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Abstract
In the current work, the adsorption of Zolinza (ZOL) drug on B12N12 and Al12N12 nanocages was investigated using density
functional theory (DFT) and time-dependent DFT (TDDFT) calculations at the M06-2X/6-31+G* level of theory in the solvent
water. We have studied the adsorption effect of the ZOL on the bond lengths and electronic properties such as frontier molecular
orbital (FMO) analysis, dipole moment, and excited states of B12N12 and Al12N12 nanocages. The UV absorption spectra were
computed to study the changes that occur during the adsorption process of ZOL on surface B12N12 and Al12N12 nanocages.
Natural bond orbital (NBO) analysis revealed a charge transfer from the oxygen and nitrogen atoms of ZOL to the B and Al atoms
of nanocages. The analysis of the LOL and ELFwas shown the B-N and B-O bonds are greater than the other bonds, representing
higher electron density localization and stronger covalent characteristic. It is found that the applied B12N12 fullerene can be
suitable as a drug carrier for the delivery of ZOL drug.
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Introduction

The epigenome is defined as a record of the chemical correc-
tions of DNAmolecule and histone proteins that do not change
the sequence of DNA strands. DNA methylation, histone acet-
ylation, and chromatin remodeling are examples of epigenetic
changes [1]. These epigenetic changes are important in the
regulation of gene expression and cellular phenotype [1].
Based on human studies, excessive histone deacetylases
(HDAC) activity mediates the deacetylation of histones, there-
by downregulating the expression of tumor suppressor genes,
such as p21WAF1 [2–5]. HDAC inhibitors have an anti-tumor

effect on various tumor cell lines in vitro and in vivo in humans
and dogs [3–8]. HDAC inhibitors induce the acetylation of
deacetylated histones and restore the expression of tumor sup-
pressor genes, potentially resulting in an anti-tumor effect [3,
4]. HDAC enzymes remove acetyl groups with histone acetyl-
transferases (HAT). Related toxicities for HDAC are low [9,
10]. Vorinostat (suberoylanilide hydroxamic acid) with trade
name Zolinza (ZOL) (Scheme 1) is a HDAC inhibitor clinically
approved for the treatment of human cutaneous T cell lympho-
ma [11]. Based on studies, Zolinza has an anti-tumor effect on
various hematological and solid tumors in vitro and in vivo
such as ovarian cancer cells and xenografts [12], colon cancer

* Masoome Sheikhi
m.sheikhi2@gmail.com

Yavar Ahmadi
Y.Ahmadi@cfu.ac.ir

Sadegh Kaviani
sadegh_kaviani2000@yahoo.com

Siyamak Shahab
siyamak.shahab@yahoo.com

1 Young Researchers and Elite Club, Gorgan Branch, Islamic Azad
University, Gorgan, Iran

2 Department of Basic Sciences, Farhangian University, Tehran, Iran

3 Department of Chemistry, Faculty of Science, Ferdowsi University
of Mashhad, Mashhad, Iran

4 Belarusian State University, ISEI BSU, Minsk, Republic of Belarus

5 Institute of Physical Organic Chemistry, National Academy of
Sciences of Belarus, 13 Surganov Str., 220072 Minsk, Republic of
Belarus

6 Institute of Chemistry of New Materials, National Academy of
Sciences of Belarus, 36 Skarina Str., 220141 Minsk, Republic of
Belarus

Structural Chemistry
https://doi.org/10.1007/s11224-020-01697-4

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



cells [13], breast cancer [14], and lung cancer [15, 16]. It is only
one of four HDAC inhibitors approved for clinical use by the
FDA (Food and Drug Administration, US) [17, 18].

In recent years, nanotechnology has been used widely in
the field of medicine and drug delivery [19–21]. A lot of
studies have been done on the carbonic and non-carbonic
nanostructures such as nano-tubes [22–24], fullerene-like
nanocages [25, 26], and nano-sheets [27] due to their unique
chemical, physical, and surface properties. Seifert and co-
workers have reported that the nanocage (BnNn) with n = 12
(B12N12) is the most stable structure, which is consisted of six
tetragon rings and eight hexagon rings [28]. B12N12 and
Al12N12 nanocages are the most stable structures, which
have been synthesized by Oku and co-workers [29] and
Liu and co-workers [30], respectively. They have unique
physicochemical properties such as high thermal conduc-
tivity, chemical stability, wide band gap, and oxidation re-
sistance [31, 32]. According to studies, Al12N12 nanocage
is the most stable structure and is therefore ideal inorganic
fullerene-like nanocage [33]. Adsorption of many mole-
cules on the surface of B12N12 and Al12N12 nanocages has
been studied using theoretical methods. Based on the report
of Vessally and co-workers, B12N12 and B11N12Al
nanocages can act as a suitable candidate for the adsorption
of aspirin drug [34]. Bahrami and co-workers have investi-
gated the adsorption of some nonpolar X2 compounds (X =
Li, Be, B, N, O, F, Cl, Br, I) on the B12N12 nanocages [35].
The studies have shown that B12N12 nanocage has given
considerable response to other X2 molecules except for N2

