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Anticancer drug delivery is now becoming an important scientific challenge as it allows localizing drug release
near the tumor cell and avoiding secondary side effects. Based on the density functional theory (DFT) calcula-
tions, the adsorption of Ifosfamide (IFO) on a series of pure B;,N;, and carbon-doped boron nitride, including
B12NgCs and BgNgCy5 fullerenes, was carried out both in vacuum and solvent (water) environment conditions
by means of PBE-1 and M06-2X functionals and 6-311 + G (d,p) basis set. The most stable chemisorption
state for the IFO was through phosphoryl group (—1.21 eV) onto the B;,N, in comparison with chloroalkyl

ﬁggf;?j'e (—0.35eV) and nitrogen atom of oxazaphosphorine ring (—1.14 eV) groups. To compare both environments,
Fullerene the computed results indicate that the adsorption of IFO in the solvent environment is more stable on the
Doping B12N12 (—1.27 eV), B12NgCs (—1.86 €V), and BgNgCq, (—1.99 eV) fullerenes than in the vacuum environment.
Drug delivery Our computational simulations represent that the amount of IFO loading is higher for the fullerenes, on the

Infrared spectroscopy

other hand, the interaction energy of IFO with BgNgC;- is greater, which can reduce its release rate.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

By the first announcement of the synthesis of boron nitride (B;,N;3)
fullerene using an arc-melting method and its detection by laser desorp-
tion time-of-flight mass spectrometry, it soon became a famous subject
of many studies, especially by theoretical scientists [1]. It is an isoelec-
tronic counterpart to the carbon-based fullerene being considered as a
promising material. This fullerene gained a great attention because of
its exceptional properties such as high temperature and oxidation sta-
bility, low dielectric constant, high thermal conductivity, direct band
gaps affording optical and optoelectronic properties and rendering its
semiconductor behavior in comparison to that of carbon based fuller-
enes [2-12]. Concerning the structural stability, B;;N;, consisting of
six tetragon rings and eight hexagon rings is considered as the most sta-
ble fullerene among its counterparts [13-16]. In previous reports, the
interaction of caffeine and nicotine [17], cysteine [18], adenine, uracil
and cytosine [19], 5-aminolevulinic [20] acid, 5-fluorouracil [21], phenol
molecule [22], pyrimidine nucleotide [23], metformin [24], H,S gas [25],
hydrogen halides [26], and aspirin [27] with the B;5N;, fullerene and its
derivatives have been performed using computational approaches.
These evidences demonstrate that this nanocage cluster has a good abil-
ity to form a bound with biological molecules, which makes it a
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promising material for biomedical applications like bio-sensing, bio-
imaging, and the delivery of biological and drug molecules.

3-(2-Chloroethyl)-2-[(2-chloroethyl)amino]tetrahydro-2H-1,3,2-
oxazaphosphorine-2-oxide is known as an IFO drug playing an impor-
tant role in cancer treatment through a combination of chemotherapy
with other anticancer drugs [28,29]. IFO drug comprises a six-
membered ring having three saturated carbon, oxygen, nitrogen, and
phosphorus atoms, which are substituted with two chloroalkyl func-
tional groups characterised by a single-crystal X-ray diffraction instru-
ment [30]. So far, it has been used for the treatment of sarcomas,
lymphoma, gynecologic, and testicular cancers [31]. However, it has
some toxic effects upon high dosage usage that may cause central ner-
vous system toxicity and severe nephrotoxicity in the form of Fanconi
syndrome through the treatment of cancer patients [32,33]. Therefore,
the determination, sensing, and delivery of this drug are of great impor-
tance. For example, Duverger et al. reported the interaction between BN
nanotubes and anticancer molecules. They showed that the most stable
physisorption states happened when the molecules were encapsulated
inside the BN nanotube in a parallel configuration and the molecular
chemisorption was possible only when the azomethine was presented
above two adjacent B and N atoms of a hexagon [34]. Khalifi et al. dem-
onstrated theoretical use of boron nitride nanotubes as a perfect con-
tainer for anticancer IFO molecule [35].

