevier B.V.
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1. Introduction

Metformin (C4H11N5) (MF) belongs to the biguanide family, which
can play an effective role in the first-line pharmacological therapy of
type 2 diabetes mellitus (T2DM) [1]. Nowadays, metformin is one of
the most generally recommended drugs globally and has also been ac-
cepted for the treatment of hyperglycemia in England, Canada and the
US. Moreover, metformin is a well-known drug in the treatment of
type 2 diabetes mellitus with an established efficacy coupled with a fa-
vorable safety profile and low cost that has a diverse mechanism of ac-
tion. Furthermore, it has been reported as an antiviral and anticancer
enlivener [2]. Earlier studies have shown that metformin has immuno-
modulatory activity by influencing anti-inflammatory action on
collagen-induced arthritis through the inhibition of IL-17-producing T
(Th17) cells differentiation and the up-regulation of Treg cell differenti-
ation alongwith the suppression of osteoclast differentiation [3]. On the
other hand, nanoscience has revealed a unique and effective treatment
behavior in medicine, specifically for the treatment of cancer cells and
especially with the application of the promising nanomaterials such as
boron nitride nanotubes in bone and soft tissue engineering [4–7].

Several analytical approaches have been used for the determination
and sensing of the pure MF drug like high performance liquid chroma-
tography (HPLC) [8–13], Gas Chromatography (GC) [14,15],
conductometry [16], voltammetry [17–21], capillary electrophoresis
).
[22], Mass spectroscopy [23], thermal and kinetic measurements [23],
ultra-violet (UV–vis), infra-red (IR) and nuclear magnetic resonance
(NMR) spectroscopies [24–33]. Moreover, they are some other ap-
proaches using ligands containingmetal ions to form coordination com-
plexes which facilitates its sensing and detection [23,34–39]. However,
Computational DFT studies can prepare a condition to predict and
cover many of these features like the bonding energies, optoelectronic
and thermodynamic properties which are elaborated in the details in
the present study to reduce the costs and time required for such studies.

Zhao et al. reported the use of magnesium, as a major electrolyte in
human body indicating superior biocompatibility, in the stability from
DNA nanoparticle as a new strategy with a non-toxic composition for
tumor-targeted and pH responsive doxorubicin delivery [40]. Cai and
co-workers have shown the effect of the magnesium oxide nanoparti-
cles as an effective agricultural antibacterial agent against Ralstonia
solanacearum in vitro and in vivo for the first time [41]. In a study,
Suryavanshi and co-workers exhibited that the use of magnesium
oxide nanoparticle (MgONP)-loaded electrospun polycaprolactone
(PCL) polymer composites have potential as an efficient scaffold mate-
rial for bone–soft tissue engineering applications [42].

Recently, studies on the small BN fullerenes have been extensively
expanded both theoretically and experimentally owing to their isoelec-
tronic analogy to fullerenes [43–47]. Theoretical reports have been pre-
sented for the fullerene-like B12N12 nano-clusters, where it has been
realized that a cluster with an octahedron-like structure is made up of
4 hexagons and 6 squares are energetically the most stable configura-
tion of clusters than the other mentioned counterparts [48] due to
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their large energy gap [49–52]. Experimental characterization of the
B12N12 clusters has been reported using high-resolution electron mi-
croscopy and laser desorption time-of-flight mass spectroscopy
[53–55]. Moreover, nanoclusters generated from the atoms of groups
III and V on the periodic table of elements are considered to be suitable
replacements of pristine carbon nano-cages [56,57].

The adsorption behavior of various molecules or atoms on the
B12N12 and B16N16 fullerenes has been previously investigated using
DFT calculations [58–61]. Recently, a theoretical study on the interac-
tion of adenine, uracil, and cytosine upon AlN and BN nano-cages was
reported where the results indicated that the BN nano-cage is very sen-
sitive to these amino acids comparedwith AlN nano-cage as a biochem-
ical sensor [62]. Esrafili and Nurazar studied the adsorption and
decomposition of methylamine (CH3NH2) on the surface of a B12N12

nano-cage [63]. Doping or decoration in BN nanostructures can dramat-
ically change the structural and electronic properties, which can en-
hance their chemical sensing and bio-sensing behaviors [64–66].
Computational studies of Bahrami et al. showed that the B12N12 and
Al-doped B11N12 nano-cages can be efficient adsorbents as well as
used as a potential sensor for the detection of amphetamine in environ-
mental systems [67]. Anota and Cocoletzi [68] reported the electronic
and structural properties of metformin molecule on the surface and
ends of (5, 5) BN nanotubes as being mostly chemisorption in nature.
Recently, Javan et al. found that the 5-fluorouracil (keto-enol form)
can covalently bond from its nitrogen head to the surface of a B12N12

nano-cage,whereas in the other forms from their study, it demonstrates
only weak interactions owing to noncovalent bonds between the two
species [69]. In a previous theoretical study, the adsorption of
5‑aminolevulinic acid on the surfaces of B12N12 and B16N16 nano-
clusters was considered using DFT calculations [70].

In this research, we aim to study the possibilities of BN fullerenes ap-
plication in drug delivery technology. For this purpose, a series of sys-
tematic studies are performed on the covalent and non-covalent
interactions of B12N12 and B16N16 fullereneswithMF followedby a com-
plementary consideration of non-metal andmetal-doped effects on the
adsorption behavior and detection of this drugmolecule. Interactions of
MFwith CB11N12, GeB11N12, SiB11N12, GaB11N12, AlB11N12 andMgB11N12

fullerenes have been studied and the nature of the chemical and physi-
cal interactions (noncovalent versus covalent) are reported.