and F2. According to the studies of Yourdkhani and co-
workers, the B12N12 nanoclusters have a high ability in
the formation of complexes with hydrogen halides [36].
Shokuhi Rad and co-workers [37] have reported the adsorp-
tion of CH3F and CH3Cl on the surfaces of Al12N12 and
Al12P12 nanocages. Their results have shown that Al12N12

can be considered as a better biosensor in comparison to
Al12P12. Recently, we reported adsorption of solariamfetol
drug on the surface of B12N12 nanocage [38].

In this research, we studied comparison of the adsorption
effect of Zolinza (ZOL) drug over B12N12 and Al12N12

nanocages based on geometries, energies, electronic proper-
ties, frontier molecular orbital (FMO), excited states, and
QTAIM analysis to determine suitable drug delivery for

ZOL drug by DFT and TD-DFT methods. We hope that the
results of our study can be useful for designing an appropriate
and novel carrier for the delivery of Zolinza drug.

Computational methods

In this work, we have studied the adsorption ZOL drug on the
B12N12 and Al12N12 nanocages by theoretical calculations.
The quantum chemical calculations, geometry optimizations,
the density of states (DOS), and FMO analysis were carried
out using the DFT method (M062X/6-31+G*) by the
Gaussian 09W program [39] in the solvent water. The
Polarized Continuum Model (PCM) [40] was used for the
calculations of the solvent effect. The adsorption energies
(Eads) [27] of ZOL molecule over B12N12 and Al12N12

nanocages are calculated by the following equation:

Eads ¼ EZOL=nanocage– EZOL þ Enanocage

� � ð1Þ

in which EZOL/nanocage is the energy of ZOL adsorbed over the
free nanocages. EZOL displays the energy of an isolated ZOL
drug and Enanocage is the energy of the free nanocage. The
thermodynamic parameters and electronic properties of the
investigated molecules such as EHOMO, ELUMO, the energy
gap between LUMO and HOMO, and natural bond orbital
(NBO) analysis [41] were calculated. The optimized molecu-
lar structures and the molecular orbital’s graphs were visual-
ized by GaussView 05 program [42]. The GaussSum program
was used to calculate the density-of-state plots (DOS) [43].
TD-DFT method [44] was used for the calculation of the elec-
tronic transitions of the title compounds. The quantum theory
of atoms in molecule (QTAIM) analysis [45] was carried out
by MultiWFN 3.1 [46].

Results and discussion

Optimized structures and thermodynamic parameters

The interactions of ZOL with B12N12, and Al12N12 fullerenes
are investigated in five molecular orientations (modelsA,B,C,

H
N

O

N
H

OScheme 1 Chemical structural of
Zolinza (ZOL)
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D, and E) using DFT calculations. The optimized structures of
ZOL, B12N12, and Al12N12 nanocages and the ZOL/B12N12,
and ZOL/Al12N12 (models A–E) complexes are presented in
Figs. 1, 2, and 3. As can be seen from Figs. 2 and 3, the B17
atom of B12N12 nanocage and the Al52 atom of Al12N12

nanocage interact with the oxygen and nitrogen of ZOL. The
calculated geometrical parameters of the isolated nanocages
and complexes are reported in Table 1. According to data in