This study is based on our previous experiences on the interaction of
different drug and biological molecules with the nanostructures
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consisting of B and N atoms, especially the B;,N;, fullerene. Accord-
ingly, a comprehensive examination is presented here on the interac-
tion of IFO drug molecule with the B,N;, fullerene to study the
spectroscopic, electronic, and thermodynamic behaviors of the final
complexes to verify whether or not the B;,Ny; fullerene is a suitable
vector for the delivery of IFO drug.

2. Computational method

The calculations of total energies and optimization of geometric
structures including B{3N12, B12NgCs, and BgNgCy fullerenes were car-
ried out using the density functional theory (DFT) as implemented in
the Gaussian 09 program package [36]. Also, a computational test was
performed to investigate the effects of different methods and basis sets
on the optimized geometrical structures. Two exchange-correlation
functions were used within the DFT framework. First, the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) [37], and then, the hybrid one parameter functional using modi-
fied hybrid M06-2X functional [38] were implemented indicating a
higher percentage of HF (Hartree-Fock) exchange (54%). The M06-2X
and PBE1 functions were chosen due to their good performance in calcu-
lations of the Cy4, B12N13, Graphene, and MgO nanostructures [39-42],
and the optimized geometric parameters (bond lengths and bond an-
gles) are in excellent agreement with experimental results [43,44]. All
binding energies (E,) could be evaluated by zero-point corrected ener-
gies (ZPE), using the following equations:

E, = (EIFO—Fullerene + ZPE) — Erylierene — (EIFO + ZPE) (1)
Eb = (EIFO—Doped—Fullerene + ZPE) - EDoped—Fullerene - (EIFO + ZPE) (2)

where Ejro_rulierene aNd Ejro-poped-Fullerene are the total energies of IFO
drug over the B15Ny, B12NgCs, and BgNgCi» fullerenes. Ejgo is the total
energy of the IFO drug and E gyjierene aNd E poped-ruilerene are the total en-
ergies of the B3Ny, B12NgCs, and BgNgCy;, fullerenes. At least 30 lowest
energy electronic excited states were computed for all the molecules.
The energy convergence criteria were set about 10~° eV where the op-
timized structures were achieved by force minimization about 10~* eV/
A. The time-dependent density functional theory (TDDFT) calculations
were performed to achieve the crucial excited states of the related struc-
tures, and the differences of their dipole moments between the ground
state and crucial excited state were evaluated using the same functional
(M06-2X) and basis set (6-311 + G**) [45,46]. The PBE1/6-311 + G**
level of theory is used for the calculation of the natural bond orbital
(NBO) charges of the systems. Vibrational frequencies were calculated
by the PBE and M06-2X functionals and used to first verify the nature
of stationary points and second, to use the sum of electronic and thermal
enthalpy. This includes electronic energy and translational, rotational,
and thermal vibrational corrections for calculating the heat of the mol-
ecule formation, the sake of their future experimental identification by
infrared (IR) spectroscopy, and the assignment of the observed frequen-
cies. The quantum molecular descriptors (QMDs) were computed ac-
cordingly at the PBE and M06-2X functionals as follows:

p=—(+A)/2 3)
X=-u @)
n=(1-A)2 (5)
o = (W*/2n) (6)
S=1/2n (7)

Electronegativity (X) is determined as the negative of chemical po-
tential (p), as follows: = Xu. In addition, the chemical hardness (1)

can be determined using the Koopmans’ theorem. I (- Eyomo) is the ion-
ization potential and A (- Eyymo) the electron affinity of the molecule.