2. Computational methods

Geometry optimizations, the density of states (DOS), frontiermolec-
ular orbital (FMO) and natural bondorbital (NBO) analyseswere carried
out with the Gaussian 09 quantum chemistry software package [71].
The adsorption of metformin on the pure B12N12 and B16N16 fullerenes
were calculated and studied using DFT-D corrected Generalized Gradi-
ent Approximation/Perdew-Wang 91 (GGA/PW91, van derWaals inter-
actions are considered with DFT-D correction) [72] and compared with
Becke 3-parameter Lee-Yang-Parr augmentedwith an empirical disper-
sion term (B3LYP-D) [73–75] functional with the 6-311+G** standard
basis set. The B3LYP and PW91 are indicated to be the dependable and
usually applied methods in the study of different nanostructures
[76–79]. The SCF convergence limit was set to 10−6 a.u. over energy
and electron density. The thermodynamic parameters of the adsorption
process consist of enthalpies (H), entropies (S) and Gibbs free energies
(G). The IR vibrational frequencies for all models were computed in the
gas phase with standard statistical thermodynamics at 298.14 K and
1 atm. In the (polarizable continuum model) PCM calculations, water
was used as a solvent, with a value of ε = 78.4 for the dielectric con-
stant. The adsorption energies (Ead) of metformin upon the pristine
BN fullerenes is calculated from

Ead ¼ EFullerene−Molecule− EFullerene þ EMoleculeð Þ ð1Þ

where EFullerene is the total energies of the pristine B12N12 and B16N16
fullerenes, respectively. EFullerene−Molecule is the total energy of metfor-
min interacting with the pristine B12N12 and B16N16 fullerenes. EMolecule

represents the energy of an isolated metformin molecule.

3. Results and discussion

After optimization, the obtained B\\N bond length in the 4 mem-
bered ring of B12N12 is 1.486 Å from Table 1 using the B3LYP functional
and 1.492 Å from Table 2 using the PW91 functional. In addition, for the
same bond in the 4 membered ring of B16N16 fullerene using B3LYP-D
and PW91-D methods are 1.473 Å and 1.479 Å, respectively. Based on
the B3LYP functional, the calculated energy band gap (Eg) between
the highest occupiedmolecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) for the B12N12 and B16N16 fullerenes were
6.84 and 6.37 eV, whereas in PW91-D method the Eg values for the
B12N12 and B16N16 fullerenes 5.06 and 4.58 eV, respectively, which is
in reasonable agreement with previous theoretical results [80,81]. The
theoretical results demonstrate that the Eg value of B12N12 by PW91-D
method is in good agreement with experimental results for B12N12 re-
ported by theOku et al. (Eg=5.1 eV) [82]. Mulliken Population Analysis
(MPA) charge values for N and B atoms of B12N12 with Th symmetry
were−0.441 and 0.441 electrons, while these values for the B16N16 ful-
lerene with Td symmetry were −0.450 and 0.450 electrons,
respectively.

The reactivity of MF with B12N12 and B16N16 fullerenes has been
studied in the various adsorption sites. The relaxed configurations for
MF interacting with the B12N12 and B16N16 fullerenes are displayed in
Fig. 1. In models A and B, the\\NH group of the MF interacts with the
fullerenes with models C and D showing the results when the\\NH2

group is interacting. The B3LYP calculations show that theMFmolecule
is a polar aromatic amino acid (5.23Debye) and thiswill be useful in un-
derstanding how the polarity of an individual amino acid affects adsorp-
tion onto BN fullerenes [68]. Fig. 2 presents the optimized structures of
the MF molecule adsorbed on the outer walls of the B12N12 and B16N16

fullerenes in vacuumphase. The chemisorption energies ofMFmolecule
with the B atoms of B12N12 and B16N16 fullerenes in models A and B
were calculated to be −1.36 and −1.32 eV with equilibrium distances
of 1.58 and 1.59 Å (from\\NH site of MF to the B atoms of B12N12 and
B16N16 fullerenes) using the B3LYP-D functional, respectively. Anota
and Cocoletzi have shown the chemisorption energy of −0.63 eV for
metformin interacting with a BN nanotube [68], which is a weaker ad-
sorption energy value compared to the findings in this present study.
Hoseininezhad-Namin and coworkers also reported the interaction of
metformin upon the SWCNT with weak binding energies of −0.07 eV
(B3LYP) and −0.33 eV (ωB97XD) methods [83]. Therefore, the current
results exhibit enhancements in the adsorption energies of MF upon B
atoms of the studied BN fullerenes. These observations clearly show
the influence of geometry, shape and generating atoms of an adsorbent
on the physicochemical reactivitywithMFmolecule. The covalent inter-
action betweenMF and the B12N12 and B16N16 fullerenes leads to charge
transfers of 0.26 and 0.28 electrons from MF to the fullerenes, respec-
tively, indicating that the MF molecule acts as an electron donor and
the fullerene acts as an electron acceptor.

The interaction between theMFmolecule and the B12N12 and B16N16

fullerenes using PW91-D functional was also considered. It was clearly
observed that MF molecule is closer to B12N12 and B16N16 fullerenes
and revealed higher adsorption energies when it was computed with
the PW91-D functional compared to those of computations with the
B3LYP-D functional. The adsorption energies and interaction distance
were −1.62 eV and 1.576 Å for the MF-B12N12 complex and −1.58 eV
and 1.590 Å for the MF-B16N16 complex using the PW91-D functional
calculation. The calculated length of RN-H (RC-NH) bonds of the MF
adsorbed on the B12N12 and B16N16 fullerenes are 1.014 (1.316) and
1.026 (1.308) Å by the B3LYP-D functional and 1.020 (1.325) and
1.019 (1.317) Å by the PW91-D functional, respectively, while these
values for free drug molecule are 1.023 (1.282) Å by the B3LYP-D



Table 1
Calculated bond lengths (Å), bond angle (°), charges (Q/e), adsorption energy (Ead/eV), distance (D/Å), HOMO energies (EHOMO/eV), LUMO energies (ELUMO/eV), HOMO-LUMO energy gap
(Eg/eV), Fermi level energy (EF/eV) and dipole moment (DM/Debye) for the most stable configurations using the B3LYP-D functional.

