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Abstract: Cancer has a threatening impact on human health, and it is one of the pri-
mary causes of fatalities worldwide. Different conventional treatments have been em-
ployed to treat cancer, but their non-specific nature reduces their therapeutic efficacy. This
study employs a C5N2-based targeted drug carrier to study the delivery mechanism of
anticancer drugs, particularly cisplatin, carmustine, and mechlorethamine, using den-
sity functional theory (DFT). The geometries of the drugs, the C5N2 substrate, and the
drug@C5N2 complexes were optimized at the PBE0-D3BJ/def2SVP level of theory. Interac-
tion energy was computed for the complexes which follow the trend, i.e., cisplatin@C5N2

(−27.60 kcal mol−1) > carmustine@C5N2 (−19.69 kcal mol−1) > mechlorethamine@C5N2

(−17.79 kcal mol−1). The non-covalent interaction (NCI) and quantum theory of atoms in
molecules (QTAIM) analyses confirmed the presence of van der Waals forces between the
carmustine@C5N2 and mechlorethamine@C5N2 complexes, while weak hydrogen bonding
has also been observed between the cisplatin@C5N2 complex. Electron localization function
(ELF) analysis was performed to analyze the degree of delocalization of electrons within
the complexes. The electronic properties of the analytes and the C5N2 substrate confirmed
the enhanced reactivity of the complexes and illustrated electron density shift between
the drugs and the C5N2 sheet. Recovery time was determined to assess the biocompat-
ibility and the desorption behavior of the drugs. Moreover, negative solvation energies
and increased dipole moments in a solvent phase manifested enhanced solubility and
easy circulation of the drugs in biological media. Subsequently, this study illustrates that
cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2 complexes can be utilized
as efficient drug delivery systems.

Keywords: density functional theory; anticancer; drug delivery; interaction energy;
electronic properties; therapeutic; substrate

1. Introduction
Over the past few years, cancer has adversely affected human health and caused

millions of deaths worldwide [1,2]. Various conventional approaches, including surgical
treatment [3], radiation therapy [4], and chemotherapy [5] have been considered definitive
solutions for cancer treatment. However, their non-specific nature and cytotoxicity further
minimize their pharmacological effects [6–8]. Cisplatin (cis-diamminedichloroplatinum
(II)) [9] is the most widely used anticancer drug to treat various types of malignancies
related to the head, neck [10], ovaries [11], and bladder [12]. It forms an adduct with DNA,
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inhibiting its replication further and causing cell death [13]. Moreover, its therapeutic
efficiency has been validated with various drug delivery systems, including selenium
nanoparticles, to treat lung carcinoma [14]. It has also been delivered using polypeptide
vesicles [15], magnetic iron oxide nanoparticles [16], and graphitic carbon nitride-based
drug delivery systems [17]. Carmustine (BCNU), an alkylating agent commonly known
as 1,3-bis (2-chloroethyl)-1-nitrosourea [18], has been popular in cancer treatment [19].
Its efficiency has been investigated for curing and suppressing brain tumors such as
glioblastoma multiforme [20] using substrates such as polymeric nanoparticles [21] and
polyamidoamine (PAMAM) dendrimers [22]. Also, its interaction with chitosan-coated
nanoparticles was evaluated and approved to cure brain-associated tumors [23]. Recently,
carmustine has been used for the treatment of ovarian cancer, employing a liposomal
substrate [24]. Its therapeutic efficacy has also been reported with carbon and boron nitride
nanotubes [25] to treat malignant cancers. Consequently, mechlorethamine (mustine), an
anticancer medication, has been employed to cure Hodgkin’s lymphoma [26] and cutaneous
T-cell lymphomas [27,28]. Its anticancer efficacy has been investigated with nanocages,
including silicon, carbon, and aluminum nitride [29]. However, severe health problems
have been associated with the delivery of these anticancer drugs as they lack precision in
differentiation between cancerous and healthy cells [30]. Moreover, anticancer drugs can
cause serious health problems, mainly cell toxicity, due to their non-specific interaction,
further minimizing their remedial efficacy [31,32]. Therefore, support systems have been
evaluated for their controlled and direct release at the cancerous site to overcome associated
health complications [33,34]. The drug carriers facilitate the medications to cross complex
biological defense systems without causing widespread malignancies [35]. Theoretical [36]
and experimental [37] evaluations of the drugs with different carriers have also been
performed to enhance the cell targeting and bioimaging properties of anticancer drugs.
Various two-dimensional (2D) [38,39], and three-dimensional (3D) [40,41] substrates have
been examined, including hexagonal boron nitride (h-BN) [42], manganese dioxide [43],
transition-metal di-chalcogenides (TMDs) [44], metallic nanoparticles [45], MXenes [46],
and phosphorene [47], for the drug delivery. Additionally, nanocarriers comprising carbon
have also been reported as potential drug carriers with low cytotoxicity and good chemical
stability, i.e., chitosan [48], fullerene [49], and fluorinated graphene nanocarbon [50]. The
reactivity of carbon nanotubes has been validated after encapsulation of an anticancer
drug, i.e., cisplatin [51]. In some studies, preparation, and cytotoxicity of dendrimers [52]
and liposomal complexes [53] conjugated with doxorubicin and cisplatin have also been
examined to improve the cellular uptake of the drugs. Comparatively, carbon nitride
offers more benefits in the targeted delivery of anticancer drugs because of its distinctive
physicochemical characteristics [54,55].