3. Results and discussion
3.1. The structures of B;N15, B12CeNe, and BsC12Ng

The geometric structures and the frontier molecular orbital (FMO) of perfect B12Ny5,
B12NsCs, and BgNgCy, are given in Fig. 1. The T, symmetrical Bi,N;; fullerene with a
high thermodynamics stability (AG < 0, —1.87 eV) [47] have two B-N bonds that consist
of eight 6-membered rings (6-MR) and six 4-membered rings (4-MR) (Fig. 1). Because of
the large iconicity of the boron-nitrogen bond in the perfect B;,N;, fullerene, boron atoms
with a charge of 0.185 |e| act as cations, while nitrogen atoms with a charge of —0.185 |e|
act as anions at the PBE functional [48]. Within squares of B1,Nj, the bond distances are a
bit larger than out of the squares (hexagons), 1.483, 1.486, and 1.493 A versus 1.437, 1.438,
and 1.446 A, calculated at the M06-2X, PBE, and B3PW91 functionals, respectively. The re-
sults agree with previous theoretical calculations [49,50]. Table 1 shows non-equivalent
atoms of B;,NgCe fullerene in that the length of B-N, B-C, C-C, and C-N bonds within
square rings are found to be 1.529, 1.521, 1.429, and 1.466 A while in out of the squares
are 1.415, 1.489, 1.407, and 1.410 A by the PBE functional, respectively [51,52]. Energy
gap (Eg) of B12N12, B12NgCe, and BsNsCy fullerenes were estimated from the energy differ-
ence between the highest occupied molecular orbital (HOMO: Ey) and the lowest unoccu-
pied molecular orbital (LUMO: E,). It is worth noting that these orbitals are best termed as
Kohn-Sham (KS) orbitals in DFT methods, which can be used to calculate ionization poten-
tials (I = -Enomo) and electron affinities (A = -Ejymo). The theoretical value of Eg for
B1,N;; fullerene was calculated as 4.99, 6.71, and 9.45 eV by the PBE, B3LYP, and MO06-
2X functionals, and 6-311 + G™ basis set, respectively, compared to similar results in pre-
vious studies [53-56]. Oku et al. experimentally calculated the Eg (5.1 eV) of B12N; fuller-
ene [57]. In another study, Oku et al. showed an energy gap of about ~6.0 eV for boron
nitride nanostructured materials [58] which indicates that PBE functional seems to cor-
rectly predict an Eg for B;,Nj; fullerene in comparison with those of B3LYP and M06-2X
functionals. Calculated TDOS plots demonstrate that BsNgC;, and B;,NgCg fullerenes are
semiconductors with the Eg values of 3.68 and 2.18 eV by the PBE/6-311 + G**level of the-
ory, respectively. Li et al. [59] studied the electronic structure of B;,N;, and B1,NgCs fuller-
enes and calculated the values of Eg for both fullerenes with amounts of 6.84 and 3.22 eV
by the B3LYP/6-31G*, respectively. As shown in Fig. 1, the HOMO of B;,N;, shows that the
charge density is located on 2p orbital of nitrogen atom, while in the LUMO, the charge
density is located on the 2p orbital of boron atom. In contrast with B;,N;, the HOMO
and LUMO of the B1,NgCs and BgNgCy; fullerenes indicate that the orbitals of boron and
carbon show a better overlap than that of the orbitals of boron and nitrogen, showing a
strong covalent character between them similar to previously reported calculations [59].
The values of quantum molecular descriptors (QMD) for the B;,N;, adsorbent undergo
changes when either of B or N atoms is substituted by a C atom (Table 2). The I and A
values of the adsorbents decreased and increased, respectively. The decrease in the I
value of the B15NgCg by the PBE and M06-2X functionals should be less than that of the
BgNsCi2, and also the increase in the values of A for the B;,NgCs should be greater than
that of the BgNgCy2. The softness (S) and hardness (1)) values also experienced increases
and decreases making the B;,NgCs and BgNsC;> fullerenes more reactive species [60].
The values of hardness and softness are 2.50 and 0.20 eV for the B;,N;; fullerene at the
PBE functional, while these values at the M06-2X functional are 4.72 and 0.11 eV, respec-
tively. Again, the S (0.46 eV) and 1) (1.09 eV) values for the B;,NgCs underwent more
changes compared to that of the BsNgCy> fullerene (S: 0.27 eV and m: 1.84 eV), which
clearly reveals the effect of carbon substitution on these properties. Moreover, the values
of ® and Dy; show that the B;,NgCg is more capable of accepting random electrons from
the moiety and has higher polarity than the BsNgCy hybrid adsorbent [61].