System MF B12N12 B16N16 Model A
NH-B12N12

Model B
NH-B16N16

Model C
NH2-B12N12

Model D
NH2-B16N16

RB-N – 1.486 1.473 1.592 1.568 1.496 1.479
RB-N-B – 80.69 78.54 84.75 83.07 80.27 78.35
RN-B-N – 98.09 99.35 84.05 91.75 97.92 99.15
RN-H2 1.015 – – 1.018 1.013 1.016 1.015
RN-H 1.023 – – 1.014 1.026 1.011 1.021
RC-NH 1.282 – – 1.316 1.308 1.275 1.284
RC-NH2 1.405 – – 1.387 1.392 1.412 1.398
D/Å – – – 1.570 1.594 2.346 2.294
Ead/eV – – – −1.36 −1.32 −0.11 −0.10
QB – 1.169 1.205 0.630 0.701 0.480 0.473
QN – −1.169 −1.205 −0.425 −0.517 −0.498 −0.495
QNH2-MF −0.761 – – −0.409 −0.759 −0.795 −0.801
QNH-MF −0.654 – – −0.413 −0.683 −0.581 −0.686
EHOMO −5.86 −7.71 −7.38 −6.32 −5.93 −5.96 −5.80
ELUMO 0.72 −0.87 −1.01 −0.94 −0.91 −1.01 −1.23
Eg/eV 6.58 6.84 6.37 5.38 5.02 4.95 4.57
ΔEg (%) – – – −21.35 −21.19 −27.63 −28.26
EFL −2.57 −4.29 −4.20 −3.63 −3.42 −3.49 −3.52
μ/eV −2.57 −4.29 −4.20 −3.63 −3.42 −3.49 −3.52
η/eV 3.29 3.42 3.19 2.69 2.51 2.48 2.29
ω/eV 1.00 2.69 2.76 2.45 2.33 2.45 2.70
S/eV 0.15 0.15 0.16 0.19 0.20 0.20 0.22
χ/eV 2.57 4.29 4.20 3.63 3.42 3.49 3.52
DM 5.23 0.0 0.0 11.327 15.380 4.486 5.637
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functional and 1.023 (1.282) Å by the PW91-D functional (see Tables 1
and 2). This reveals that the PW91-D functional is closer to the results
obtained from experimental data [84,85].

Supplementary studies were performed on the possible effects of a
single dopant atom on the structural and electronic properties of the
MF-XB11N12 complexes, where X is a B atom substituted by C, Mg, Al,
Si, Ga or Ge atoms (Fig. 2). As a reference point, Table 3 contains the cal-
culated results based on the B3LYP-D functional for all the doped
XB11N12 fullerenes without the MF present. In comparison to the
undoped fullerene listed in Table 1, the effect of substitution has in-
creased the dipolemoment, decreased theHOMO-LUMOgap, decreased
QN and increased both RX-N and RX-N-B so that the replacement atom is
Table 2
Calculated bond lengths (Å), bond angle (°), charges (Q/e), adsorption energy (Ead/eV),
distance (D/Å), HOMO energies (EHOMO/eV), LUMO energies (ELUMO/eV), HOMO-LUMO
energy gap (Eg/eV), Fermi level energy (EF/eV) and dipole moment (DM/Debye) for the
most stable configurations using the PW91-D functional.

System MF B12N12 B16N16 Model A NH-B12N12 Model B NH-B16N16

RB-N – 1.492 1.479 1.591 1.574
RB-N-B – 80.04 77.97 83.83 82.78
RN-B-N – 98.52 99.72 90.47 92.07
RN-H2 1.022 – – 1.020 1.019
RC-NH 1.282 – – 1.325 1.317
RC-NH2 1.408 – – 1.390 1.394
D/Å – – – 1.567 1.590
Ead/eV – – – −1.62 −1.58
QB – 0.386 0.394 0.547 0.592
QN – −0.386 −0.394 −0.365 −0.451
QNH2-MF −0.747 – – −0.390 −0.739
QNH-MF −0.638 – – −0.395 −0.641
EHOMO −4.80 −6.82 −6.69 −5.44 −5.08
ELUMO −0.18 −1.76 −2.11 −1.82 −1.79
Eg/eV 4.62 5.06 4.58 3.62 3.29
ΔEg (%) – – – 28.46 28.17
EFL −2.49 −4.29 −4.40 −3.63 −3.44
μ/eV −2.49 −4.29 −4.40 −3.63 −3.44
η/eV 2.31 2.53 2.29 1.81 1.65
ω/eV 1.34 3.64 4.23 3.64 3.59
S/eV 0.22 0.20 0.22 0.28 0.30
χ/eV 2.49 4.29 4.40 3.63 3.44
DM 5.19 0.0 0.0 11.266 15.388
displaced upwards from the cage. The obtained results reveal that the
length of the C\\N, Si\\N, Mg\\N, Al\\N, Ge\\N, and Ga\\N bonds
are increased to 1.487, 1.804, 2.072, 1.835, 1.918, and 1.905 Å, respec-
tively, which is close to the calculated results by Bahrami [67] and
Shakerzadeh [80]. As displayed in Table 4, the Eg value was reduced
from 6.84 eV in free fullerene to 4.26 (AlB11N12), 5.77 (SiB11N12), 6.06
(GeB11N12), 4.55 (CB11N12), 4.32 (MgB11N12), and 3.76 eV (GaB11N12)
after doping process, indicating remarkable changes in the electronic
properties of doped XB11N12 fullerenes due to higher reactivity of
doped systems than pure fullerene and can improve the sensing abilities
of fullerene-based biosensors. This result is comparable with the ob-
tained results by others [86–93].

