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ABSTRACT

The aims this work to investigate the effects of (n=1, 2, 3) H+ ions functionalizing on the
surface of B12N12 nanocage to detect and adsorb 5-Flucytosine (5-FC) drug using density
functional theory at the WB97XD/6-31G(d, p) level of theory using Gaussian 09 software.
The calculated results indicate that the adsorption of 5-FC drug on the surface of pristine and
nH" functionalized B12N12 nanocage is exothermic, and adsorption process in the presence
of nH" functionalized is more favorable than the pristine model. The thermodynamic results
demonstrate that the adsorption of 5-FC on the surface of nH* functionalized B12N12
nanocage in both the gaseous phase and in the presence of water or ethanol is spontaneous.
The gap energy value of nH" functionalized of B12N12 nanocage is more than the original
value and so the conductivity of the system is lower than the pristine model. The AIM and
RDG results confirm that the interaction between 5-FC with B12N12 is noncovalent type. The
nonlinear optical (NLO) results show that the polarizability (o) and hyperpolarizability () of
all adsorption models is in range (202.30 to 214.34 a.u.) and (42.18 to 603.98 a.u.)
respectively, the NLO and TD-DFT results demonstrate that the optical properties of
nanocage in the presence of 5-FC drug and nH" functionalized change significantly. These
results can be useful for making carrier, delivery, and detection of drugs in the biological
system.
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1. INTRODUCTION

Over the years, extensive efforts have been devices, and chemical sensors various
made on a variety of nanoparticles, toxic materials [1-5]. One of the most
including nanotubes, nanosheets, and prominent of this nanomaterial is boron
nanocages. The electrical, structural, nitride nanocage (BN) 12. Oku et al. for the
stability and optical properties of these first time was successfully synthesized
nanomaterials have studied in various (BN);2 through laser desorption time-of-
fields such as drug design, nanoelectronic flight mass spectrometry [6]. The
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theoretical results demonstrated that the
formation energy of the (BN) 1, nanocage
is -298.3 kcal/mol, it is energetically
favorable among other (BN) , nanocage
series and it consists of eight hexagonal six
and tetragonal ring [7]. The previous
investigations demonstrated that the (BN)
12 Nanocages have outstanding properties in
the  electrical, optical, magnetic,
nanosensors, and nano adsorbent materials,
batteries, and nano-drug delivery [8-12].

Yourdkhani et al. [13] indicated that the
electronic structure properties of (BN)i
are very sensitive to the HX (X=ClI, Br,
and 1) adsorption, and the impurities
greatly improve their physicochemical
properties. Wu et al. [14], Zhao et al. [15],
and Esrafili [16-17] revealed that the C-
doped increased the sensitivity of (BN);, to
adsorbing hydrogenation,
hydrochlorination of acetylene, methanol
dehydrogenation and  Formic  acid
respectively. Other reports demonstrated
that the pristine and doped (BN)i
nanocages are useful for adsorption of
several important molecules such as:
Formaldehyde [18], Halomethanes [19],
NH; [20], CO [21], CO; [22], (N2, NO,
N,O and NO) [23], Tabun [24], SO, [25],
Thiophene [26], Phosgene [27],
Formaldehyde [28], Hydrogen cyanide
[29], H.S [30], Noble gas [31], Cyanogen
halides [32], H2 [33], Hydrogen abstraction
of methanimine [34], Methanol [35], SCN-
[36].

Another use of boron nitride nanocage
is as a drug carrier in the pharmaceutical
industry. Various studies have been carried
out for this purpose, including Ghasemi et
al. [37] results indicated that with
interacting 1-butyl-4-methyl pyridinium
bromide ionic liquid with B12N12 nano-
cage, the sensitivity and value of dipole
moment of nanocage increased
significantly from pure values.