Table 1, the calculated B-N bond length and N-B-N bond an-
gles of isolated B12N12 nanocage are 1.50 Å and 124.23° re-
spectively; whereas at the models A, B, C, D, and E of ZOL/
B12N12, these values change to 1.56 Å (117.58°), 1.58 Å
(115.99°), 1.64 Å (113.72°), 1.56 Å (115.74°), and 1.60 Å
(113.61°), respectively. The calculated Al-N bond length and
N-Al-N bond angles of isolated Al12N12 nanocage are 1.87 Å
and 123.00° respectively, whereas at the models A, B, C, D,
and E of ZOL/Al12N12, these values change to 1.90 Å
(119.23°), 1.90 Å (117.71°), 1.91 Å (119.44°), 1.89 Å
(118.87°), and 1.90 Å (124.17°), respectively. The B-N and
Al-N bond lengths increase after the interaction of ZOL with
nanocages. According to the results, ZOL has the strongest
interaction with B12N12 nanocage rather than Al12N12

nanocage.
The thermochemical parameters including the sum of elec-

tronic and thermal energies (E + T), the sum of electronic and
thermal enthalpies (E +H), the sum of electronic and thermal
free energies (E +G), the sum of electronic and zero-point
energies (ZPE), and entropy (S) of the ZOL drug, and
B12N12 and Al12N12 nanocages, and the adsorbed ZOL on
the B12N12 and Al12N12 nanocages (models A, B, C, D,
and E) are calculated using M06-2X/6-31+G* level of the-
ory. The calculated results are summarized in Table 2. With
the adsorption of the ZOL on B12N12 and Al12N12

nanocages, the energy values of Thermal, Gibbs,
Enthalpy, and ZEP decrease. The ZOL/Al12N12 complexes

Table 1 Calculated average bond lengths (Å) and bond angles (°) of
ZOL adsorbed on the B12N12 and Al12N12 nanocages in the solvent water

Compound Model B-N Al-N N-B-N N-Al-N

B12N12 - 1.50 - 124.23 -

Al12N12 - - 1.87 - 123.00

ZOL/B12N12 A 1.56 - 117.58 -

B 1.58 - 115.99 -

C 1.64 - 113.72 -

D 1.56 - 115.74 -

E 1.60 - 113.61 -

ZOL/B12N12 A - 1.90 - 119.23

B - 1.90 - 117.71

C - 1.91 - 119.44

D - 1.89 - 118.87

E - 1.90 - 124.17

Fig. 1 The optimized geometry
and DOS plots of the ZOL
molecule and B12N12 andAl12N12

nanocages
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are the most negative compared to the ZOL/B12N12 com-
plexes. According to the data in Table 2, the calculatedΔG
values show that the complex formation process is sponta-
neous. TheΔH values of the adsorption process display the
adsorption of ZOL drug on B12N12 and Al12N12 nanocages
are exothermic.

Electronic properties

We studied the effects of the adsorption of the ZOL mole-
cule on the electronic properties of B12N12 and Al12N12

nanocages. The calculated results are summarized in
Table 3.

The adsorption energy of ZOL on B12N12 nanocage in
models A, B, C, D, and E is calculated about − 1.27, − 1.49,
− 2.09, − 2.74, and − 2.23 eV with the relax distances of
1.596, 1.643, 1.511, 1.638, and 1.507 Å, respectively. The
calculated values of adsorption energy of ZOL on Al12N12

nanocage in models A, B, C, D, and E is about − 1.44, −
1.19, − 2.25, − 1.25, and − 2.50 eV with the relax dis-
tances of 1.940, 2.057, 1.865, 2.063, and 1.805 Å, respec-
tively. It is found that the adsorption of ZOL drug on the
B12N12 and Al12N12 nanocages is exothermic. The values
of energy display that the adsorption of the ZOL on
B12N12 and Al12N12 nanocages is chemisorption, and
there is a potential interaction between the ZOL drug
and two nanocages.

Fig. 2 The optimized geometry of the ZOL/B12N12 complexes (models A–E)
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The adsorption of the ZOL molecule has a signifi-
cant effect on the dipole moment (DM) of nanocages.
The calculated values of DM of isolated B12N12 and
Al12N12 nanocages are 0.00 Debye, which is due to
their symmetrical structure. The DM values of ZOL/
B12N12 and ZOL/Al12N12 increase rather than the free
B12N12 and Al12N12 nanocages, which can be due to
the considerable charge separation between the ZOL
molecule and nanocages. On the other hand, the ad-
sorption of ZOL drug over B12N12 and Al12N12

nanocages leads to increasing polarization in com-
plexes due to the formation of polar bonds between
the ZOL and the nanocages. The highest dipole

moment is observed for model E of the ZOL/B12N12

complex (23.89 Debye). Also, the change of DM shows
a charge transfer between the ZOL drug and B12N12

and Al12N12 nanocages.
The frontier molecular orbital of the ZOL, B12N12, and

Al12N12 nanocages and their complexes are shown in
Figs. 4, 5, and 6. The HOMO orbital in B12N12 and
Al12N12 nanocages is mostly focused on N atoms, while
the LUMO orbital is localized on B and Al atoms (Fig. 4).
The changes occur in HOMO and LUMO orbitals during
the interaction of ZOL with nanocages. According to Fig. 5,
the electron density of HOMO of models A, B, C, D, and E
mainly focuses on the ZOL, while the LUMO orbital is