Table 5 represents the geometry and interaction energy values with
the corresponding electronic property changes of the XB11N12 com-
plexes. The calculations suggest that doping can have a profound posi-
tive effect on the adsorption process of the metformin molecule on
the XB11N12 fullerenes [81,99,100]. The calculated Eads values for the
MF molecule interacting with the CB11N12, GeB11N12, SiB11N12,
MgB11N12, AlB11N12, and GaB11N12 fullerenes are −0.62, −0.93,
−1.26, −2.46, −2.72 and −2.78 eV using the B3LYP-D functional and
the relative distances were computed to be 1.41, 1.80, 1.70, 2.15, 1.92
and 1.96 Å between the \\NH group of the MF molecule and the
Xdoped-B11N12 fullerenes, respectively.

A comparison of the applied methods shows that the PW91-D func-
tional produces insignificant differences in binding energy between the
MFmolecule and the doped-fullerenes relative to those computed with
the B3LYP-D functional (Table 4). The results in the case of PW91-D
functional calculations on the doped-B11N12/MT interaction systems
generally reveal similar values compared to the same configurations
calculated at the B3LYP-D functional (see Table 5). In the PW91-D func-
tional, the values of Eads for theMFmolecule adsorbed over the AlB11N12

and the GaB11N12 fullerenes are calculated to be −2.80 and −2.85 eV,
respectively (Table 5). Generally the adsorption values obtained at
PW91-D functional for the interactions of the MT molecule with
Xdoped-B11N12 fullerenes are higher than those obtained by the B3LYP-
D functional. Moreover, the energy gap values for the studied interac-
tion configurations at PW91-D functional are lower than that of the
B3LYP-D functional resulting to the possible higher conductivity of the
adsorption systems and therefore higher charge transfers at the



Fig. 1. Adsorption configurations of the MF molecule interacted with the pure B12N12 and the B16N16 fullerenes.
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PW91-D functional (Table 5). Generally, for the same adsorption config-
uration, the energy gap difference value obtained by the PW91-D func-
tional is more than that obtained by the B3LYP-D functional which
results to the higher changes of the electronic properties of the entire
system (Table 5). Moreover, the values for quantummolecular descrip-
tor obtained using the PW91-D functional are comparably similar to
those of the B3LYP-D while the dipole moment values of the same con-
figurations are higher at PW91-D in comparison to the B3LYP-D
(Table 5). Therefore, the above results indicate that the GaB11N12 fuller-
ene interacting with the MF molecule will be more reactive at room
temperature in comparison with the other doped-XB11N12 fullerenes
using the B3LYP-D and the PW91-D functionals.

The highest Eads (the most stable complex) is suggestive of a cova-
lent interaction for the MF interacting with the MgB11N12, AlB11N12

and GaB11N12 fullerenes. Also, the MF molecule reacted with the Mg
atom as a bidentate ligand through the two imine groups, which is sim-
ilar to the experimental results reported by Soltani and co-workers
[101]. In a recent study [48], the binding energies of −2.53 eV for the
MF-Al-doped SWCNT using the ωB97XD functional and −1.33 eV for
the MF-Si-doped SWCNT using the ωB97XD functional were reported.
In a previous report, it has been shown that the binding energies of
the 5FU (from its oxygen head) upon the Ge, Ga, and Al-doped BNNTs
were shown to have values of−0.53,−1.50, and−1.86 eV; with inter-
action distances of 2.59, 2.01, and 1.88 Å between the MF molecule and
the dopant atoms, respectively [102]. The current results show that the
Al and Ga dopants can lead to improvement of the binding energy in the
interaction between theMFmolecule and the fullerenes and indicates a
good agreement with all the above-mentioned results.

The present results indicate that the B12N12 fullerene has given bet-
ter results for the interaction of theMFmolecule compared to that of the
B16N16 fullerene therefore the previous part has focused on the effect of
doping on the B12N12 fullerene and using two DFT functional for more
studies. Here, for a better understanding of the solvent effects on the ad-
sorption systems and simulating the body condition, a set of PCM calcu-
lationswas applied usingwater as the solvent for the studied adsorption
configurations with the results summarized in Table 6. These were
eventually compared with the calculations performed in the vacuum
phase for the same adsorption configurations. The difference between
these solvation energies is equal to Esol. The solvation energies were cal-
culated with the aid of the ‘Conductor-like Screening Model’ for solva-
tion [94]. A considerable enhancement has been observed in the
solvation energies of pure B12N12 and GaB11N12 after MF adsorption as



Fig. 2. Adsorption configurations of the MF molecule interacted with the non-metal and metal-doped B12N12 fullerenes.

Table 3
Calculated bond lengths (Å), bond angle (°), charges (Q/e), adsorption energy (Ead/eV),
distance (D/Å), HOMO energies (EHOMO/eV), LUMO energies (ELUMO/eV), HOMO-LUMO
energy gap (Eg/eV), Fermi level energy (EF/eV) and dipole moment (DM/Debye) for the
most stable configurations using the B3LYP-D functional.