The calculated results of Farmanzadeh
et al. [38] showed that the amantadine drug
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molecule can be adsorbed chemically on
the surfaces of pristine and Al-doped
B12N12 nanocage in both gas phase and
water media. Padash et al. [39] results
demonstrated that the 4-aminopyridine
drug boned from the nucleophilic part of
drug on the the electrophilic part of
B12N12 nanocage and the adsorption
energy was —1.35 eV. The results of Zhu et
al [40] confirmed that the adsorption of 5-
aminosalicylic acid drug energetically on
the surface of pristine B12N12 nanocage
was more favorable sensitive than
AIB11N12 and GaB11N12 nanocage, and
the recovery time of adsorption on the
surface of B12N12 nanocage is 1.57
second at 298 K. Baei [41] found that the
B12N12 nanocage was highly sensitive to
adenine, uracil, and cytosine compared
with AlI12N12 to serve as a biochemical
sensor. The results of Bahrami et al.
showed that amphetamine drug prefers to
adsorb via its nitrogen atom on the Lewis
acid sites of the B12N12 nano-cages, and
the conductivity of system change
significantly from pure state [42].

Larkia et al. [43] results showed that
with adsorbing pnictogen hydrides onto the
Al-, Ga- and Sc-doped B12N12 nanocage
the gap energy increase, which can
produce an electrical signal.

One of the oldest antifungal agents and
antifungal medication is 5-Fluorocytosine
(5-FC), a fluorinated analog of cytosine. 5-
FC was synthesized in 1957, as a potential
anti-tumor agent, an antifungal medication
[44] but it was not sufficiently effective
against tumors [45]. Four years later, 5-FC
proved to be active in experimental
candidosis and cryptococcosis in mice
[46], and in 1968, it was used to treat
human candidosis and cryptococcosis [47].
One of the new and promising therapeutic
approaches that take advantage of the
effectiveness of 5-FC and minimizes its
systemic toxicity is the use of an
enzyme/prodrug combination in which 5-
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FC is combined with an Escherichia coli
gene that encodes the enzyme cytosine
deaminase [48]. It is hoped that this
combination will deliver high local
concentrations of 5-FC at the tumor site.

In this work, we decided to investigate
the interaction 5-FC with the pristine and
1H*, 2H" and 3H" ions functionalized
B12N12 nanocage. The  structural,
electrical ~ properties,  thermodynamic
parameters, atom in molecule topology,
nonlinear optical property, and effect of
solvent (water and ethanol) are calculated
using density functional theory. The results
of this work can be used to predict the
sensitivity of B12N12 nanocage to detect
or delivery and carrier 5-FC drug in the
biological system.

2. COMPUTATIONAL DETAILS

In this work, we considered different
configurations for adsorption of 5-FC drug
on the surface of the pristine, 1H*, 2H",
and 3H" functionalized boron nitride

nanocluster.  After  optimizing  all
structures, the suitable configurations are
selected. The selected configurations are
fully optimized at the WB97XD/6-31G (d,
p) level of theory using the Gaussian 09
package [49]. The optimization criteria for
systems are: Max force= 0.00044; RMS
force=  0.0003; Max. Displacement =
0.0018 and RMS displacement= 0.0012.
No imaginary frequency is seen for all
studied configurations. For simplicity our
study, the pristine, 1H", 2H" and 3H"
functionalized B12N12 nanocage is
denoted with A, B, C and D labels, the
indexes a, b, c, and d are used to denote
the adsorption positions of 5-FC molecule
from F, NH,;, O and NH sites on the
surface of nanocage (See Figs. 1 and 2).

From  optimized  structures  the
adsorption and thermodynamic parameters
for adsorbing 5-FC molecule on the
surface of the pristine and H'
functionalized B12N12 nanocage is
calculated by Egs. 1 and 2:

Fig. 1. Adsorption positions of 5- FC drug.

Eads = E5—FC/(BlZNl20rnH*BlZN 12) _(E(BlzN 120rnH *B12N 12) + E5—FC) (1)
AK = KS—FC/(BlZN 120rnH *B12N 12) _(K(812N 120rnH “B12N 12) + K5—Fc) K=HG,S (2)
In Eq. 1 theE and E, .. are total

5-FC/(B12N 12 or nH *B12N 12) '’

(B12N 120r nH*BlZNlZ)and Esrc IS the total

electronic energy of the 5-FC/(B12N12 or
nH'B12N12) complexes (A-a to D-c
adsorption models). The
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(B12N 120r nH*B12N 12) ’
electronic energy of the isolated nanocage
(B12N12 or H'B12N12 or 2H'B12N12 or
3H'B12N12) and isolated 5-FC drug
respectively. The thermodynamic
parameters such as AH, AS, AG for all
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adsorption models (A-a to D-c models) are
calculated by Eg. 2, and the calculated
results are listed in Table 1.