Fig. 3 The optimized geometry of the ZOL/Al12N12 complexes (models A–E)
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Table 2 The thermochemical parameters of the ZOL molecule, B12N12 and Al12N12 nanocages, and ZOL adsorbed on the B12N12 and Al12N12 and
relative values of energies

Property E +G (Hartree) E +H (Hartree) E + T (Hartree) ZPE (Hartree) S (cal/mol.K) ΔG ΔH

ZOL − 879.802 − 879.731 − 879.732 − 879.751 149.455 - -

B12N12 − 955.428 − 955.382 − 955.383 − 955.393 96.566 - -

Model A − 1835.250 − 1835.157 − 1835.158 − 1835.188 196.175 − 0.02 − 0.044
Model B − 1835.256 − 1835.165 − 1835.166 − 1835.195 192.630 − 0.026 − 0.052
Model C − 1835.279 − 1835.189 − 1835.190 − 1835.219 190.348 − 0.049 − 0.076
Model D − 1835.295 − 1835.210 − 1835.211 − 1835.239 180.086 − 0.065 − 0.097
Model E − 1835.282 − 1835.192 − 1835.193 − 1835.223 188.061 − 0.052 − 0.079
Al12N12 − 3566.215 − 3566.149 − 3566.150 − 3566.170 137.906 - -

Model A − 4446.047 − 4445.931 − 4445.932 − 4445.972 244.819 − 0.03 − 0.051
Model B − 4446.037 − 4445.921 − 4445.922 − 4445.962 243.388 − 0.02 − 0.041
Model C − 4446.071 − 4445.961 − 4445.962 − 4446.002 232.918 − 0.054 − 0.081
Model D − 4446.036 − 4445.923 − 4445.924 − 4445.964 238.155 − 0.019 − 0.043
Model E − 4446.084 − 4445.971 − 4445.972 − 4446.012 239.624 − 0.067 − 0.091

E + T, the sum of electronic and thermal energies; E + H, the sum of electronic and thermal enthalpies; E + G, the sum of electronic and thermal free
energies

Table 3 The calculated
adsorption energy (Ead), HOMO
and LUMO energies, energy gap
(EG), dipole moment (DM) of the
ZOL, free B12N12 and Al12N12

nanocages, and corresponding
complexes

Property DM/Debye E/a.u. Eads/eV EHOMO/eV ELUMO/eV EG/eV Point group

ZOL 6.74 − 880.087 - − 7.47 0.52 6.95 C1

B12N12 0.00 − 955.522 - − 9.19 − 0.51 8.68 Th
Model A 8.22 − 1835.656 − 1.27 − 7.48 − 0.16 7.32 C1

Model B 9.10 − 1835.664 − 1.49 − 7.49 − 1.14 6.35 C1

Model C 13.87 − 1835.686 − 2.09 − 7.71 − 0.55 7.16 C1

Model D 14.40 − 1835.710 − 2.74 − 7.65 − 0.32 7.33 C1

Model E 23.89 − 1835.691 − 2.23 − 8.13 − 0.54 7.95 C1

Al12N12 0.00 − 3566.250 – − 7.83 − 1.87 5.96 CS

Model A 6.46 − 4446.390 − 1.44 − 7.47 − 1.69 5.78 C1

Model B 5.76 − 4446.381 − 1.19 − 7.49 − 1.66 5.83 C1

Model C 10.55 − 4446.420 − 2.25 − 7.37 − 1.64 5.73 C1

Model D 4.84 − 4446.383 − 1.25 − 7.57 − 1.65 5.92 C1

Model E 9.37 − 4446.429 − 2.50 − 7.46 − 1.79 5.67 C1

Fig. 4 The calculated HOMO and LUMO orbitals of the ZOL and B12N12 and Al12N12 nanocages
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distributed on both sections of ZOL and B12N12 nanocage.
Figure 6 shows the HOMO and LUMO orbitals of ZOL/
Al12N12 complexes. The HOMO orbital of states models A,
B, C, D, and E mainly centralizes on the ZOL drug, while
the LUMO orbital localize on Al12N12 nanocage.