Different experimental and theoretical studies have been performed on the drug deliv-
ery efficiency of carbon nitrides comprising different ratios of carbon and nitrogen such as
CN [56], C2N [57], and C3N4 [58,59] nanosheets. Recent studies on carbon nitrides manifest
their suitable band gaps, which make them good photocatalysts for water splitting [60],
CO oxidation [61], CO2 reduction [62], H2O2 production [63], and nitrogen reduction reac-
tion [64,65]. Furthermore, graphitic carbon nitride g-C3N4 has been reported as an efficient
substrate for delivering carboplatin [66], and melphalan [67] to treat malignant tumors.
Significant stability [68], pH sensitivity [69], and photoluminescence [70] of carbon nitrides
have been revealed which make them capable of delivering anticancer drugs such as
lonidamine [71], flutamide [72], and cisplatin at the cancerous site. Among carbon nitrides,
C5N2 is a nitrogen-rich covalent carbon nitride with a stoichiometric ratio of five carbon to
two nitrogen atoms. It has shown promising structural and electronic properties suitable
for drug delivery and emerged as a novel biocompatible substrate with a narrow band gap
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of 1.10 eV. It has a substantial drug-loading rate because of micropore abundance and large
surface area [73].

Recent studies have explored a range of nanomaterials such as carbon nanotubes
(CNTs) [74], mesoporous silica [75], and metal–organic frameworks [76] as drug delivery
vehicles, due to their high surface area and tunable surface chemistry. However, many of
these systems face limitations like potential cytotoxicity and limited biodegradability. In
contrast, C5N2 is a nitrogen-rich carbon material with various favorable properties. Its con-
jugated framework provides strong interactions including π–π stacking, hydrogen bonding,
and van der Waals forces with drug molecules, while nitrogen in-corporation enhances
its potential for targeted functionalization and improves bio-compatibility compared to
carbon-based carriers like graphene oxide [77]. Unlike metal-based carriers that cause long-
term toxicity [78], C5N2 is metal-free and potentially less immunogenic. Moreover, its stable
structure and ease of synthesis through a condensation reaction between 1,2,4,5-benzene
tetramine and hexaketocyclohexane make it a promising platform that overcomes several
disadvantages of currently used systems [79]. Moreover, some studies have demonstrated
the potential of C5N2 in drug delivery [80,81] in which carbon nitride nanoparticles have
been experimentally evaluated to deliver doxorubicin, hydroxycamptothecine, and propid-
ium iodide to the nucleus via endosomal escape facilitated by functional groups [82]. It
demonstrated its efficient intracellular transport and therapeutic potential. These combined
advantages justify C5N2 as a safer, more tunable, and effective drug delivery system [83].
Hence, these inspiring properties and results encouraged us to explore and evaluate the the-
oretical efficiency of the C5N2 carrier to deliver anticancer drugs, mainly cisplatin, carmus-
tine, and mechlorethamine at the tumor site. In this work, DFT calculations were performed
to assess the interaction between the drugs and the substrate in both the gas and the sol-
vent media. The intermolecular interactions between cisplatin@C5N2, carmustine@C5N2,
and mechlorethamine@C5N2 were evaluated using NCI, QTAIM, and ELF analyses. To
ensure efficient and controlled drug release at the targeted site, evaluation of the interaction
between the drugs and the C5N2 substrate was carried out through FMO, DOS, NBO, and
EDD analyses. Moreover, the reactivity, stability, and binding affinity of the complexes
were analyzed through chemical reactivity descriptors.