From the HOMO (highest occupied
molecular orbital) and the LUMO (lowest
unoccupied molecular orbital) energies, the
gap energy (Egap), the ionization potential
(I= -Enomo), the electron affinity of the
molecule (A= -E_umo), Fermi level energy

Egap :ELUMO _EHOMO
u=—(1+A)/2
n=(1-A)/2

A=l
AN =-uln
EFL :(EHOMO +ELUMO)/2

The mean polarizability («o) and first
hyperpolarizability (f,) are defined as by

By =B+ B; + B)”

3. RESULTS AND DISCUSSIONS

3.1 Geometrical properties and adsorption
parameters

The optimized structures of the A-a to D-d
adsorption models are shown in Figure 2
and Figures S1 and S2 (in the
supplementary data). According to the
optimized results, the B-N bonds between
two 6-membered rings and between a 4-
membered and a 6-membered of B12N12
nanocage are 1.44 and 1.48 A respectively,
which are in good agreement with other
related research [57-58].

Comparison of the A-a to D-d
adsorption models indicate that with
adsorbing 5-FC on the B site of pristine,
1H*, 2H" and 3H" functionalized B12N12,
the B-N bonds between two 6-membered
rings and between a 4-membered and a 6-
membered alter slightly from the original
state. The bond distance (ds.rc-nanocage) and
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(EFL), electronic chemical potential (u),
global hardness(s), electronegativity (y),
work function (p) and charge transfer
parameters [50-55] of the A-a to D-c
models were calculated by Egs.(3-8) and
results are gathered in Table 2.

—_ N Y~ T
o ~N o o1 b W

Egs. (9-10) [56]:

©)
(10)

the bond angle between the 5-FC drug and
nanocage are shown in Figure 2. The
obtained results reveal that the ds-rc-nanocage
of the B-a (3.79 A) and D-c (1.44 A)
models are more and lower than other
models. The bond angle between 5-FC and
nanocage is in range 79.08 to 159.85 °. The
adsorption energy is calculated by Eq. 1
and the results are listed in Table 1.

The results of adsorption energy show
that in all adsorption models, the
adsorption process is exothermic and the
adsorption takes place between the drug
and the B12N12 nanocage.

Interestingly, 5-FC drug uptake from
the c position (i.e., oxygen head) on the
nanocage is greater and more favorable
than all adsorption states. While, the
adsorption of the 5-FC drug from the b
position (i.e., -NH) on the surface of
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nanocage is lower than other adsorption
models. A closer look at the adsorption
energy  results shows that with
functionalizing nH+ ion, the intensity of
adsorption of 5-FC drug on the surface of
B12N12 nanocage increases. As the
amount of H™ ions increases, more energy
is released and the absorption process
becomes more favorable. The order of
increasing adsorption of 5-FC drugs in

different drug positions on the surface of
pristine B12N12 nanocage is as follows: ¢
(-37.46 kcal/mol)> d (-12.37 kcal/mol)>a
(-10.31 kcal/mol) >b(-5.17 kcal/mol).
While by functionalizing 1H" ions, the
order of increasing the absolute value of
adsorption energy is as follows: B-c(-
71.54 kcal/mol) > B-b(-46.38

1.591
106.90

e

Fig. 2. 2D views of 5-FC adsorption on the surface of pristine and 1H", 2H" and 3H" ions functionalized
B12N12 nanocage (A-a to D-d), models.
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Table 1. Adsorption energy (E,gs (Kcal/mol)), thermodynamic parameters (AG, AH (Kcal/mol) and AS
(Cal/mol.K) and Gibbs free energy AAG (Kcal/mol) in water (W) and ethanol (Et) solvent of BI2N12/5-FC
complex for A-a to D-c models