3.2. IFO adsorption on B;;:N;, and BgNsC; fullerenes

Fig. 2 illustrates various orientations of IFO adsorption upon a B;;N;; fullerene by
changing their separation distance before concluding about the best optimized geometry
using M06-2X, B3PW91, and PBE1 methods. In this study, B;,Nj5 is chosen as a base ma-
terial for the IFO drug delivery. Furthermore, the motivation of the present work is to cal-
culate the adsorption energy, energy gap variation, charge transfer, and electron density
variation of the B;,N;; fullerene on drug adsorption and desorption. When IFO drug
from its phosphoryl head reacts with the boron atom of B;,Nj, fullerene (see state X), it
results in a strong bond formed between IFO and the B{;N;; with an E, value of
—1.21 eV and a bond distance of 1.512 A using M06-2X method. The interaction process
to form complex X is an exothermic reaction with the changes in Gibbs free energy
(AG) and enthalpy (AH) values of about —2.50 and —3.07 eV, respectively. Through the
AG and AH values are larger than that of the complexes K and Z by the PBE functional
in comparison with the M06-2X functional. The strong chemical interaction of the
boron-phosphoryl bond in the IFO/B;,N;, complex is due to strong anionic character of
oxygen atom as shown by its negative charge from Mulliken population analysis
(—0.199 |e|) [62]. We calculated the zero-point energy (ZPE) for the IFO drug from its
phosphoryl head reaction with the B;,N;, fullerene using M06-2X method. The values
of ZPE in the most stable configuration of an isolated IFO drug adsorbed upon B;,N;; ful-
lerene are about —0.12 (state K), —0.94 eV (state X), and —0.84 (state Z), while these
values in the PBE functional are —0.16 (state K), —1.02 eV (state X), and —0.95 (state
Z). The small nearest atom distances (~1.512 A) between the drug and the B;,N;, present
the possibility of covalent bond formation unlike Cgo fullerene with IFO that reveals weak
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Fig. 1. Isosurfaces of the HOMO and LUMO orbitals of B;3Ny2, B12NgCe, and BgNgCy fullerenes.

and non-covalent interactions [63]. Khalifi et al. theoretically reported the interaction of
IFO drug on the outer surface of the boron nitride nanotube (BNNT) by the PBE functional
[64]. They reported an adsorption energy of —0.17 eV for this complex. However, the en-
ergy provided for IFO drug through phosphoryl upon B;5N;5 could be more stabilized than

Cgo fullerene and BNNT. Vibration spectra demonstrated that the P=0 (1106 cm ') mode
shifted to a lower frequency, and C-N (1190 cm~!) and C-Cl (780 cm™~!) modes sifted to
higher frequencies when IFO drug loaded on the surface of B;,N;; fullerene compared
with the pure IFO drug [65]. Theoretical stretching vibration of the P==0 bond in IFO

Table 1

The structure parameters of the fullerenes in the different methods.
Property B-N/A B-C/A N-C/A c-c/A N-B-N/* C-B-N/° B-C-C/° Diameter/A
Gas
PBE1
B12N12 1.493 - - - 98.5 - - 3.95
B12NsCs 1.478 1.543 - - 124.7 99.1 - 4.09
BsNsCi2 1.522 1.516 1.451 1.423 125.5 93.0 83.2 4.07
MO06-2X
Bi2Ny2 1.483 - - - 98.6 - - 3.92
B12NsCs 1.498 1.529 1.461 1.397 1241 95.2 - 4.04
BsNsCi2 1.537 1.546 1.429 1.385 1253 92.8 79.2 4.05
Water
PBE1
B12Ny2 1.494 - - - 98.5 - - 3.95
B12NsCs 1.481 1.501 - - 126.2 107.4 - 3.89
BsNsCi2 1.497 1.531 1.457 1.400 1241 95.0 79.2 4.05
MO06-2X
B12N12 1.483 - - - 125.8 - - 3.92
B12NsCs 1.479 1.496 - - 125.9 107.5 - 3.88
BsNsCi2 1.497 1.533 1.462 1.394 124.2 95.2 79.0 4.05




