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Clozapine (Clo) is a highly effective antipsychotic for treatment-resistant schizophrenia, but its clinical use is

hampered by poor delivery due to its lipophilic nature. In this study, density functional theory (DFT) and

time-dependent DFT (TD-DFT) were used to investigate B12N12 and B12P12 nanocages as potential

carriers for Clo delivery. Molecular electrostatic potential (MEP) analysis revealed three electron-rich

adsorption sites on Clo (N13, Cl16, and N32), which served as anchoring points for nanocage

attachment. Clo/B12N12 configurations (A–C) and Clo/B12P12 complexes (D–F) were labelled as Sites 1–3.

The findings reveal that the adsorption energies for Clo on both nanocages fall between −20 and

−40 kcal mol−1 (i.e. −39.96 to −22.05 kcal mol−1), indicating strong and stable chemisorption. These

interactions are both spontaneous and exothermic, as supported by negative values of DGad and DHad.

NBO analysis demonstrates greater charge transfer from Clo to B12N12 (up to 1.240e) compared to

B12P12 (up to 0.589e). Both nanocages significantly reduce the HOMO–LUMO gap of the system (by

42.66% for B12N12 and 29.52% for B12P12), which enhances conductivity and could facilitate drug

detection. QTAIM analysis indicates that complexes A, C, D and F feature partially covalent interactions,

while B and E are more ionic, suggesting a balance between strong binding and the potential for

controlled release. Recovery time calculations further show that complexes B and E allow for faster drug

release. Overall, these findings highlight B12N12 and B12P12 nanocages as promising nanocarriers for

targeted clozapine delivery, combining stable binding with the potential for efficient and controlled drug

release and, however, warranting experimental validation for addressing current challenges in

schizophrenia therapy.
1. Introduction

Nanotechnology has revolutionized the healthcare industry in
recent years, particularly in drug delivery within biological
nvironmental Engineering, Department of
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Sciences, Southern Illinois University

(ESI) available: The ESI comprises
s work. Tables S1–S9 are the cartesian
, Table S10 is the NBO data of the
absorption spectra of the investigated
9/d5ra02752g

the Royal Society of Chemistry
systems.1,2 Among the most practical methods, the use of
nanocages has proven highly effective for delivering drugs into
the human body.3 Boron nitride (BN)n and boron phosphide
(BP)n nanocages stand out due to their unique properties,
encompassing high hardness, low thermal expansion, excellent
thermal conductivity and semiconductor properties alongside
specic chemical and physical qualities. These attributes make
them ideal for electronic applications as well as for use as
sensors or adsorbents for various toxic and medicinal
compounds.4,5

Research into the computational properties of different (XY)n
nanocages (where X = B, Al, etc., and Y = N, P, etc.) has revealed
that the most stable conguration is the X12Y12 fullerene-like
nanocage structure.1 Signicant attention has been devoted to
studying the adsorption behaviour of various systems on the
surface of B12N12 and B12P12 nanocages. For instance, B12N12

has been shown to effectively adsorb compounds such as
RSC Adv., 2025, 15, 22661–22670 | 22661
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allopurinol,6 chloropicrin,7 N-(4-methoxybenzylidene)iso-
nicotinohydrazone,8 mercaptopurine,9 trinitroanisole,10

cysteine,11 paracetamol,12 melphalan13 and the herbicide
glyphosate.14 Similarly, the B12P12 nanocage has demonstrated
adsorption capabilities for compounds like valproic acid,1 5-
uorouracil,15 thiophene,16 dimethyl ether,17 guanine18 and
bendamustine.19 Furthermore, the therapeutic potential of
boron clusters in drug delivery and cancer therapy is becoming
well documented.9,13,19 Moreover, quetiapine recognized for its
neurological benets, has been successfully adsorbed onto
B12N12 nanocages for the treatment of schizophrenia and the
results indicate that B12N12 is an effective adsorbent for the
delivery of quetiapine, offering promising potential for
advanced drug delivery systems.20

Schizophrenia, which affects ∼1% of the global population,
necessitates effective antipsychotic therapies to address its
complex and debilitating symptoms.21 Among these, Clo (see
Fig. 1 for its structure) stands out as the most effective treat-
ment for refractory schizophrenia.22 While it remains
unmatched in managing treatment-resistant cases, clozapine's
high lipophilicity poses signicant challenges. This property
not only reduces its bioavailability but also necessitates
frequent dosing, which increases the risk of severe side effects,
such as agranulocytosis.21,23