As shown in Table 3, the energies of HOMO (LUMO)
orbitals of B12N12 and Al12N12 nanocages are calculated about
− 9.19 (− 0.51) and − 7.83 (− 1.87) eV. The energy values
of HOMO (LUMO) for ZOL/B12N12 complexes is cal-
culated about A: − 7.48 (− 0.16), B: − 7.49 (− 1.14), C:

Fig. 5 The calculated HOMO and LUMO orbitals of the ZOL adsorbed on B12N12 and Al12N12 nanocages

Fig. 6 The calculated HOMO and LUMO orbitals of the ZOL adsorbed on Al12N12 nanocage (models A–E)
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− 7.71 (− 0.55), D: − 7.65 (− 0.32) E: − 8.13 (− 0.54),
and for ZOL/Al12N12 complexes is calculated about A:
− 7.47 (− 1.69), B: − 7.49 (− 1.66), C: − 7.37 (− 1.64),
D: − 7.57 (1.65) E: − 7.46 (1.79). Thus, after the inter-
action of ZOL with Al12N12 nanocage, both HOMO and
LUMO values shift to the less negative values, while after
adsorption of ZOL on B12N12 nanocage, only the HOMO
value shifts to the less negative value. The energy gap (EG)
for free B12N12 nanocage and models A, B, C, D, and E is
calculated about 8.68, 7.32, 6.35, 7.16, 7.33, and 7.95 eV,
and the EG for free Al12N12 nanocage and models A, B, C,
D, and E is obtained about 5.96, 5.78, 5.83, 5.73, 5.92,
and 5.67 eV, respectively. Baei and co-workers have re-
ported the EG for Al12N12 nanocage about 3.92 eV and

3.85 eV using B3LYP method with various basis sets
[47]. The EG values are reduced during the adsorption
process of ZOL on two nanocages; thus, conductivity in-
creased which is an important parameter for use in elec-
trochemical sensors. The B12N12 nanocage with the higher
change in the EG is the better candidate as a suitable elec-
trochemical sensor in comparison to the Al12N12

nanocage. The adsorption of the ZOL from the head of
the N24 atom (model B) on the surface of the B12N12

nanocage is more considerable in comparison to other
models due to the lower EG (6.35 eV).

The electronic density of state (DOS) plots of ZOL,
free B12N12, and Al12N12 nanocages and their com-
plexes are presented in Figs. 2, 7, and 8. The DOS

Fig. 7 DOS plots of the ZOL molecule and B12N12 and Al12N12 nanocages
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Fig. 8 DOS plots of the ZOL adsorbed on Al12N12 nanocage (models A–E)

Table 4 Calculated E(2) values (kcal mol−1) of ZOL/B12N12 and ZOL/Al12N12 complexes

ZOL/B12N12 LPO48→ σ*B17-N6 σN47-O48→ σ*B17-N3 LPO46→ σ*B17-N6 σN36-H51→ σ*B17-N6 LPO38→ σ*B17-N12
A 4.44 - - - -

B - 1.49 - - -

C - - 5.74 - -

D - - - 1.00 -

E - - - - 7.01

ZOL/Al12N12 LPO36→ π*Al52-N3 LPN35→ π*Al52-N3 LPO34→ π*Al52-N3 σN24-C25→ π*Al52-N3 LPO26→ π*Al52-N3
A 32.21 - - - -

B - 23.96 - - -

C - - 63.39 - -

D - - - 4.47 -

E - - - - 41.28
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plots of B12N12 and Al12N12 nanocages are changed
after the adsorption of ZOL on nanocages. With adsorp-
tion of ZOL on two nanocages, the location of both

HOMO and LUMO orbitals is changed, which displays
a strong interaction between ZOL and B12N12 and
Al12N12 nanocages.