4 A. Soltani et al. / Journal of Molecular Liquids 297 (2020) 111894

Table 2

Electronic properties of the fullerenes in the different methods.
Property Ey/eV E/eV Eg/eV Er/eV AEq/eV 1/eV AleV n/ev S/eV wev o/eV Dy/Debye
Gas
PBE1
B12Ni2 —7.03 —2.04 4.99 —4.54 - 7.03 2.04 2.50 0.20 —4.54 4.12 0.0
B12NeCs —6.97 —4.79 2.18 —5.88 56.31 6.97 4.79 1.09 0.46 —5.88 15.86 2.54
BeNsCi2 —6.76 —3.08 3.68 —4.92 26.25 6.76 3.08 1.84 0.27 —4.92 6.58 237
MO06-2X
B12Ni2 —9.46 —0.01 9.45 —4.74 - 9.46 0.01 4.72 0.11 —4.74 2.37 0.0
B12NsCs —7.98 —3.70 428 —5.84 54.71 7.98 3.70 2.14 0.23 —5.84 7.97 3.17
BeNsCi2 —7.75 —2.30 5.45 —5.03 42.33 7.75 2.30 2.73 0.18 —5.03 4.63 247
Water
PBE1
B12Ni2 —8.27 —0.87 7.40 —4.57 - 8.27 0.87 3.70 0.14 —4.57 2.82 0.0
B12N6Cs —6.81 —5.05 1.76 —5.93 76.22 6.81 5.05 0.88 0.57 —5.93 19.98 0.0
BsNeCi2 —6.72 —2.96 3.76 —4.84 49.19 6.72 2.96 1.88 0.27 —4.84 6.23 4.42
MO06-2X
B12Ni2 —9.51 —0.29 9.22 —4.90 - 9.51 0.29 4.61 0.11 —4.90 2.60 0.0
B12NeCs —7.93 —4.39 2.94 —5.86 68.11 7.93 439 1.77 0.28 —6.16 10.72 0.01
BeNsCi2 —7.70 —2.18 5.52 —4.94 40.13 7.70 2.18 2.76 0.18 —4.94 442 428

drug s observed in the region 1137-1292 cm ™' by the PBE functional, which is lower than
the experimental data (1140-1300 cm™") [66]. This result can contribute to the interac-
tion of the drug from its P=0 group when close to boron atom of the adsorbent. Neverthe-
less, the state K exhibits a weak chemical interaction (or non-covalent interactions)
between IFO from its chloroalkyl head (E;, = —0.35 eV) and the boron atom of B;,Nj; ful-
lerene with an interaction distance of 2.828 A. When IFO from its nitrogen head was close
to the surface of boron atom of B1,Ny; fullerene (see state Z), it had a E,, value with inter-
action distances of —1.14 eV and 1.684 A, respectively, representing that the IFO drug from
its phosphoryl head is more stable than those of the chloroalkyl and nitrogen heads. Fig. 3
presents the most stable interaction configurations between the IFO drug from its phos-
phoryl head and BgNgC;;, fullerene in the most stable configuration. As shown in Table 2,
a strong chemical bond was formed between the IFO drug and the BgNgC;, fullerene
with an E;, value of —2.06 eV and an interaction distance of 1.504 A by the M06-2X func-
tional. At the PBE1 functional, however, the E, value between the drug and the BgNgCy2
fullerene increased to —2.60 eV with an interaction distance of 1.468 A, suggesting a
strong chemical interaction (or chemisorption) between the drug and the fullerene, sim-
ilar to that of Loh et al. [67]. The values of E,, and the interaction distances between the IFO
drug and B;,NgCs fullerene are about —1.61 eV and 1.491 A by the PBE functional and
—1.48 eV and 1.520 A by the M06-2X functional, respectively.