In light of these challenges, nanotechnology emerges as
a promising solution for enhancing drug delivery. However, the
absence of specically designed nanocarriers for clozapine
hinders its clinical optimization.24 To address this gap, this
study explores the potential of pure B12N12 and B12P12 nanoc-
ages as innovative nano vehicles for delivering clozapine,
Fig. 1 MEP plot of Clo and the minimized structures of the investigated

22662 | RSC Adv., 2025, 15, 22661–22670
employing methodologies based on density functional theory
(DFT) and its time-dependent extension (TD-DFT). These
investigations focus on computing key properties such as the
thermodynamic, geometrical, UV-Vis spectrum, QTAIM and
density of states (DOS) spectra. Equally, frontier molecular
orbital (FMO) and natural bond orbital (NBO) analyses were
evaluated. The ndings obtained from this research have the
potential to revolutionize drug delivery for clozapine by
enabling the development of advanced medication delivery
systems or drug sensors tailored for biological applications.
2. Computational details

This study investigates the interactions between Clo and B12N12/
B12P12 nanocages using DFT. Quantum calculations were per-
formed with Gaussian 09 (Revision D.01),25 while molecular
model preparations and result visualizations were assessed
using GaussView 6.0.16.26 The geometries of Clo, the nanocages
and the resulting complexes were rened with the B3LYP
functional attached to the 6-311G(d,p) basis set.27,28 To enhance
accuracy, Grimme's D3 dispersion corrections were incorpo-
rated to account for long-range van der Waals interactions.29

Frequency calculations conrmed system stability by the
absence of imaginary frequencies, ensuring that each nanocage
resides in an energy-minimized state.

Gauss Sum soware30 generated density of states (DOS)
diagrams to map orbital contributions. For modelling excited-
state behaviour, TD-DFT was conducted with the CAM-B3LYP/
6-311G(d,p) theoretical level,31 capturing electronic transi-
tions. Interatomic interactions were obtained using Multiwfn
compounds.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3.7 (ref. 32) via the quantum theory of atoms in molecules
(QTAIM), revealing bond critical points. Mindful of the possi-
bility of superposition errors in computations involving the
molecules interacting, basis set superposition errors (BSSE)
were mitigated making use of the counterpoise method, to
ensure accuracy in adsorption energy calculations.33,34 Finally,
natural bond orbital (NBO) analysis, integrated within the
Gaussian 09 framework,25 probed charge transfer and hybrid-
ization effects at the B3LYP/6-311G(d,p) level.

Key thermodynamic metrics like the enthalpy change (DHad),
adsorption energy (Ead), Gibbs free energy change (DGad) and
entropy change (DSad) for the compounds under investigation
were calculated under standard conditions (1 atm and 298.15 K)
using the following equations.6 These parameters provide
crucial insights into the stability and spontaneity of the
adsorption processes.

clozapine + nanocage / clozapine–nanocage (1)

Ead = Eclozapine–nanocage − (Eclozapine + Enanocage) (2)

ECP
ad = Ead + EBSSE (3)

DHad = Hclozapine–nanocage − (Hclozapine + Hnanocage) (4)

DSad = Sclozapine–nanocage − (Sclozapine + Snanocage) (5)

DGad = DHad − TDSad (6)

The variables G, H, E, S and T above stand for the Gibbs free
energy, enthalpy, total electronic energy (ZPE + electronic),
entropy and temperature.