System AlB11N12 SiB11N12 GeB11N12 CB11N12 MgB11N12 GaB11N12

RX-N 1.835 1.804 1.918 1.487 2.072 1.905
RX-N-B 83.56 86.45 87.45 85.43 92.02 84.96
QX 0.613 0.752 0.572 0.314 0.615 0.497
QB 0.546 0.473 0.565 0.487 0.566 0.622
QN −0.548 −0.557 −0.553 −0.433 −0.542 −0.600
EHOMO −7.31 −6.66 −7.03 −5.51 −6.83 −7.34
ELUMO −3.05 −0.89 −0.97 −0.96 −2.51 −3.58
Eg/eV 4.26 5.77 6.06 4.55 4.32 3.76
EFL −5.18 −3.78 −4.00 −3.24 −4.67 −5.46
μ/eV −5.18 −3.78 −4.00 −3.23 −4.67 −5.46
η/eV 2.13 2.89 3.03 2.28 2.16 1.88
ω/eV 6.29 2.47 2.64 2.30 5.05 7.93
S/eV 0.23 0.17 0.16 0.22 0.23 0.26
χ/eV 5.18 3.78 4.00 3.23 4.67 5.46
DM 3.237 0.947 1.548 0.692 5.415 2.763
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summarized in Table 3. In contrast, Esol for GaB11N12 is more energetic
than that of pure B12N12 in both functionals. So, Ga doping on B12N12 ful-
lerene improves the solvation energy [95]. This demonstrates that the
increase in the solubility of the drug in the presence of fullerene in an
aqueous system will enhance their suitability as carriers to deliver MF
[68]. After structural relaxation, it was noticed that there was some
structural deformations due to the transformation of sp2 to sp3 hybrid-
ization of the B atom on the exterior surfaces of B12N12 and B16N16 ful-
lerenes, indicating that the adsorption process is exothermic. The
physisorption energies in models C and D were −0.11 and −0.10 eV
with equilibrium distances of 2.35 and 2.32 Å, respectively. In addition,
these calculations demonstrate that the adsorption of the drugmolecule
leads to an overriding increase in the values of polarity compared to the
pure fullerenes, with DM = 11.33 and 15.38 Debye in models A and B
computed by B3LYP-D functional, respectively. The results reveal that
the major differences in the adsorption process between the MF mole-
cule and B12N12 and B16N16 fullerenes were observed on the interaction
sites or functional groups of the MF molecule. Hence, the adsorption



Table 4
Calculated bond lengths (Å), bond angle (°), charges (Q/e), adsorption energy (Ead/eV), distance (D/Å), HOMO energies (EHOMO/eV), LUMO energies (ELUMO/eV), HOMO-LUMO energy gap
(Eg/eV), Fermi level energy (EF/eV) and dipole moment (DM/Debye) for the most stable configurations using the B3LYP-D functional.

System MF-AlB11N12 MF-SiB11N12 MF-GeB11N12 MF-CB11N12 MF-MgB11N12

RX-N 1.896 1.793 1.903 1.528 2.146
RX-N-B 84.98 86.98 87.98 88.27 96.33
RC-NH 1.324 1.416 1.407 1.417 1.287
D/Å 1.916 1.706 1.803 1.412 2.166
Ead/eV −2.72 −1.26 −0.93 −0.62 −2.46
QX 1.996 −0.985 0.856 0.479 0.602
QB 1.074 0.432 0.551 0.493 0.511
QN −1.403 −0.558 −0.537 −0.421 −0.536
QNH2-MF −0.880 −0.761 −0.765 −0.758 −0.766
QNH-MF −0.980 −0.709 −0.784 −0.607 −0.710
EHOMO −6.18 −3.73 −3.85 −3.97 −5.46
ELUMO −1.29 −0.50 −0.55 −0.56 −1.21
Eg/eV 4.89 3.23 3.30 3.41 4.25
ΔEg (%) 14.79 44.02 45.54 25.05 1.62
EFL −3.74 −2.12 −2.20 −2.27 −3.34
μ/eV −3.74 −2.12 −2.20 −2.27 −3.34
η/eV 2.44 1.62 1.65 1.71 2.13
ω/eV 2.85 1.38 1.47 1.50 2.62
S/eV 0.20 0.31 0.30 0.29 0.24
χ/eV 3.74 2.12 2.20 2.27 3.34
DM 14.297 2.736 2.134 3.397 20.047
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energies in models A and B are considerably greater than in models C
and D.

Infrared spectra (IR) of aMFmolecule interactingwith B12N12 fuller-
ene was studied using the B3LYP functional (Table 7). The N\\H
stretching mode of a MF molecule interacting with B12N12 fullerene
takes place in the regions of 3484, 3557, and 3612 cm−1. Bands at
1662, 3513, and 3633 cm−1 have been assigned to the NH2 group of
theMF molecule upon the adsorption with B12N12 fullerene. The strong
adsorption bands at 1597 and 1674 cm−1 are probably due to the pres-
ence of C\\N and N\\H stretching vibrations [96]. The absorption bands
observed at 3037–3183 cm−1 correspond to the C\\H group and
1000 cm−1 is possibly assigned to the B\\NH(MF-B12N12) stretching vi-
bration of the adsorbed MF molecule. These vibration frequencies were
found to match well with those IR assignments reported for similar
studies in the literature [97]. Nurani and co-authors experimentally
studied the FT-IR spectrum of metformin and observed that the absorp-
tion band at 3160.76 cm−1 are due to the N\\H stretching vibration of
the initial NH2 group, a band at 1574.59 cm−1 corresponds to the
Table 5
Calculated bond lengths (R/Å), bond angle (R/°), charges (Q/e), adsorption energy (Ead/eV), dist
gap (Eg/eV), Fermi level energy (EF/eV) and dipole moment (DM/Debye) for the most stable co

System AlB11N12 MF-AlB11N12 SiB11N12 MF-SiB11N12

RX-N 1.841 1.894 1.810 1.801
RX-N-B 82.97 84.74 85.99 85.95
RC-NH – 1.330 – 1.419
D/Å – 1.915 – 1.717
Ead/eV – −3.25 – −1.70
QX 0.534 0.552 0.680 0.866
QB 0.480 0.407 0.409 0.361
QN −0.483 −0.550 −0.492 −0.512
QNH2-MF – −0.588 – −0.606
QNH-MF – −0.605 – −0.586
EHOMO −6.47 −5.31 −5.86 −2.90
ELUMO −3.64 −2.11 −1.77 −1.35
Eg/eV 2.83 3.20 4.09 1.55
ΔEg (%) – 13.7 – −62.10
EFL/eV −5.06 −3.71 −3.82 −2.13
μ/eV −5.06 −3.71 −3.82 −2.13
η/eV 1.42 1.60 2.04 0.78
ω/eV 9.03 4.30 3.56 2.91
S/eV 0.35 0.31 0.24 0.65
χ/eV 5.06 3.71 3.82 2.13
DM 3.013 14.41 0.889 3.105
N\\H bending vibration of the primary NH2 group and a band at
1062.59 cm−1 is due to the presence of the C\\N stretching vibration
[98], which is close to the calculated results obtained from DFT
calculations.