The value of dipole moment (Dy) for B1;NgCs further increased upon the adsorption
of IFO drug in water environment (M06-2X: 23.67 Debye and PBE: 22.27 Debye) than the
vacuum environment (M06-2X: 15.56 Debye and PBE: 22.68 Debye). The values of AG for
the B12NgCs and BgNgCy» fullerenes with the IFO drug were obtained as —0.98 and
—0.66 eV, while the values of AH for these complexes were —1.50 and —1.28 eV, respec-
tively. The lesser value of AG than that of AH is because of the entropic effect suggesting

e

that interactions of IFO drug on both B1,NgCs and BgNgC; fullerenes are thermodynami-
cally possible. Our observations indicated that the pure B;,NgCg and BgNgC;,, fullerenes
had strong interactions with IFO drug with large E}, values and small interaction distances.
This fact is supported by the calculated large amounts of charge transfer between the drug
and the pure fullerenes. The value of ZPE in the most stable configurations of an isolated
IFO drug adsorbed upon BgNsC, and B1,NgCs fullerenes are about —1.92 and —1.19 eV
in the states L and J by the M06-2X functional, while these values are —2.01 and
—1.32 eV at the PBE functional, respectively. Vibration spectra showed that the P=0
and B-N modes shifted to lower frequencies in BgNgCy2 (1101 and 1318 cm™') and
B12NgCs (1099 and 1316 cm™ ') when IFO drug loaded on the surface of fullerenes.

The values of QMD for the adsorbents (See Tables 3 and 4) underwent some changes
due to their interactions with IFO. There were decreased ionization potential (I) values but
increased electron affinity (A) values because of the electrons shared from IFO to the ad-
sorbents. This phenomenon increased the number of outer electrons on the adsorbent and
lowered the affinity of these electrons to the nucleus of the B and N atoms. There were also
decreased and increased hardness (1)) and softness (S) values, which denote more reactiv-
ity of the final IFO-adsorbent complexes after the interaction process. The increased chem-
ical potential (1) and electrophilicity index () show more reactivity of the complexes
and also capability of the resultant complexes to accept random number of electrons,
which reduces the toxicity of the complexes and increases their biocompatibility [68].

3.3. Solvation energies

The polarizable continuum model (PCM) was studied for the solvent effect [69],
where the water (H,0) with a dielectric constant of 78.30 as the most abundant biological

Fig. 2. IFO adsorbed on the surface of B;,N;; fullerene.
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L

Fig. 3. IFO adsorbed on the surfaces of B;,NgCs and BgNgCy; fullerenes.

—>1.516A

Y

Table 3
The structure and electronic parameters of the fullerenes interacting with IFO by the M06-2X functional.
Property Diameter/f\ Ey/eVv E /eV Eg/eV Ep/eV 1/eV AleV n/ev S/eV wev w/eV Dy/Debye
K 3.92 —8.69 —0.31 8.38 —4.50 8.69 0.31 4.19 0.12 —4.50 242 7.68
X 4.20 —8.36 —0.74 7.62 —4.55 8.36 0.74 3.81 0.13 —4.55 2.72 12.63
z 4.19 —8.95 —0.46 8.49 —4.71 8.95 0.46 4.25 0.12 —4.71 2.61 4.35
Table 4
The structure and electronic parameters of the doped fullerenes interacting with IFO by the PBE1 and M06-2X functionals.
Property Diameter/A En/ev E /ev Eg/eV Ep/eV I/ev A/ev n/ev S/eV wev w/eV Dy/Debye
PBE
L 435 —6.19 —2.26 3.93 —4.23 6.19 2.26 1.97 0.25 —4.23 4.54 22.68
433 —5.82 —3.85 1.97 —4.84 5.82 3.85 0.99 0.51 —4.84 11.87 10.68
M06-2X
L 434 —6.73 —1.27 5.46 —4.00 6.73 1.27 2.73 0.18 —4.00 293 15.56
J 447 —7.04 —2.38 4,66 —4.71 7.04 2.38 2.33 0.21 —4.71 4.76 8.38

molecule was selected as the solvent [70]. The differences between the optimized energies
in the water and vacuum environments for the most stable adsorption configurations
were calculated and defined as the E,. A more negative Es,, demonstrate that solvation
is a spontaneous process and also signify the stability of the investigated systems in the
water environment. The calculated Eso, value in the interaction between IFOS and