Model E.gs AH AS AG AAG(W) AAG(Et)
A-a -10.31 -8.58 -38.11 2.78 4.25 4,34
B-a -13.41 -35.34 -47.27 -21.24 -7.31 -3.77
C-a -40.26 -38.99 -46.23 -24.88 -5.40 -5.47
D-a -105.51 -102.30 -50.24 -87.33 -79.72 -82.87
A-b -5.17 -3.38 -32.39 6.27 7.70 7.82
B-b -46.38 -43.87 -46.58 -29.79 -34.86 -23.98
C-b -75.55 -72.53 -61.00 -58.75 -37.18 -37.58
D-b -142.79 -138.23 -47.77 -123.99 -82.59 -83.52
A-c -37.46 -35.97 -47.24 21.89 24.34 23.93
B-c -71.54 -69.57 -46.00 -55.68 -56.25 -45.79
C-c -118.49 -85.86 -46.35 -72.04 -68.66 -69.70
D-c -186.54 -182.38 -49.40 -167.64 -102.09 -104.41
A-d -12.37 -10.59 -46.81 3.36 451 3.06
B-d -33.11 -31.32 -46.00 -17.60 -19.35 -9.38
C-d -68.53 -66.31 -46.35 -52.48 -20.40 -25.98
D-d -140.28 -138.54 -39.08 -123.36 -62.05 -63.70

kcal/mol)>B-d(-33.11 kcal/mol)>B-a (-
13.41 kcal/mol), and the order of
increasing the absolute value of the
adsorption energy of 5-FC on the surface
of nanocage with the number of H* ions is
as follows: D(3H" ion)> C(2H" ion)>B(H"
ion)>A(pristine). Our calculation results
prove that by functionalizing H* ions on
the surface of B12N12 nanocage, the
adsorption process of 5-FC drug on the
nanocage becomes more favorable, and the
nanocage functionalized is a good option
for drug carrier.  Thermodynamic
parameters such as AH, AG, AS are
calculated wusing Eg. 2 and the
calculatedresults are collected in Table 1.
Inspection of thermodynamic  results
indicates that the wvalues of change
enthalpy and entropy are negative in all
adsorption models and indicates that a
bond has occurred between the drug and
the nanocage. Interestingly, the trend of
enthalpy change results is the same as that
of adsorption energy. On the other hand, it
can be seen that the change of Gibbs free
values for adsorption of 5-FC on the
surface of pristine B12N12 nanocage (A-a,
A-b, A-c and A-d models) are positive and
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adsorption process is non-spontaneous.
However, by functionalizing H" ions, the
change of Gibbs free energy is negative
and the adsorption process becomes more
spontaneous. The polarizable continuum
model (PCM) method [59] has been used
to investigate the solvent effect on the
adsorption of 5-FC drug on the surface of
pristine and nH" functionalized B12N12
nanocage. The PCM is a useful theoretical
method for understanding of all solute-
solvent interactions. By using PCM
method the effects of water and ethanol
effects on the Gibbs free energy of the
system (AAGoy=AG (so)FC/B12N12"
AG(50|)(|:C)- AG(soI)(BlZNlZ)) is calculated and
results are listed in Table 1. Inspection of
the solvent (water or ethanol) effect results
reveal that the adsorption process of 5-FC
drug on the surface of pristine B12N12 is
unspontaneous, because the AAGsol) Values
for A-a, A-b, A-c and A-d models are
positive.  However, in the nH’
functionalized models with entering water
or ethanol, the adsorption process is
spontaneous. A comparison of the results
demonstrates that the adsorption process of
5-FC drug on the surface of nH"
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functionalized B12N12 nanocage is
spontaneous both in the gaseous phase and
in the presence of water or ethanol phase.
These results confirm that the stability of
5-FC/B12N12 and 5-FC/nH'B12N12
complexes reduce in the solution phase.
On the other hand, functionalizing B12N12
nanocage with nH" ions is a good
candidate for connecting 5-FC drug to the
nanocage and delivery of it in biological
systems.