Furthermore, electronic descriptors including band gaps
(Egap), band gap variation (%DEgap), chemical hardness (h),
soness (s), fermi level energy (EFL)24 and work function (F)
were determined to assess the reactivity and stability of the
systems according to the following equations:35,36

Egap = EL − EH (7)

%DEgap ¼
Egapclozapine�nanocage

� Egapnanocage

Egapnanocage

� 100 (8)

h ¼ ðEL � EHÞ
2

(9)

s ¼ 1

2h
(10)

EFL ¼ EH þ DEg

2
(11)

F = Vel(+N) − EFL (12)

EH and EL represent the energy of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), respectively.37 The electrostatic potential of the
material surface is represented by Vel(+N), which appears to be
lowered to zero.7
© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Structural analysis, adsorption energy and
thermodynamic properties

Fig. 1 illustrates the optimized geometries of clozapine (Clo),
pristine B12N12 and B12P12 nanocages and their corresponding
Clo–nanocage complexes. To identify preferential adsorption
sites on Clo, its molecular electrostatic potential (MEP) map
post-optimization was analysed (see Fig. 1). The MEP plot
revealed three electron-rich regions localized on atoms N13
(Site 1), Cl16 (Site 2), and N32 (Site 3), which served as nucleo-
philic centres for nanocage interactions. Based on these sites,
Clo/B12N12 nanocage complexes were labelled A (Site 1), B
(Site 2) and C (Site 3), while the Clo/B12P12 complexes were
designated D, E and F corresponding to the same sites,
respectively. Listed in Tables S1–S9 of the attached ESI† are the
Cartesian coordinates for all optimized systems.

The optimized geometries of the clozapine–nanocage
complexes revealed varying minimal interaction distances
between the adsorbate (clozapine) and the adsorbents (B12N12

and B12P12 nanocages). Specically, the interaction distances
were measured as the shortest equilibrium bond lengths
between clozapine's N13, Cl16, and N32 atoms (at Sites 1–3) and
the nanocage's boron atom, based on DFT-optimized geome-
tries. These distances were calculated as 1.62 Å, 1.64 Å, 1.66 Å,
1.69 Å, 3.63 Å and 4.30 Å for D, A, C, F, B and E, respectively. The
shorter interaction distances observed in complexes D, A, C and
F suggest stronger interactions that favour chemisorption,
while the longer distances in complexes B and E indicate weaker
interactions more characteristic of physisorption.

As mentioned earlier, all calculated frequencies are positive
(Table 1). The stretching modes of the B–N bonds (representing
the Clo/nanocages interaction) in complexes A, C, D and F were
approximately 756.86 cm−1, 767.28 cm−1, 734.34 cm−1, and
611.47 cm−1, respectively. These values conrm the formation
of new B–N bonds and indicate strong interactions between
clozapine and these nanocages. In contrast, for complexes B
and E, a B–Cl stretching mode was observed instead of a B–N
bond formation. This suggests that the interactions in these
complexes are weaker and primarily involve a B–Cl bond rather
than chemisorption.

Table 1 equally presents adsorption energy (Ead), enthalpy
variation (DHad), Gibbs free energy variations (DGad) and
entropy variation (DSad) values, used to understand the ther-
modynamics of Clo's adsorption process at the exterior surface
of the B12N12 and B12P12 nanocage.

The adsorption energies (Eads) of Clo on B12N12 and B12P12
nanocages reveal thermodynamically favourable interactions
across all studied complexes, as indicated by their negative
values. Without basis set superposition error (BSSE) correction,
the stability order follows: C > A = D = F > B = E, with values
ranging from −43.92 to −25.10 kcal mol−1. When accounting for
BSSE, the stability sequence adjusts to: C > F > A > D > E > B, with
corrected values between −39.96 and −22.05 kcal mol−1. The
obtained range of adsorbed energies aligns with chemisorption
RSC Adv., 2025, 15, 22661–22670 | 22663

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02752g


Table 1 Thermodynamic parameters, minimum and maximum vibrational frequencies for the reported systemsa

Systems d nmin nmax nB–N Ebad EbBSSE ECPad
b

DHb
ad DSbad DGb

ad s

Clozapine — 8.66 3563.41 — — — — — — — —
B12N12 — 327.10 1436.50 — — — — — — — —
A 1.64 17.55 3391.16 756.86 −31.37 4.18 −27.19 −31.37 −0.052 −15.86 635 × 105