B12N;> demonstrates a strong chemical interaction with an energy of about —1.27 eV by
the PBE1 functional and —1.41 eV by the M06-2X functional. The covalent interaction
study of Bj,Nj, fullerene was further examined by taking two IFOS drugs in both func-
tionals (See Fig. 4). When two [FOS drugs chemisorbed on the fullerene surface, Ey
value slightly reduced after the interaction between two species, which shows good

Fig. 4. IFO adsorbed on the surfaces of B;,N;, fullerene.



agreement with other works [18,39]. When two IFOS drugs chemisorbed on the outer sur-
face of fullerene, a distance of 1.518 A and a release of —1.14 eV energy for per drug ob-
served by the PBE1 functional. However, a chemisorption of —1.25 eV was found for per
drug at the M06-2X functional.

In the next step, the covalent binding of the B;,NsCg and BgNgC;, fullerenes with IFOS
drug is evaluated and reported for both functionals. First, increased polarity of carbon-
doped B1,Ny; fullerene raises its solubility in a polar solvent. As it is clear from Table 4, op-
timization of the selected configurations in water results in the stabilization of the adsorp-
tion configurations due to the interaction of hydrophilic IFO with water, which is
thermodynamically more favorable than the same interaction configuration in the vac-
uum phase resulting in increases and decreases of the binding energies between IFO and
fullerenes and the bond lengths of fullerene-drug complexes, respectively. In case of IFO
adsorption in water environment for the B;,NgCs and BgNgCy; fullerenes, the Egqyy rises
to —1.86 and —1.99 eV with the distances of 1.491 and 1.468 A, respectively. The calcu-
lated dipole moment value rises from 0.0 to 4.42 Debye in the B;,NgCs and BgNgCy; fuller-
enes to 14.58 and 22.67 Debye in the IFO/B;,NgCs and IFO/BgNsC;> complexes in water
environment. Structures with higher polarities show more stability in water, hence the
more negative Egoy results in a higher degree of solubility. The values of the QCM
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parameters are somewhat bigger almost in all cases calculated in water phase compared
to those of QCM parameters in the vacuum phase. Moreover, the values obtained for the
QCM parameter at the PBE (water) functional are smaller than those of M062X (water).
These results indicate that the presence of water is a more preferred phase to facilitate
the IFO interaction with the applied hybrid fullerenes.

3.4. Electronic properties

Fig. 5(a) depicts the color-filled maps of electron density (ED) and the projected den-
sity of states (PDOS) of the considered systems. For IFOS adsorbed on the B;,N;, fullerene,
a system is observed with large energy gap in which each fragment (frags1 and 2 indicate
the B1,Ny; fullerene and IFO molecule, respectively) has the electronic density of state lo-
calized around the HOMO and LUMO states. According to the figure, the LUMO (E,) and
HOMO (Ey) states of the B1,N12/IFO were strongly affected by the B;2Ny; electronic struc-
ture. The energy gap of By,N;; fullerene shifts from 4.99 eV to 2.18 and 3.68 eV for the
B12NsCs and BgCsNy> fullerenes, respectively, by the PBE functional, while the Eg of
B1,N;, fullerene at the M06-2X functional shifts from 9.45 eV to 4.28 and 5.45 eV for
both fullerenes in vacuum environment, respectively. However, these changes in water
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Fig. 5. ED and PDOS plots of IFO adsorbed on the surfaces of pure, B;;NsCs and BgNgCy fullerenes.