Table 5 Selected exited states,
excitation energies (eV),
wavelength (nm), oscillator
strength ( f ), and relative orbital
contributions of ZOL, B12N12 and
Al12N12 fullerenes, and
complexes

System Excited state λmax (nm) E (eV) f Configuration composition
(corresponding transition orbitals)

B12N12 S0 → S11 173.26 7.15 0.08 HOMO-1→ LUMO+ 3 (36%)

S0 → S12 173.24 7.15 0.08 HOMO→ LUMO+ 3 (26%)

S0 → S13 173.20 7.15 0.08 HOMO-2→ LUMO+ 4 (43%)

ZOL/B12N12

Model A S0 → S3 220.70 5.61 0.47 HOMO→ LUMO+ 4 (84%)

Model B S0 → S5 223.29 5.55 0.40 HOMO→ LUMO+ 4 (79%)

Model C S0 → S3 219.74 5.64 0.25 HOMO→ LUMO+ 5 (44%)

Model D S0 → S2 227.57 5.44 0.08 HOMO→ LUMO+ 6 (51%)

Model E S0 → S1 232.80 5.32 0.20 HOMO→ LUMO (72%)

Al12N12 S0 → S14 232.52 5.33 0.02 HOMO-1→ LUMO+ 7 (27%)

S0 → S15 232.45 5.33 0.02 HOMO→ LUMO+ 8 (30%)

S0 → S16 232.41 5.33 0.02 HOMO-5→ LUMO+ 3 (25%)

ZOL/Al12N12

Model A S0 → S13 257.73 4.81 0.005 HOMO-1→ LUMO+ 6 (19%)

Model B S0 → S14 259.49 4.77 0.006 HOMO-1→ LUMO+ 7 (27%)

Model C S0 → S16 256.69 4.83 0.007 HOMO-2→ LUMO+ 9 (27%)

Model D S0 → S7 269.75 4.59 0.004 HOMO-11→ LUMO (36%)

Model E S0 → S6 279.73 4.43 0.017 HOMO→ LUMO (71%)

Fig. 9 Molecular orbitals participants at λmax of ZOL/B12N12 complexes (A–E) calculated by TDM062-X/6-31+G* method
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NBO analysis

Natural bond orbital (NBO) analysis was performed
for the study of donor-acceptor interactions during
the adsorption process of ZOL on surface B12N12

and Al12N12 nanocages. The donor-acceptor interaction
energy (E(2)) is a factor to determine the stability of a
molecule. There is a direct relationship between the
stability of a molecule and E(2) values. The molecule
with a higher E(2) value is the more stable compound.
The E(2) values for ZOL/B12N12 and ZOL/Al12N12

complexes are reported in Table 4. According to the
results of Table 4, the donor-acceptor interaction ener-
gy of the ZOL/B12N12 complexes is related to the
charge transfer from the lone pair (LP) electrons of
the oxygen atom and bonding orbital (σ) of the nitro-
gen atoms of ZOL, as a donor, to anti-bonding orbital
(σ*) of the B of B12N12 nanocage, as acceptors. The
LPO38 → σ*B17-N12 interaction in the E complex has
the higher stabilization energy E(2) about 7.01 kcal/
mol in comparison to titled interactions of the ZOL/
B12N12 complexes. The E(2) value of the ZOL/Al12N12

complex is more than the ZOL/B12N12 complex that

shows more stability of the ZOL/Al12N12 complex in
comparison to the ZOL/B12N12 complex. As shown in
Table 4, the important donor-acceptor interaction energies
of models A, B, C, E, and ZOL/Al12N12 are related to the
charge transfer between LP electrons of the oxygen and
nitrogen atoms of ZOL (donor) and the anti-bonding or-
bital (π*) of the Al-N bond (acceptor). In model D, σ
orbital of the N24-C25 bond of ZOL acts as a donor
and the π* orbital of Al-N bond as acceptor (σN24-

C25 → π*Al52-N3) with stabilization energy E(2) about
4.47 kcal/mol. The highest E(2) is observed for LPO34→
π*Al52-N3 interaction of model C (63.39 kcal/mol).

Electronic structure and excited states

Table 5 shows the theoretical maximum absorption wave-
length (λmax), oscillator strength ( f ), vertical excitation ener-
gies (E), and orbital interactions of free B12N12 and Al12N12

nanocages and ZOL/B12N12 and ZOL/Al12N12 complexes.
The λmax of the free B12N12 is observed at 173.26 nm,
173.24 nm, and 173.20 nm (f = 0.08) in the three excited
states S0→ S11, S0→ S12, and S0→ S13 with the energy of
7.15 eV and are related to HOMO-1→ LUMO+3 (36%),