B 3.43 9.80 3560.42 — −25.10 3.05 −22.05 −25.10 −0.042 −12.58 114 × 102

C 1.66 11.67 3568.34 767.28 −43.92 3.96 −39.96 −43.92 −0.052 −28.42 126 × 1015

B12P12 — 151.92 911.30 — — — — — — — —
D 1.62 10.33 3478.88 734.34 −31.37 4.48 −26.89 −37.67 −0.052 −22.17 384 × 105

E 4.30 12.50 3564.09 — −25.10 2.72 −22.38 −37.67 −0.044 −24.56 199 × 102

F 1.69 9.99 3570.05 611.47 −31.37 4.07 −27.30 −31.37 −0.052 −15.87 763 × 105

a d / adsorbate–adsorbent distance (Å), nmin / minimum frequencies (cm−1), nmax / maximum frequencies (cm−1), nB–N / adsorbate–
adsorbent frequencies (cm−1), Ebad / adsorption energy, DHb

ad / enthalpy change, DSbad / entropy change, DGb
ad / Gibbs free energy change,

EbBSSE / basis set superposition error,s / recovery time (s); b: units in kcal mol−1; ECPb

ad / counterpoise corrected adsorption energy.
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threshold from a similar DFT study of drug adsorption onto
boron-based or graphene-like nanostructures.38

Complex C, with the lowest adsorption energy
(−39.96 kcal mol−1), emerges as the most stable structure
among all congurations, offering the optimal conguration for
potential therapeutic applications. According to criteria estab-
lished by Rakib and colleagues,38 adsorption energies below
−22.94 kcal mol−1 (−1 eV or −96 kJ mol−1) indicate chemi-
sorption rather than physisorption. The results therefore
conrm that Clo undergoes chemisorption on the external
surfaces of both nanocages, facilitated by charge transfer from
the drug molecule to the nanocage structures. Notably, B12N12-
based complexes demonstrate superior stability compared to
their B12P12 counterparts, suggesting B12N12 nanocages may be
more suitable candidates for clozapine delivery in schizo-
phrenia treatment.

The negative enthalpy changes (DH) ranging from −43.92 to
−25.10 kcal mol−1 indicate an exothermic adsorption process,
releasing energy when Clo binds to the nanocage surfaces.
Similarly, the Gibbs free energy changes (DGads) are consistently
negative (−28.42 to −12.58 kcal mol−1), conrming that
complex formation occurs spontaneously and results in ther-
modynamically stable systems. These results are in-line with
ndings on similar works.13,18 The entropy changes (DSads) are
also negative across all complexes, suggesting that the interac-
tion between clozapine (adsorbate) and the nanocages (adsor-
bents) creates a more ordered molecular arrangement at the
binding interface.

To evaluate the practical utility of these carrier systems, the
recovery time (s) was evaluated, which estimates how quickly
the drug molecule desorbs from the nanocage surface to
perform its therapeutic action.39 While complexes with higher
adsorption energies demonstrate greater stability, they may face
challenges in releasing the medication efficiently within bio-
logical systems.39 Therefore, an optimal drug delivery system
requires a balance between strong adsorption for stable trans-
port and appropriate recovery time for effective drug release.
The recovery times calculated at room temperature using eqn
(13) are also listed in Table 1.
22664 | RSC Adv., 2025, 15, 22661–22670
s ¼ V�1
o exp

��ECP
ad

KT

�
(13)

where, Vo is the attempt frequency (1012 s−1), ECPad is the
counterpoise corrected adsorption energy, T is the
temperature (298.15 K), K is the Boltzmann constant
(2 × 10−3 kcal mol−1 K−1).40

According to Table 1, the recovery times for desorption of
clozapine from the surfaces of B12N12 and B12P12 nanocages are
in the order C > F > A > D > E > B. Based on these obtained
recovery times, complexes E and B demonstrate shorter recovery
times than the other complexes. As a result, E and B complexes
are ideal carriers for clozapine delivery and can function as
effective sensors for Clo.
3.2. Electronics properties (frontier molecular orbital
analysis, DOS)

Table 2 presents the electronic parameters of the studied
systems. The distribution of their frontier molecular orbitals is
demonstrated in Fig. 2.