3.2 Quantum parameters

For investigating the electrical properties
of the adsorption 5-FC on the surface
pristine and nH+ functionalized B12N12
the HOMO and LUMO orbital and other
quantum parameters such as gap energy
(Egap), global hardness (#), electrochemical
potential (u), electronegativity(y), Fermi
level energy(Eg), work function, total
charge transfer parameters(AN), the
density of state (DOS) and partial density
of state (PDOS) are calculated and results
are given in Table 2 and shown in Figs.( 3,
4 and S3). As shown in Figure 2, the
highest density of HOMO orbitals in all
adsorption models is concentrated on the
drug surface, while the highest density of
LUMO orbitals in the A-a, D-a, B-b, C-b,
and C-c models are localized on the drug
and in the B-a, C-a, D-b, A-c, B-c and D-c
models are concentrated around B12N12
nanocage.

In the A-b model, the highest density of
LUMO orbital is localized around the
surface of the drug and nanocage. From
HOMO and LUMO results the density of
states (DOS) and partial densities of states
(PDOS) of all atoms in range -5 to 25 eV
for the A-a to D-c adsorption models are
determined and results are shown in
Figures 4, and S3 (in supplementary data).

Based on the results of Figure 4, it can
be seen that in the A-a model, the amount
of PDOS oxygen atom of drug and
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nitrogen atom of nanocage is higher than
other atoms. On the other hand, in the
HOMO and LUMO areas, there is the
greatest overlap between the 2P and 3P
orbitals of the drug oxygen and the
nanocage nitrogen respectively, and this
interaction is good for bonding between
drug and nanocage. In the B-a model, it is
observed that by functionalizing 1H" ion,
the intensity of the PDOS peaks of F atom
in the HOMO and LUMO regions are the
highest. Interestingly, between orbital 2P
of N and F atoms of drug with 1S orbital
of H*, the most interactions are shown, and
in the LUMO region, the most overlap is
shown between 3P orbital of N and F
atoms of drug and 3P orbital of B atom. In
the C-a model, the intensity of the PDOS
peak of N atom of nanocage and C atom of
the drug in the HOMO and LUMO regions
is the highest. In the HOMO and LUMO
regions between orbital 2P of N-nano, N-
drug, and C atoms are the highest. And in
the LUMO region, the most overlap is
shown between 3P orbital of N-drug, N-
nano, and B atoms.

In the D-a model, the intensity of the

PDOS peaks of C atom of the drug in the
HOMO and LUMO regions are the
highest. In the HOMO region between 2P
orbital of C, N-nano and N-drug atoms are
shown the most interaction, whereas in the
LUMO region the most interaction is
shown between 3P orbital of C, N-nano,
and N-drug atoms.
Based on the results of Table 2, the energy
level of HOMO and LUMO of B12N12
nanocage decreases with functionalizing
nH" ions, and it is interesting to note that
with an increasing number of hydrogen
ions, the amount of HOMO and LUMO
energy more decrease. The gap energy of
the pristine, 1H', 2H" and 3H"
functionalized B12N12 are 11.13, 10.20,
9.32 and 7.41 eV, respectively (see Table
S1).
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C-c-H C-c-L D-c-H D-c-L

Fig. 3. Plots of HOMO and LUMO orbital structures for 5-FC adsorption on the surface of pristine and 1H,
2H" and 3H" ions functionalized B12N12 nanocage (A-a to D-d), models.
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Fig. 4. PDOS plots of 5-FC adsorption on the surface of pristine and 1H*, 2H" and 3H" ions functionalized
B12N12 nanocage (A-a to D-d), models.