Fig. 10 Molecular orbitals participants at λmax of ZOL/Al12N12 complexes (A–E) calculated by TDM062-X/6-31+G* method
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HOMO→ LUMO+3 (26%), and HOMO-2→ LUMO+4
(43%) transitions. The H-2→ L + 4 has the main contribu-
tion of about 43% of the total excitations. The λmax of the
ZOL/B12N12 complexes such as models A, B, C, D, and E
observed at 220.70 nm (f = 0.47), 223.29 nm (f = 0.40),
219.74 nm (f = 0.25), 227.57 (f = 0.08), and 232.80 nm
(f = 0.20), respectively. Figures 9 and 10 show the shape
of molecular orbitals participants at λmax of A, B, C, D,
and E complexes. According to Fig. 9, the electron density
of HOMO of A complex mainly focuses on the double
bonds (-C=C-) of the aryl ring, oxygen, and nitrogen atoms

of the ZOL, while the LUMO focuses on the double bonds
(-C=C-) of the aryl ring and oxygen atom of one of the
carbonyl groups.

The λmax of the free Al12N12 is observed at 232.52 nm,
232.45 nm, and 232.41 nm (f = 0.02) in the three excited
states S0→ S14, S0→ S15, and S0→ S16 with energy of
5.33 eV and is related to H-1→ L + 7 (27%), H→ L + 8
(30%), and H-5→ L + 3 (25%) transitions. The H→ L + 8
has the main contribution about 30% of the total excita-
tions. TD-DFT results of the ZOL/Al12N12 complexes
show that the λmax of models A, B, C, D, and E is ob-
served at 257.73 nm (f = 0.005), 259.49 nm (f = 0.006),
256 .69 nm ( f = 0.007) , 269 .75 ( f = 0.004) , and
279.73 nm (f = 0.017).

According to TD-DFT results, the λmax increases
during the adsorption process of ZOL on nanocages
that can be considered as a bathochromic shift
(redshift).

QTAIM, ELF, and LOL analysis

To obtain more details about the nature of intermolecular
interactions, the quantum theory of atoms in molecule
(QTAIM) analysis was performed at the bond critical
point (BCP). The molecular graphs of ZOL/B12N12 and
ZOL/Al12N12 complexes are shown in Fig. 11. Based on
this figure, there are several intermolecular hydrogen
bondings between nitrogen, oxygen atoms of ZOL, and
the hydrogen atom of nanocages. The topological analysis
of the complexes at the BCP is reported in Table 6. The
values of electron density (ρ(r)) describe the strength of a
chemical bond, in which the higher value of ρ(r) shows
the stronger interaction. Calculated values of ρB-O are
greater than ρAl-O, ρAl-N, ρB-N, ρN-H, ρO-H, ρB-C, and ρN-
C, which reveals that the boron atom of B12N12 has the
most interaction with oxygen atoms of ZOL. The negative
values of the Laplacian of electron density (∇2ρ(r)) and
total energy density (H(r)) indicate the strong interactions,
whereas the positive values of ∇2ρ(r) and the negative
values of H(r) indicate the medium interactions [48]. In
the case of weak interactions, ∇2ρ(r) and H(r) values are
positive. According to Table 6, the calculated ∇2ρ(r) and
H(r) values of Al-O, B-N Al-N, N-H, O-H, B-C, and N-C
bonds are positive, showing weak interactions. In con-
trast, the ∇2ρ(r) values of B-O bonds are positive, where-
as H(r) values are negative, showing intermediate
interactions.

The ratio of kinetic energy density (G(r)) to the potential
energy density (V(r)) values is also used to determine the
nature of interactions, such that 0.5 <−G(r)/V(r) <0, 1<−
G(r)/V(r)<0.5, and −G(r)/V(r) >1 indicates covalent, partial
covalent, and non-covalent (electrostatic, Van der Walls, and
hydrogen bonding) interactions, respectively [49]. According

Table 6 Calculated topological parameters (in a.u) at the BCP of the
selected bonds of ZOL/B12N12 and ZOL/Al12N12complexes

Complex Bond ρ (r) ∇2ρ(r) H (r) −G(r)/
V(r)