The results from the table reveals a signicant decrease in
the energy gap (Egap) of the B12N12 and B12P12 nanocages upon
the adsorption of clozapine under investigation. Specically,
before the adsorption of Clo, the B12N12 and B12P12 nanocages
have Egap values of 6.748 and 3.733 eV, respectively. Upon
adsorption of Clo, their Egap reduce by approximately 2.735 and
0.891 eV for, respectively, the B12N12–Clo and B12P12–Clo
complexes. The increase in the order of conductivity according
to the Egap values of the studied compounds is: B12N12 < B < C <
A < B12P12 < F < D < E. Moreover, a larger Egap in a molecule
generally leads to reduced chemical reactivity and enhanced
stability. Notably, complex E exhibits the smallest energy gap,
rendering it the most reactive among the investigated systems.
A comparison of the DEgapof complexes A, B and C with that of
the B12N12 nanocage, shows that the adsorption of Clo results in
changes in the DEgap values of approximately 39.22% to 42.66%.
Similarly, comparing the DEgap of the B12P12 nanocage with
complexes D, E and F present changes of about 14.14% to
29.52%. This observation indicates that the adsorption of Clo
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electronic parameters for the investigated systems computed at B3LYP-D/6-311G(d,p)a

Systems EH EL Egap %Egap EFL h s F DM

Clozapine −5.418 −1.337 4.081 — −3.37 2.04 0.245 3.37 5.17
B12N12 −7.855 −1.107 6.748 — −4.48 3.37 0.148 4.48 0.00
A −6.473 −2.604 3.869 42.66 −4.53 1.93 0.258 4.53 10.19
B −5.584 −1.483 4.101 39.22 −3.53 2.05 0.243 3.53 4.89
C −5.809 −1.741 4.068 39.71 −3.77 2.03 0.245 3.77 8.90
B12P12 −6.960 −3.227 3.733 — −5.09 1.86 0.267 5.09 0.00
D −5.688 −2.999 2.689 27.96 −4.34 1.34 0.371 4.34 12.40
E −5.638 −3.007 2.631 29.52 −4.32 1.31 0.380 4.32 5.24
F −5.892 −2.687 3.205 14.14 −4.28 1.60 0.312 4.28 10.58

a EH: HOMO energy (eV), EL: LUMO energy (eV), Egap: energy gap (eV), %DEg: percentage of the energy gap, EFL: Fermi level energy (eV), h: chemical
hardness (eV), s: chemical soness (eV−1), F: work function (eV), DM: dipole moment (debye).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 7
:0

4:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signicantly affects Egap and enhances the conductivity of the
nanocages. Density of states (DOS) analysis was employed to
gain a more detailed understanding of the distribution of
molecular orbitals in the examined systems. This analysis
demonstrates a relationship between the frontier molecular
orbitals and the HOMO/LUMO distribution.41 The gure illus-
trates that the HOMO and LUMO densities of the nanocages are
uniformly dispersed.

The Fermi level energy (EFL) of the reported systems
increases from −4.48 eV in the pure B12N12 nanocage to
−3.53 eV and −3.77 eV in complexes B and C, respectively.
Similarly, the EFL of the considered systems increases from
−5.09 eV in the pure B12P12 nanocage to−4.34 eV,−4.32 eV and
−4.28 eV in complexes D, E and F, respectively. Clo's adsorption
Fig. 2 The HOMO and LUMO orbitals of clozapine drug adsorbed on th

© 2025 The Author(s). Published by the Royal Society of Chemistry
increases the EFL and decreases the work function (F), which is
crucial for eld emission applications.

For the assessed complexes, F decreases from 4.48 eV in
pure B12N12 to 3.53 and 3.77 eV in complexes B and C, respec-
tively, while it decreases from 5.09 eV in pure B12P12 to 4.34, 4.32
and 4.28 eV in complexesD, E and F, respectively. The outcomes
demonstrate that Clo adsorption facilitates the eld emission
characteristics. Somolecules have the highest reactivity due to
their low chemical hardness (h) value. In the present study, h
decreases upon adsorption and increases the reactivity of the
complexes. The h values of all examined compounds vary from
1.31–3.37 eV. Complex E has the lowest h values of all of these
compounds, making it the most reactive.
e surface of B12N12 and B12P12 nanocages.