A. Soltani et al. / Journal of Molecular Liquids 297 (2020) 111894 7

Table 5

The structure and electronic parameters of the doped fullerenes interacting with IFO by the PBE1 and M06-2X functionals in water environment.
Property Diameter/f\ Ey/eV E /eV Eg/eV Er/eV 1/eV AleV n/ev S/eV wev w/eV Dy/Debye
PBE
L 438 —6.20 —2.66 3.54 —4.43 6.20 2.66 1.77 0.28 —4.43 5.54 22.27

437 —6.15 —4.18 1.97 —5.17 6.15 4.18 0.99 0.51 —5.17 13.54 14.58

MO06-2X
L 435 —7.18 —1.55 5.63 —4.36 7.18 1.55 2.82 0.18 —4.37 338 23.67
] 4.44 —7.11 —2.15 4.96 —4.63 7.11 2.15 248 0.20 —4.63 432 16.58

environment was found to be larger than those in vacuum environment (See Table 2). As
shown in Tables 3-5, the electronic structures of B;,NgCg fullerene is considerably affected
by the adsorption of IFO drug in both environments compared to B;,N;, and BgCgNj ful-
lerenes. Thus, B;,NgCg fullerene can produce an electrical noise in the presence of IFO drug
and may be applied as biosensor for medical application and their performance for the de-
tection of anticancer drugs. Regarding the ED plot of the B;,N;,/IFO system, the active
point on the drug molecule at HOMO state is related to the B and N atoms near to the sur-
face of the B15Ny; fullerene. For the B1,NgCe/IFO system, there is a significant deformation
of the molecular structure that affected the corresponding electronic structure of the sys-
tem. As shown in Fig. 5(b), the mid gap states appear in a wide range of energies in the
form of unlocalized state for the B1,N;; fragment and localized donoric state of the IFO
molecule. The ED plot of the B;,NgCg/IFOS indicates the active points on the molecule as
C, B, and N atoms. The same situation can also be seen for the BsCgN1,/IFO system in
Fig. 5(c), where the mid gap states are made according to the broken degenerated states
while the new states have a localized form. The localized form of the edge states can be
clearly understood from ED plot of the BsCgN;,/IFO system where the ED significantly is
localized on the nitrogen atoms.

4. Concluding remarks

In summary, based on the density functional theory and the time-
dependent density functional theory calculations, the adsorption of
IFO through different functional groups upon the B1,N;; fullerene was
evaluated by the M06-2X and PBE1 functionals for both gas and water
environments. The adsorption of IFO through phosphoryl group
(—1.21 eV) increased significantly onto the B;,N;, in comparison with
chloroalkyl (—0.35 eV) and nitrogen atom of oxazaphosphorine ring
(—1.14 eV) groups. Our theoretical results demonstrate that covalent
functionalization of fullerene surfaces with IFO (through P=0 group)
are thermodynamically favorable due to the remarkable adsorption en-
ergies, so we conclude that the fullerene-IFO complexes are quite sta-
ble. It was found that the IFO from its phosphoryl group could only be
adsorbed chemically on the boron atom of B1,NgCs (—1.86 eV) and
that BgNgCy2 (—1.99 eV) fullerenes were larger than those on the pure
B12Nj» fullerene. Between both environments, in contrast, adsorption
of IFO through P=0 group onto B;,NgCs and BgNgC;, fullerenes in
water environment demonstrated higher energy, which was lower
than that of the vacuum environment, while the energy rose in the
pure fullerene. The changes of electronic structure of B;3N13, B12NgCs,
and BgNgC;», fullerenes represented that IFO adsorption onto fullerenes
raised their chemical reactivity. The values of dipole moment for B;,N5,
B12NsCe, and BgNgCy fullerenes increased upon the adsorption of IFO in
water environment compared with the vacuum environment. Based on
our calculations, the improved binding energy and dipole moment re-
duced E, for IFO interacting with B;,NgCg surface compared with the
B12N1; and BgNgCy; fullerenes for both gas and water environments. It
was observed that the IFO adsorption on the B;52NgCg led to a large dis-
tortion on the substrate surface and broadened their E, values remark-
ably in comparison to the BgNgCi, fullerenes, which seems quite
plausible for the detection of IFO. Consequently, chemical modification
of fullerene surfaces using covalent functionalization scheme is an effi-
cacious approach that is promising for loading and delivery of drug mol-
ecules, therapeutics, and biomolecules.
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