1 Al52-O36 0.0356 0.462 0.118 1.173

N3-H50 0.0159 0.277 0.941 1.187

2 Al52-N35 0.0247 0.381 0.566 1.102

N6-H50 0.0120 0.265 0.642 1.086

3 Al52-O34 0.0444 0.578 0.167 1.191

N5-H39 0.0147 0.201 0.211 1.285

N5-H21 0.0132 0.205 0.926 1.280

N12-H40 0.0154 0.258 0.392 1.039

N12-H44 0.0155 0.229 0.758 1.174

N12-H47 0.0101 0.264 0.729 1.270

N6-H50 0.0128 0.281 0.789 1.140

4 Al52-N24 0.0228 0.381 0.789 1.147

N12-H20 0.0157 0.228 0.228 1.189

N8-H42 0.0107 0.276 0.255 1.022

N8-H40 0.0123 0.293 0.263 1.020

5 Al52-O26 0.0565 0.605 0.185 1.168

N24-H39 0.0165 0.208 0.152 1.193

6 B17-O48 0.0872 0.925 − 0.459 0.768

N4-H33 0.0155 0.286 0.104 1.205

7 B17-N47 0.0311 0.487 − 0.713 0.667

N3-H50 0.0107 0.201 0.786 1.170

N3-H33 0.0195 0.293 0.109 1.212

8 B17-O46 0.0820 0.959 − 0.568 0.775

N12-H51 0.0122 0.216 0.108 1.10

O46-H56 0.0113 0.308 0.852 1.10

B13-C2 0.0146 0.372 0.272 1.037

9 B17-N36 0.0315 0.472 − 0.751 0.666

N6-H50 0.0176 0.224 − 0.358 1.165

N6-H52 0.0117 0.221 0.135 1.170

10 B17-O38 0.0821 0.973 − 0.564 0.779

N12-C26 0.0705 0.819 0.818 1.210

N3-C27 0.0789 0.628 0.102 1.166

N4-C25 0.0628 0.575 0.544 1.169
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to Table 6, calculated −G(r)/V(r) values of Al-N, Al-O, N-H,
O-H, B-C, and N-C bonds are greater than unit, showing non-
covalent interactions, whereas these values for B-O and B-N
bonds are between 0.5 and 1, confirming the partial covalent
interactions.

Electron Localization Function (ELF) and Localized
Orbital Locator (LOL) analyses [50, 51] of studied com-
plexes have been also performed, and the corresponding
maps are visualized in Fig. 12. High and low ELF and
LOL values indicate covalent and non-covalent interac-
tions, respectively. According to Fig. 11, the LOL and
ELF values of Al-O and Al-N bonds are low in the region
between reactive atoms of ZOL (oxygen and nitrogen)
and aluminum atom of Al12N12, confirming the non-
covalent interactions between them. On the contrary, the
high ELF and LOL values between reactive atoms of the
ZOL (oxygen and nitrogen) and boron atom of B12N12

indicate that these interactions are an electrostatic and
partially covalent character.

Conclusion

In this study, the adsorption of ZOL molecule on the
surfaces of B12N12 Al12N12 nanocages was investigated
using DFT calculations. It is found that ZOL drug

strongly interacted with surfaces of B12N12 and Al12N12

nanocages due to the large negative Eads, ΔG, and ΔH
values. The change of DM shows a charge transfer be-
tween ZOL drug and B12N12 and Al12N12 nanocages,
and the polarization in complexes is increased. The
B12N12 nanocage with a higher change in the EG is the
better candidate as a suitable electrochemical sensor rather
than the Al12N12 nanocage. Furthermore, we found that
the adsorption of the ZOL from the head of N24 atom
(model B) on the surface of B12N12 nanocage is more
considerable in comparison to other models due to the
lower EG (6.35 eV). The TD-DFT calculations display
that the adsorption of ZOL on nanocages can shift λmax

values to longer wavelengths (redshift). Also, the analysis
of UV spectra of the ZOL adsorbed over B12N12 and
Al12N12 fullerene can be considered as a bathochromic
shift (redshift). The high ELF and LOL values between
reactive atoms of ZOL (oxygen and nitrogen) and boron
atom of B12N12 indicate that these interactions are an
electrostatic and partially covalent character. According
to the changes in the B12N12 and Al12N12 nanocages, we
suggest the B12N12 nanocage as the best adsorbent and
drug delivery system for the ZOL molecule. We hope that
the results of our calculations can be useful for designing
an appropriate and novel carrier for the delivery of the
Zolinza drug.

Fig. 11 Molecular graphs of a complex 1, b complex 2, c complex 3, d complex 4, e complex 5, f complex 6, g complex 7, h complex 8, i complex 9, and
j complex 10
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