RSC Adv., 2025, 15, 22661–22670 | 22665
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Table 3 QTAIM metrics for the Clo/nanocages interactions investi-
gated at B3LYP-D3/6-311G(d,p) levela

Systems Bond r(r) V2r(r) H(r) G(r) V(r) −G(r)/V(r)

A B–N 0.118 0.200 −0.884 0.138 −0.227 0.607
B N–Cl 0.0052 0.017 0.0009 0.0034 −0.0024 1.416
C B–N 0.119 0.171 −0.913 0.134 −0.225 0.595
D B–N 0.121 0.252 −0.889 0.153 −0.242 0.632
E P–Cl 0.0041 0.012 0.0007 0.0023 −0.0015 1.533
F B–N 0.110 0.177 −0.080 0.125 −0.206 0.606

a r(r) / total electronic densities, V2r(r) / Laplacian of electron
densities, H(r) / total electronic energy, V(r) / the potential energy,
G(r) / kinetic energy.
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The data in Table 2 equally informs that the dipole moments
(DMs) of both nanocages are 0.00 debye, resulting from their
symmetric nature. However, upon the adsorption of Clo, the
DMs signicantly increase. The DM of all studied complexes
spans from 4.89 to 12.40 debye. This change in DM also indi-
cates a charge transfer between Clo and the B12N12/B12P12
nanocages. Among these congurations, complex E exhibits the
highest DM. This nding suggests that the adsorption of Clo
enhances the polarity of the nanocages.

Fig. 2 illustrates the HOMO and LUMO distributions of all
the studied systems. The HOMO represents the region where
electrons are readily available for donation, while the LUMOs,
represent the area which accommodates electrons. The results
show that the HOMO and LUMO orbitals of Clo and free
nanocages (B12N12 and B12P12) are evenly distributed overall the
molecules. As observed in the gure, the HOMOs of all the
investigated complexes are distributed on the tricyclic benzo-
diazepine group except in complex A which is located in the
methylpiperazine group and complex D which is located in
adsorbent group. The LUMO are also located on the tricyclic
benzodiazepine group for complexes A, B, C, D. The LUMO is
also observed in adsorbent group for E and F complexes. In
general, for complexes A, B and C, the HOMO and LUMO
orbitals are located on Clo, principally on the tricyclic benzo-
diazepine group, whereas for complexes D, E and F they are
distributed across both Clo and the nanocages.

The energy gap of the systems can equally be presented using
the DOS spectra.42 The DOS plots indicate that the adsorption of
Clo causes changes in the electronic properties of the pure
nanocages (see Fig. 3). They show that a decrease in the energy
gap is caused by an increase in the population of conduction
electrons, which can produce an electrical signal. As a result,
Clo can be identied by B12N12 and B12P12 nanocages.
Fig. 3 Computed DOS plots of Clo adsorbed on B12N12 and B12P12 nan

22666 | RSC Adv., 2025, 15, 22661–22670
3.3. Quantum theory of atoms in molecules (QTAIM)
analysis

To determine the types of interactions between clozapine (Clo)
and the nanocages, Bader's topological approach was
employed.43 This method involves calculating key Quantum
Theory of Atoms in Molecules (QTAIM) parameters at the bond
critical points (BCPs) for all studied complexes. These param-
eters include the Laplacian of electron density (V2r(r)), electron
density (r(r)), electronic energy density (H(r)), potential energy
density (V(r)), and kinetic energy density (G(r)).44 According to
Cremer and collaborators45 a positive H(r) value typically indi-
cates non-covalent (electrostatic) interactions, while a negative
H(r) value suggests partially covalent interactions. Covalent
bonds are generally characterized by r(r) > 0.1 a.u., V2r(r) <
0 a.u., and a −G(r)/V(r) ratio < 1 a.u.46 Partially covalent bonds
are identied by r(r) < 0.1 a.u., V2r(r) > 0 a.u., and a −G(r)/V(r)
ratio between 0.5 and 1 a.u.47 Non-covalent interactions (e.g.,
ionic or van der Waals forces) are associated with r(r) < 0.1 a.u.,
V2r(r) > 0 a.u., and a −G(r)/V(r) ratio > 1 a.u.48 The calculated
ocages (systems A–F).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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QTAIM metrics for the Clo/nanocages interactions are
summarized in Table 3.