Table 2. The quantum parameters B12N12/5-FC complex for A-a to D-c models

A-a B-a C-a D-a A-b B-b C-b D-b A-c B-c C-c D-c
Evowmoley -841 -1172 -1531 -19.34 -815 -1243 -1542 -19.19 -8.69 -12.08 -1595 -18.67
ELumolv -072 308 653 -1071 -081 -410 -7.22 -12.05 -0.36 -363 -6.66 -10.04
1 e 841 1172 1513 1934 734 1243 1542 1919 869 1208 1595 18.67
Aley 072 308 653 1071 081 410 722 1205 036 369 666 10.04
Egolv 769 864 878 862 897 832 819 714 832 839 929 863
Nev 384 432 439 431 448 416 409 357 416 419 454 431
Wey -457 -7.40 -1092 -1502 -7.66 -8.26 -11.32 -1562 -452 -7.89 -11.31 -14.35
AN 118 171 248 348 175 198 276 437 108 188 243 332
Erley  -457  7.40-  1092- 1502- -855 -826 -1132 -1562 -452 -7.89 -11.31 -14.35
v 1 457 740 1092 1502 366 826 1132 1562 452 7.89 1131 1435
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The calculated results indicate that the
gap energy value of B12N12 nanocage
reduces significantly from pure state with
functionalizing nH" ions, therefore, the
conductivity of nanocage increases.
Comparison results demonstrate that the
gap energy of the A-a to D-c adsorption
models alter in range 7.14 to 9.29 eV. It is
notable that with adsorbing 5-FC molecule,
the gap energy of the B12N12 nanocage
decreases significantly from the original
state, and so the electric conductivity of

nanocage according to dxe Egap/zm
increase from the original state and this
property is favorable to make the sensitive
sensor for detecting 5-FC drugs. A close
inspection of results indicates that the
electrochemical potential (p) values of all
adsorption models are negative and
complex between 5-FC drug and nanocage
is stable, and with functionalizing nH" the
stability of system increase with increase
the number of H® ions. The global
hardness parameter (1) of the system is in
range 3.57 to 4.54 eV. Comparison results
denote that the global hardness of 5-
FC/B12N12 complex in the a and c
orientations of 5-FC increases slightly with
an increasing number of H* functionalized,
whereas in the b orientation of 5-FC it
decreases slightly with increasing number
of nH" ion functionalized.

The total charge transfer parameters
(AN) values for all adsorption models are
positive. The positive values of AN
indicate that the charge transfer occurs
from the 5-FC drug toward the nanocage
surface. Comparison results confirm that
the capability of accepting electron charge
of nanocage increases with increasing the
number of H* functionalized. The required
minimum energy to remove one electron
from the Fermi level of a substance is
named work function. The work function
is calculated by: @ = Vo) — Epy; the
Vei()is the electrostatic potential energy
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of the electron far from the surface of the
material which is equal zero, and Ep; is
Fermi level energy. According to the
Richardson & Dushman equation [60], the
electron current density (ECD) emitted
from the surface of substance (j) will be
related to the work function (¢): j =
AT?e~%/KT  where A is Richardson
constant (4/m?) and T is the temperature
(K). The work function of nanocage with
adsorbing 5-FC and functionalizing nH*
ions increases significantly from the
pristine model and so the ECD values of
system decrease from original values.

3.3 Quantum theory of atom in molecule
(QTAIM) and reduced density gradient
(RDG)

By using Bader theory [61] the topological
parameters such as total electronic density
(p), Laplacian of electron densities (V?p),
the kinetic energy (Ggcp), the total
electronic energy (Hgcp), the potential
energy (Vecp), and ellipticity () at the
bond critical point (BCP) of 5-
FC...B12N12 nanocage are calculated, and
results are given in Table 3 and are shown
in Figure S4. Based on the AIM theory,
the V?p>0 and Hgcp>0 denote the weak
covalent interactions (strong electrostatic
bond), the V?p<0 and Hgcp<O values
indicate a strong covalent bond, the
Hgcp<0 and V2p>0 denote the medium
strength or partially covalent bond.
According to results of Table 3, the V?p
values of all adsorption models are
positive, whereas the Hgcp values of the A-
b, D-a and D-b models are positive, and
this result shows that the bond between
drug and nanocage is strong electrostatic
type, and on other models the Hgcp values
are negative.