As it is clear in Table 5, the negative values of the Eads for these inter-
actions indicate that these reactions are energetically favorable with a
pattern of GaB11N12, AlB11N12 N MgB11N12 N SiB11N12 N GeB11N12

N CB11N12. The formation energies of products of MF interacting with
doped-XB11N12 fullerenes are also represented in Table 6 and based
on the general rule that species having the highest negative formation
energy represent more thermodynamically favored behavior, the MF-
GaB11N12, MF-AlB11N12, MF-MgB11N12, MF-SiB11N12, MF-GeB11N12,
and MF-CB11N12 interactions have enthalpy changes (ΔHads) of
−61.70, −60.47, −55.06, −28.31, −20.64, and −13.24 kcal/mol, re-
spectively. Therefore the formation of a bond between these threemen-
tioned Ga/Al/Mg-B11N12 fullerenes aremore favorable than those of the
Si/C/Ge-B11N12 fullerenes. To support these findings, we calculated the
Gibbs free energy (ΔGads) of the studied interaction configurations
ance (D/Å), HOMO energies (EHOMO/eV), LUMO energies (ELUMO/eV), HOMO-LUMO energy
nfigurations using the PW91-D functional.

GeB11N12 MF-GeB11N12 GaB11N12 MF-GaB11N12

1.923 1.895 1.909 1.944
87.05 87.95 84.41 85.90
– 1.415 – 1.324
– 1.848 – 1.957
– −1.61 – −3.39

0.494 0.661 0.407 0.404
0.505 0.476 0.562 0.491
−0.487 −0.511 −0.534 −0.553

– −0.624 – −0.590
– −0.589 – −0.652

−6.21 −3.05 −6.48 −5.30
−1.80 −1.58 −4.14 −2.04
4.41 1.47 2.34 3.26
– −66.67 – 39.32

−4.01 −2.32 −5.31 −3.67
−4.01 −2.32 −5.31 −3.67
2.21 0.74 1.17 1.63
3.64 3.65 12.05 4.13
0.23 0.68 0.43 0.31
4.01 2.32 5.31 3.67
1.436 1.407 2.520 14.26



Table 6
Calculated bond lengths (Å), bond angle (°), charges (Q/e), adsorption energy (Ead/eV),
distance (D/Å), HOMO energies (EHOMO/eV), LUMO energies (ELUMO/eV), HOMO-LUMO
energy gap (Eg/eV), Fermi level energy (EF/eV) and dipole moment (DM/Debye) for the
most stable configurations.

System B3LYP(H2O) PW91(H2O)

MF-B12N12 MF-GaB11N12 MF-B12N12 MF-GaB11N12

RB-N 1.589 1.476 1.593 1.481
RGa-N – 1.954 – 1.989
RB-N-Ga – 86.96 – 89.77
RN-B-N 100.78 109.67 89.98 110.35
RB-N-B 84.86 – 84.63 –
RN-H2 1.013 1.016 1.022 1.017
RN-H 1.014 1.015 1.021 1.022
RC-N 1.328 1.328 1.335 1.313
D/Å 1.558 1.934 1.555 2.046
Ead/eV −1.54 −3.12 −1.79 −3.67
QB 0.673 0.584 0.570 0.467
QGa – 0.578 – 0.498
QN −0.524 −0.601 −0.460 −0.521
QNH2-MF −0.760 −0.755 −0.733 −0.756
QNH-MF −0.659 −0.810 −0.617 −0.710
EHOMO −6.55 −6.45 −5.62 −4.99
ELUMO −0.54 −0.74 −1.42 −1.52
Eg/eV 6.01 5.71 4.20 3.47
EFL −3.55 −3.60 −3.52 −3.26
μ/eV −3.55 −3.60 −3.52 −3.26
η/eV 3.01 2.89 2.10 1.74
ω/eV 2.09 2.26 2.95 3.05
S/eV 0.17 0.18 0.24 0.29
χ/eV 3.55 3.60 3.52 3.26
DM 15.847 19.645 15.853 30.757
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where spontaneity occurrence of a reaction is directly correlated to the
negative value of ΔGads and therefore the more negative value of the
ΔGads, themore thermodynamically favored the reaction. The calculated
ΔGads values in models A and B were slightly negative with values of
−17.22 and−16.85 kcal/mol, respectively. This indicates that these ad-
sorption models are not thermodynamically favorable and stable. The
ΔGads values for the MF-GaB11N12, MF-AlB11N12, MF-MgB11N12, MF-
SiB11N12, MF-CB11N12, and MF-GeB11N12 complexes are calculated to
be−49.72, −48.39, −44.56, −17.31, −10.08, and −9.31 kcal/mol, re-
spectively. In the case of entropic changes (ΔSads), it follows a similar
trend with the following pattern of the MF-GaB11N12 N MF-AlB11N12

N MF-MgB11N12 N MF-SiB11N12 N MF-CB11N12 N MF-GeB11N12 com-
plexes, showing the highest to the lowest kinetically favored interaction
configurations. The lower value of the ΔGads in comparison with that of
the ΔHads is due to the entropic effect [102].