Table 3 shows that adsorbate–adsorbent bonds in A, C, D
and F have negative H(r) values, with positive V2r(r) values,
indicating medium interactions (partially covalent). In
contrast, the H(r) and V2r(r) values of N–Cl (B) and P–Cl (E)
bonds are positive, which conrms non-covalent bond inter-
actions. The data also demonstrate that the adsorbate–adsor-
bent bonds have −G(r)/V(r) values of 0.607; 0.595; 0.632, and
0.606 a.u. in A, C, D and F, respectively. These values, which
fall between 0.5 and 1 a.u., are linked to partially covalent
interactions. In contrast, the −G(r)/V(r) values of N–Cl (B) and
P–Cl (E) bonds are 1.416 and 1.533 a.u., conrming the non-
covalent bond interactions. The use of QTAIM to differen-
tiate partial covalency in A, C, D and F and ionic character in B
and E adds depth to the bonding analysis. Such an approach
has proven useful in understanding interaction types in host–
guest chemistry and nanocarrier design.49,50 The molecular
graphs that indicate the bond critical point (BCP) of the
interaction between clozapine and B12N12 and B12P12 nanoc-
ages is presented in Fig. S1 of the ESI data le.† The gure
shows the presence of intermolecular interactions which tend
to stabilize the complexes (Fig. 4).
3.4. NBO analysis

To analyse the charge transfer between clozapine (adsorbate)
and the nanocages (adsorbents), Natural Bond Orbital (NBO)
analysis was conducted at the same theoretical level. This
Fig. 4 Molecular graphs of the studied complexes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
analysis provides insights into the occupancy of donor and
acceptor electrons and their stabilization energy, calculated
using the second-order perturbation energy (E(2))51–53 as:

Eð2Þ ¼ qi
Fij

2

3i � 3j
(14)

A higher E(2) value indicates a stronger adsorbate/adsorbent
interaction, reecting greater charge transfer and stabilization.3

The results of this analysis are detailed in Table S10 of ESI,†
offering a comprehensive understanding of the electronic
interactions in the studied complexes.

The ndings show that the donor–acceptor interaction
energy of Clo complexes is related to the charge transfer from
the nitrogen atom's bonding lone pair (LP) electrons and the
boron atom's antibonding lone pair (LP*). The BD*(2) C52–C53
/ BD*(2) C26–C46 interaction in A has the higher stabilization
energy (E(2)) about 323.00 kcal mol−1 compared to the BD*(2)
C52–C53/ BD*(2) C44–C45, LP (1) N28/ LP*(2) B1, LP (2) N7
/ LP*(1) B1 and LP (2) N4 / LP*(2) B1 interactions in the
same complex. In B, the BD*(2) C26–C27 /BD*(2) C29–C33
interaction has a greater E(2) of approximately 349.72 kcal mol−1

compared to other interactions in the complex. The BD*(2)
C53–C54/ BD*(2) C45–C50 interaction in C has a larger E(2) of
about 267.68 kcal mol−1 compared to other interactions in the
same complex. The BD*(2) C40–C41 / BD*(2) C32–C33 inter-
action in D has a higher E(2) of about 223.27 kcal mol−1 in
comparison to the other interactions in the same complex. The
BD*(2) C14–C15 / BD*(2) C16–C19 interaction in E has
RSC Adv., 2025, 15, 22661–22670 | 22667
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Table 4 UV spectral parameters for the dominant electronic transitions of the investigatedmolecules obtained at CAM-B3LYP/6-311G(d,p) level
of theorya

Systems Excited state MO + coefficient Eabs (eV) labs (nm) f

Clozapine S0 / S10 H-1 / L + 2 (36%) 5.96 208.01 0.25
B12N12 S0 / S1 H / L (56%) 6.30 196.65 0.00
A S0 / S1 H-1 / L (48%) 4.34 285.26 0.15
B S0 / S4 H-3 / L (32%) 5.04 245.97 0.14
C S0 / S9 H-1 / L + 1 (51%) 6.01 206.26 0.29
B12P12 S0 / S10 H / L + 2 (41%) 4.18 296.47 0.07
D S0 / S3 H-1 / L (59%) 3.37 367.88 0.02
E S0 / S2 H / L + 6 (55%) 3.67 337.04 0.04
F S0 / S10 H-2 / L + 1 (31%) 4.08 303.85 0.05

a Eabs / excitation energies (in eV), labs / wavelengths (in nm), f/ oscillator strengths, MO/molecular orbital coefficients, H/HOMO, L/
LUMO.
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a greater E(2) of 286.71 kcal mol−1 compared to other interac-
tions in identical structures. The BD*(2) C41–C42 / BD*(2)
C33–C38 interaction in F has a higher E(2) about 280.06 kcal-
mol−1 in comparison to the other interactions in the same
conguration. Among the studied complexes, B shows the
highest stabilization energy (second-order perturbation energy
E(2)) and is probably the most stable compound.