This result confirms that the binding
between nanocage and 5-FC drug is
partially covalent type. The ellipticity
values for all adsorption models are in
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range 0.0034 to 0.8114 a.u. and the ¢ is <I.
This result demonstrates that the bond
between the 5-FC drug and B12N12
nanocage is a sigma bond type. Electron
localization function (ELF) is one of the
important tools that are used to analyze
covalent bonding. If the ELF value is
between 0.5 and 1, it indicates regions
containing bonding and nonbonding
localized electron, when the value of ELF
is lower than 0.5 reveals that the electron is
delocalized.

Comparison results denote that in the
A-a, D-a and D-b models the values of
EFL is between 0.5 to 1.0, and this result
confirms that the electron density between
drug and nanocage is delocalized, and on
the other models the values of ELF are
lower than 0.5 and that indicates the
interaction between drug and nanocage is
partially covalent.

For further understanding of the nature
of bonding between 5-FC drugs with
pristine and nH" functionalized B12N12,
the reduced density gradient (RDG) [62]
plots are calculated for all adsorption
models. In this method, the product
between electron density p(r) and the sign
of the second-lowest eigenvalues of
electron density hessian matrix (L) has
been suggested as a tool to distinguish the
different types of interactions. The scatter
graphs of RDG versus sign (1) p(r) for the
A-ato D-c models are shown in Fig.5.

In this graph if the sign(Az)p(r) is O
(green circle), <0 (blue circle) and >0 (red
circle), it represents the interaction
between drug and nanocage is van der
Walls, hydrogen or covalent attractive and
strong repulsive respectively.

Table 3. The Topological parameters (a.u.) of B12N12/5-FC complex for A-a to D-c models

Model A-a B-a C-a D-a
H(r) -0.2070 -0.3163 -0.4068 0.5875
G(r) 0.1521 0.5308 0.3098 0.2278
V(r) -0.1728 -0.8471 -0.3505 -0.1302
7p 0.525 0.8577 0.1076 0.5427
ELF 0.7311 0.1561 0.2263 0.5947

€ 0.3829 0.9011 0.0034 0.1720
p 0.2013 0.5499 0.4568 0.1670
A-b B-b C-b D-b
H(r) 0.1214 -0.8457 -0.9831 0.7587
G(r) 0.6135 0.1556 0.1683 0.1278
V(r) -0.4920 -0.2402 -0.2666 -0.1202
7’p 0.2940 0.2842 0.2799 0.5417
ELF 0.2183 0.2201 0.2515 0.5847
€ 0.8114 0.1305 0.0560 0.1759
p 0.7997 0.1190 0.1314 0.1687
A-c B-c C-c D-c
H(r) -0.3530 -0.8429 -0.1655 -0.8980
G(r) 0.3581 0.1287 0.2695 0.2309
V(r) -0.3934 -0.2129 -0.4351 -0.2398
7’p 0.1291 0.1776 0.4163 0.8880
ELF 0.2003 0.2410 0.3070 0.1261
€ 0.0385 0.0384 0.0550 0.0066
p 0.4756 0.1100 0.1894 0.3098
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) Sign(:2) p

Fig. 5. RDG plots of 5-FC adsorption on the surface of pristine and 1H*, 2H" and 3H" ions functionalized
B12N12 nanocage (A-a to D-d), models.

Comparison results indicate that in the
A-a to D-c models the most electron
density of RDG is localized in the A,<O0
region and the attractive interactions
between 5-FC drug with nanocage is more
than other models. This result confirms
that the interaction between 5-FC with
B12N12 is noncovalent and it is in
agreement with QTAIM and ELF results.