It has been observed that upon adsorption, the lengths of the C\\N,
Ge\\N, Si\\N, Mg\\N, Al\\N, and Ga\\N bonds interacting with the
Table 7
Thermodynamic parameters of the MF molecule over the pure and doped XB11N12 fullerenes u

Property ΔHads ΔGads ΔSads

MF – – –
B12N12 – – –
A −29.54 −17.21 −28.95
B16N16 – – –
B −28.53 −16.12 −27.56
CB11N12 – – –
MF-CB11N12 −13.24 −10.08 −12.65
SiB11N12 – – –
MF-SiB11N12 −28.31 −17.31 −27.71
AlB11N12 – – –
MF-AlB11N12 −60.47 −48.39 −59.88
MgB11N12 – – –
MF-MgB11N12 −55.06 −44.56 −54.47
GeB11N12 – – –
MF-GeB11N12 −20.64 −9.31 −11.32
GaB11N12 – – –
MF-GaB11N12 −61.70 −49.72 −61.11
MF molecule somewhat increase (Table 5). Charge analysis indicates
that about 0.35, 0.42, and 0.34 |e| of charge were transferred from the
MF molecule to the MgB11N12, AlB11N12, and GaB11N12 fullerenes, re-
spectively, which are larger in comparison with the MF molecule inter-
action with the pure fullerenes. These results reveal that the covalent
interactions between the drug molecule and the doping atom (includ-
ing Mg, Al, and Ga) of XB11N12 fullerene were very strong due to the
considerable hybridization occurring between the two corresponding
orbitals of the adsorbent and the adsorbate species as displayed in
Fig. 2. The values of electric dipole moment (DM) of the CB11N12,
GeB11N12, MgB11N12, AlB11N12, SiB11N12 and GaB11N12 fullerenes were
investigated where the electric dipole moment values are 0.69, 1.55,
0.95, 2.76, 3.24, and 5.41 Debye, respectively (Fig. 3). On the other
hand, the DM values for the MF molecule interacting with the
CB11N12, GeB11N12, SiB11N12, AlB11N12, GaB11N12, and MgB11N12 fuller-
enes were calculated to be 3.40, 2.13, 2.73, 14.30, 14.27, and
20.04 Debye, respectively. The presence of polar bonds between the
drug molecule and the fullerene (due to the doping of Al, Ga, and Mg
atoms) represents significant increases in the dipole moment values
due to the strong polarization of the resulting MF-fullerene complexes
(see Fig. 3). Due to the adsorption process, the vibrational bands shifted
to higher wavelengths as the values of 3381 (CB11N12), 3352
(MgB11N12), 3359 (SiB11N12), 3579 (GaB11N12), 3562 (AlB11N12), and
3601 cm−1 (GeB11N12) have been assigned to N\\H asymmetric
stretching vibrations [103]. As displayed in Table 6, the strong absorp-
tion band in the IR spectra at 1656 (AlB11N12) and 1661 cm−1

(GaB11N12) have been assigned to C_N stretching vibrations [104].
For better comprehension of the adsorption processes in these com-

plexes, we studied the electronic properties of the MF molecule
adsorbed upon the doped fullerenes via the partial density of states
(PDOS) calculations (Fig. 4). Our calculation shows that the drug mole-
cule can significantly affect the electronic properties of the SiB11N12 and
GeB11N12 fullerenes, causing a decrease in the energy band gap for all
fullerenes in comparison with other studied fullerenes. In the vicinity
of the Fermi energy (EF), the peaks (new outstanding hybridized
peaks) appearing in the MF-SiB11N12 and MF-GeB11N12 systems are
not seen in the PDOS of pure doped fullerenes (data not shown). For
these systems, it can be realized that the PDOS proximate for MF-
SiB11N12 and MF-GeB11N12 systems show a new peak in the band gap
region thereby lowering the band gap to a large extent as compared to
the pure SiB11N12 and GeB11N12 fullerenes [105]. The results indicate
that the energy band gaps (Eg) for the combined systemswere reduced
from 4.32, 4.26, and 3.76 eV in the pure MgB11N12, AlB11N12, and
GaB11N12 fullerenes to 4.25, 4.89, and 4.91 eV after adsorption, respec-
tively. The calculated energies of the Fermi level were −4.67, −5.18,
and −5.46 eV for the pure MgB11N12, AlB11N12, and GaB11N12, respec-
tively. Upon the adsorption of the MF molecule, the energies of EF
sing the PW91 method.

υmin υmax υN\\H υC_N

65.61 3639.49 3456.44 1722.27
326.89 1447.58 – –
13.42 3633.53 3577.13 1674.51
280.67 1454.23 – –
16.57 3660.88 3538.74 1689.92
325.23 1463.32 – –
17.39 3637.46 3381.32 1722.65
273.74 1447.22 – –
11.44 3634.07 3559.38 1745.68
236.41 1447.31 – –
23.23 3613.68 3562.42 1656.69
187.51 1451.53 – –
11.38 3666.50 3552.20 1754/1709
211.28 1447.01 – –
17.22 3624.16 3601.36 1744.63
188.42 1448.77 – –
17.84 3617.36 3579.29 1661.71



Fig. 3. The values of dipole moment for the MF molecule interacting with the non-metal and metal-doped B12N12 fullerenes.

Fig. 4. PDOS spectra for the MF interacting with the pure and doped-B11N12 fullerenes.
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were increased to −3.33, −3.73, and −3.68 eV, respectively. In addi-
tion, the difference in the energies of EF clearly shows that some mean-
ingful amount of charge has been transferred between the drug
molecule and the doping atoms of the B12N12 fullerenes.

The highest occupiedmolecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) in the most stable configurations for
AlB11N12 and GaB11N12 fullerenes at the B3LYP level of theory are
shown in Figs. 5 and 6 with values in Table 4. The energies of HOMO
for the pristine MgB11N12, AlB11N12, and GaB11N12 fullerenes were
−6.83, −7.31, and −7.34 eV while the energies of LUMO were −2.51,
−3.05, and−3.58 eV, respectively. Table 5 indicates that the HOMO en-
ergies for these complexes increased to −5.46, −6.18, and −6.14 eV,
while the LUMO energies were about −1.21, −1.29, and −1.23 eV
upon the interaction between the MF molecule and the fullerenes
(MgB11N12, AlB11N12, and GaB11N12), respectively. Figs. 4 and 5 show
the HOMO charge distribution pattern after the interaction and it can
be seen that most of the electrons are localized on the surface of the
Fig. 5. FMO (HOMO & LUMO) and MEP maps of the MF interacting with doped-B11N12 fulleren
electropositive, and neutral regions of the structures.
Ga/Al/Mg-B11N12 fullerenes while at the same time it is more localized
on the surface of the MF drug when it interacts with the Si/Ge/C-
B11N12 fullerenes. In case of the LUMO charge distribution, more elec-
trons are situated on the MF molecule and the fullerene for the MF-
Ga/Al/Mg-B11N12 and MF-Si/Ge/C-B11N12 interaction systems, respec-
tively. It appears that the nature of the HUMO and LUMO has changed
upon adsorption. Moreover, the decrease in the energy band gap
followed by the changes in the density of state plots may be attributed
to the appearance of the new states associated with the MF molecule
in the adsorption systems which are visible in the PDOS plots (Fig. 4).
These remarkable differences provide evidence of the important role
that these doped atoms (GeB11N12 and SiB11N12 fullerenes) play in the
changes of electronic properties of the XB11N12 fullerenes and hence at-
tributes to the sensitivity of this fullerene to MF molecule. One can see
that for theMgB11N12 fullerene, the newmid-gap states aremade inside
the Eg which can change the electronic properties due to the change in
electron affinity and the ionization potential of the system. As a result, it
es elaborated as yellow or red, blue, and light green colors representing electronegative,