Furthermore, to investigate the change in the electronic
structure of nanocages produced by clozapine drug adsorption,
we estimated the net charge transfer (QNBO) for all systems. The
highest net charge transfer of complexes A, B and C were
calculated as 1.172, 1.194 and 1.240e, respectively, while it is
0.589, 0.498 and 0.501e for complexes D, E and F, respectively.
B12N12 nanocage complexes have high net charge transfer
values as compared to their B12P12 counterparts, which is due to
their high E(2) values. The higher charge transfer to B12N12

mirrors nitrogen-doped systems where N doping enhances
electron-accepting potentials.50
3.5. UV spectral analysis

The excited states of the studied systems were analysed using
TD-DFT at the CAM-B3LYP/6-311G(d,p) level. The rst ten
excited states were calculated for each system and the results
are outlined in Table 4. This table includes the absorption
wavelength (labs), excitation energy (Eabs), oscillator strength,
and orbital coefficients. Only the strongest bands, as indicated
by their oscillator strengths are highlighted.

As observed in Table 4 (see Fig. S2 of ESI† for absorption
spectra), all systems have wavelengths between 196.65 and
367.88 nm and oscillator strengths between 0.02 and 0.29. All of
the investigated compounds are located in the UV region, which
serves as the basis for this result. Results equally present a bath-
ochromic shi upon the clozapine adsorption process on nanoc-
ages. The absorption energies range from 3.37 to 6.30 eV.
Complexation decreases the excitation energy compared to pure
nanocages and clozapine and this result is per the band gap energy
of the studied compounds. A higher oscillator strength combined
with lower transition energies results in a larger charge transfer.
The increasing of lmax values from the pure B12N12 (196.65 nm) to
22668 | RSC Adv., 2025, 15, 22661–22670
pure B12P12 (296.47 nm) reveals that B12P12 nanocage can be
a suitable structure as an optic sensor for clozapine drug detection.

4. Conclusion

In this study, DFT and TD-DFT calculations were utilized to
explore the adsorption of clozapine at the exterior surface of
B12N12 and B12P12 nanocages. The results show that themolecular
electrostatic potential (MEP) plot of the clozapine drug exhibits
three preference electron-rich sites: N13 (Site 1), Cl16 (Site 2) and
N32 (Site 3). The greatest adsorption energy in this study without
counterpoise is in the range of −43.92 to −25.10 kcal mol−1. The
adsorption energy with counterpoise corrected (ECPad) values of all
complexes are in the range of −39.96 to −22.05 kcal mol−1, sup-
porting a chemisorption mechanism of clozapine drug at the
external surface of the B12N12 and B12P12 nanocages. The DGads

values of all the investigated complexes are also negative and
range from −28.42 to −12.58 kcal mol−1. Negative DGads values
indicate that the investigated complexes form spontaneously and
are thermodynamically stable. The dipole moments of all studied
complexes are in the range of 4.89–12.40 debye respectively.
Among these systems, complex D has the highest dipole moment.
This result indicates that the adsorption of clozapine drug
increases the polarity of nanocages. The DOS plots demonstrate
that the adsorption signicantly inuenced the electronic density
of states near the Fermi level and hence the conductivities of the
systems increased. Quantum theory of atoms in molecules
(QTAIM) analysis reveals that the interactions between the
adsorbate and adsorbent are partially covalent and ionic in some
cases. Based on the NBO analysis, there is charge transfer from
clozapine molecule to nanocages in the complexes. All of these
ndings suggest that B12N12 and B12P12 nanocages can effectively
adsorb the clozapine drug, making them viable nano vehicles for
the neuroprotective medication. The ndings from this study
pave the way for experimental validation and a DFT study of the
effect of solvents on the studied properties.

Data availability

The data to support the ndings are existing in the manuscript
and attached ESI le.†
© 2025 The Author(s). Published by the Royal Society of Chemistry
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