3.4 Excited-state and UV-visible and none
linear optical (NLO) properties

For better investigating the optical
property of the system and determining the
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fluorescence, UV-visible spectrum and
excited state of a molecule, the TD-DFT
method at the WB97XD/6-31G (d, p) level
of theory is applied for 20 excited states
[63], and the transition of electron results
for all studied models are listed in Table
S3 (in supplementary data) and the Uv-
visible spectrum is displayed in Figure 6.
As can be seen from Fig. 6, the highest
UV absorption intensity for A-a, B-a, C-a,
and D-a has occurred in Amax Of 176.46
(So—S17), 1775  (So—S1), 173.69
(So—Sz5) and 180.49 (Sp—Si7) nm
respectively, and for A-b, B-b, C-b, and D-
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b have observed in A of 173.61
(So—>820), 169.94 (So—>825), 184.82
(So—>Sz4) and 178.03 nm (So—>823)
respectively, and for A-c, B-c, C-c and D-c
has observed in Amax Of 174.43(So—Szs),
171.11 (So—>Sz5), 168.69 (So—>821) and
179.75 nm (So—Si) respectively. This
result reveals that the Amay O all models is
in the ultraviolet region. To investigate the
nonlinear optical properties of the
molecule the Polarizability (ap) and first

hyperpolarizability (Bo) parameters are
calculated and results are listed in Table 4.

The polarizability and
hyperpolarizability are favorable
parameters in the design of optoelectronic
devices, optical  switching,  signal
processing, and terahertz wave generation
[64-65]. The P is associated with
intramolecular charge transfer resulting
from an electron donor to electron acceptor
groups.
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B12N12 nanocage (A-a to D-d), models.
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Table 4. The Total polarizability (o /a.u.) and hyperpolarizibility (By/ a.u.), dipole moment (u /debye) B12N12/5
-FC complex for A-a to D-c models

Model oo Bo 1)
A-a 204.97 256.00 1.87
B-a 202.30 240.53 3.10
C-a 205.17 304.40 3.02
D-a 205.90 260.68 4.11
A-b 207.48 160.08 2.21
B-b 202.53 132.37 3.55
C-b 202.99 42.18 381
D-b 205.09 603.98 7.31
A-c 214.34 202.62 5.00
B-c 205.47 124.44 5.58
C-c 205.34 103.11 5.17
D-c 206.79 90.82 4.38

Comparison results indicate that the oy
values of all adsorption models are in
range 202.30 to 214.34 a.u., whereas the
values of By for all adsorption models are
in range 42.18 to 603.98 a.u. The results
demonstrate that the hyperpolarizability
value of the D-b model is more than the
other model and this model has a more
optical property. Dipole moment of all
adsorption models are in the range of 1.87
to 7.31 debye, and the interesting point is
that with an increasing number of
functionalized nH" ions, the dipole
moment of nanocage increases, and so the
binding drug on the surface of nanocage
increase.

4. CONCLUSIONS

In the -current study, the structural,
electrical, quantum parameters,
thermodynamic parameters, solvent effect,
AIM, RDG, UV-visible spectrum, and
Polarizability (o) and first
hyperpolarizability (Bo) parameters for
adsorption of 5-FC on the surface of
pristine and nH" functionalized B12N12
are calculated. The order of increasing
adsorption of 5-FC drug in different drug
positions on the surface of pristine
B12N12 nanocage is as follows: ¢ (-37.46
kcal/mol)>d (-12.37 kcal/mol)>a(-10.31
kcal/mol)>b(-5.17 kcal/mol) and this
result demonstrates that adsorption drug
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from O head is more favorable than other
position. It is notable than with an
increasing number of H* the adsorption
energy of 5-FC increases.

The Gibbs free energy results reveal
that the formation of 5-FC/nanocage
complex in the gaseous and solution phase
IS unspontaneous and  spontaneous
respectively. The electrochemical potential
(o) values of all adsorption models indicate
that a bonding between 5-FC drug and
nanocage is  stable, and  with
functionalizing H* ion the stability of
system increase with increasing the
number of H* ions. The work function of
nanocage with adsorbing 5-FC and
functionalizing nH®* ions  increases
significantly from pristine states and so the
ECD values of system decrease from
original values. The results of RDG, AIM
and ELF result confirms that the
interaction between 5-FC with B12N12 is
noncovalent. The dipole moment of all
adsorption models with an increasing
number of H" functionalized increases, and
so the bonding drug on the surface of
nanocage increases, this result is useful to
make a carrier and deliver of drug in
biological.

Supplementary data
Tables S1- S3 and Figures S1- S4 are
given in supplementary data.
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