Fig. 6. FMO (HOMO & LUMO) and MEP maps of the MF interacting with doped-B11N12 fullerenes elaborated as yellow or red, blue, and light green colors representing electronegative,
electropositive, and neutral regions of the structures.
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can be seen that the adsorption of the MF drug varies the band edge of
the system significantly. Also for theMgB11N12 fullerene, it appears that
the donor (HOMO) and acceptor (LUMO) energy states are changed
upon the adsorption of the MF molecule on the studied fullerenes.

The quantum molecular descriptors of the studied adsorption con-
figurations are also investigated in different situations elaborated are in-
cluded in the Tables 1–5. The results indicate that global hardness (η)
and softness (S) are (3.42 and 0.15 eV) for the pure B12N12 and (3.19
and 0.16 eV) for the pure B12N16 fullerenes. Upon the interaction of
the MF molecule with the B12N12 and B16N16 fullerenes at all studied
configurations, the values of the η decreased while at the same time
the values of the S increased. These trends indicate the decrease in the
stability of the studied systems and therefore facilitation in the reactiv-
ity of the studied substrates as the adsorbent for the MF molecule
[106,107]. Table 1 contains values of the electrophilicity index (ω) and
electronegativity (x) of (2.69 and 4.29 eV) for the pure B12N12 and
(2.76 and 4.20 eV) for the pure B12N16 fullerenes at B3LYP-D functional
and these values are generally increased in case of XB11N12 fullerenes
where X is Al, Si, Ge, C, Mg and Ga using the same functional as listed
in Table 4. Results show that they are reduced upon the adsorption of
the MF molecule to the B12N12, B16N16 and XB11N12 fullerene, these
values reveal that some charge transfer occurs in the system upon the
interaction leading to changes of the electron density of the system
upon the interaction. These are more noticeable in the case of the MF
molecule adsorption upon the XB11N12 fullerenes.

To understand how the MF molecule adsorbed on the pure B12N12,
GeB11N12, SiB11N12, MgB11N12, AlB11N12, and GaB11N12 fullerenes influ-
ence the electron density, we studied and compared the variance of to-
pology in the electron localization function (ELF) of the most stable
states. This should give a good description of the electron space delocal-
ization between the MF molecule and the various fullerenes. The ELF
given in Fig. 7 refers to the jellium–like homogeneous electron gas
and renormalizes the value between 0.00 and 1.00. The values of 1.0
correspond to the strong localization (red areas), 0.50 equates to free
electron gas behavior (green areas) and 0.00 refers to zero localization
[108]. Fig. 7 includes ELF space contour plots for the MF molecule



Fig. 7. ELF spectra for the MF interacting with the pure and doped-B11XN12 fullerenes.
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interacting with the MgB11N12, AlB11N12 and GaB11N12 fullerenes. One
can observe a significant localization (red areas) between the nitrogen
atom of the drug molecule and the Al, Mg, and Ga atoms of doped-
fullerenes that leads to strong covalent interactions in the states A, E1,
A1, and C1, respectively. The electrons are completely centralized be-
tween the N atom of the drug and the doped-fullerene, where they do
share some electrons. As displayed in Fig. 7, the larger ELF value (Z
≈ 1.0) located on the Al, Ga, and Mg\\N bonds exhibits a chemical co-
valent bond that may be formed through the MF molecule adsorption
on the pure and doped fullerenes [109–111]. Also demonstrated in the
Fig. 7 are weak chemical interaction between the drug molecule and
the doped fullerene in the states D1 and F1 revealing a high sensitivity
between them, therefore the release of the MF molecule in such well-
known GeB11N12 and SiB11N12 are easier and could be too fast in con-
trary to the MgB11N12, AlB11N12, and GaB11N12 fullerenes [79].
4. Conclusions

In summary, the adsorption of the MF molecule on two representa-
tive B12N12 and B16N16 fullerenes has been studied using first-principles
calculations. According to binding energy studies, the covalent interac-
tion of MF from its\\NH group toward B12N12 fullerene is energetically
more favorable than B16N16 fullerene. The doped atom-XB11N12 fuller-
enes facilitate the adsorption of the MF molecule compared to the pris-
tine B12N12 fullerene. The comparison of the theoretical infrared spectra
and the experimental Fourier transform infrared spectra was consid-
ered to support each other. The results of TDOS plots reveal that the
GeB11N12 has greater sensitivity to the presence of MF than the
SiB11N12 while the binding energy and dipole moment studies suggest
that the electronic properties of GaB11N12 have changed less remarkably
than those of GeB11N12 and SiB11N12 fullerenes. The PW91-D functional
gives higher values of adsorption energy and energy gap difference for
the same adsorption configuration. The PCM calculations revealed that
the selected adsorption configurations are stable in the water medium
as a simulation of the body condition. Therefore, we could suggest
that the GeB11N12 fullerene would be suitable as a biosensor for the de-
tection of metformin drug in environmental systems.
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