2. Computational Methodology
Structures of the cisplatin, carmustine, mechlorethamine, C5N2 substrate, and their

complexes were modeled and visualized utilizing the Gauss View program [84,85]. Compu-
tational calculations of different configurations of the drugs and the C5N2 carrier were per-
formed using DFT (density functional theory) employing Gaussian 16 rev.C.01 software [86]
at the PBE0-D3BJ/def2-SVP level of theory. PBE0 is a hybrid density functional preferred
for the optimization of various structures such as analytes anchored two-dimensional
supports [87]. Also, it provides a more accurate illustration of the molecular characteristics
and electronic structures of various materials, including solids, organic molecules, and com-
plexes of metals and non-metals [88]. It addresses the restrictions of pure density functional
theory approximations and accurately predicts the structural and electronic properties
of the molecules across the periodic table [89]. It provides significant estimations for the
systems exhibiting non-covalent interactions, electronic excitations, and electron density
shifts. Moreover, it is commonly employed in various fields, including drug delivery, to
simulate optimizations and binding energy calculations [90,91]. Also, structural, optical,
and vibrational properties of graphitic carbon nitrides [92] along with efficient hydrogen
storage [93] were studied using PBE0 functional.

Different studies have highlighted its efficiency in predicting molecular phenomena,
such as the photoisomerization of unsubstituted spirooxazine [94]. It has also been em-
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ployed to deliver anticancer drugs, mainly hydroxyurea [95] and cisplatin [96], through
borospherenes and metallacage drug delivery systems, respectively. It is scrutinized to
study the charge transfer mechanism of phosphorus, oxygen, and sulfur-doped graphitic
carbon nitride [97]. Interpretation of adsorption and separation phenomena of NO and
CO2 over the surface of the C5N2 substrate has been computed at this hybrid functional.
Adsorption of metformin [98], CO2, and CH4 [99] on functionalized C3N4 have also been
validated using PBE0. It has been used to investigate the adsorption mechanism of H2,
N2, CO, NH3, H2S, and SO2 [100], and modifications of electronic properties in platinum
and silicon-doped C3N4 have also been investigated [101]. Evaluation of CO2 reduction on
copper [102] and analysis of electronic properties on Zn/Ga doped C3N4 [103] have also
been computed. The PBE0-D3BJ functional was selected due to its reliable performance in
modeling noncovalent interactions such as van der Waals forces and hydrogen bonding,
which are key factors for the adsorption of drugs. The def2-SVP basis set offers a good
balance between accuracy and computational cost. This level of theory has been success-
fully applied in similar drug delivery studies involving carbon-based and nitrogen-rich
nanomaterials [104,105]. Stefan Grimme’s empirical dispersion correction (D3 correction)
with Becke Johnson damping (D3-BJ) [106] has been utilized to correct the energies for
non-bonding interactions within the molecular system. The accuracy of this method in
describing the structural and molecular variations in non-covalent systems has also been
reported in the literature [107]. For solvent based calculations, SMD solvation model was
employed at the same level of theory using water as a solvent. CYLview software was used
to obtain and visualize detailed and precise portraits of the drug@C5N2 complexes [108].
Geometry optimization was carried out using the simulated structure of the C5N2 sheet.
A variety of possible orientations were considered to determine the stable arrangement
of the drug on the C5N2 surface. Following optimization, vibrational frequency analysis
was performed on the structures to confirm their minimal energy configurations on the
potential energy surface. Interaction energy (Eint), a significant parameter, was obtained to
evaluate the interaction between the drug and the C5N2 surface within the complex using
the following expression:

∆Eint = [E drug@C5N2
−

(
Edrug + EC5N2

)
] (1)

The interaction energy of the drug@C5N2 system is represented by Eint, where
Edrug@C5N2 , Edrug, and EC5N2 represent the interaction energies of the complex, the drug,
and the C5N2 sheet, respectively [109]. Non-covalent interactions (NCI) analysis, also
known as the reduced density gradient (RDG) method, was performed to analyze the weak
interactions between the drug and the C5N2 substrate using Multiwfn [110] and visual
molecular dynamics (VMD) [111] programs. Electron density (ρ) and reduced density gra-
dient(s) are the two key derivatives used to analyze interactions such as stearic repulsions,
van der Waals interactions, and hydrogen bonding between the complexes. The RDG is a
dimensionless gradient norm function, and it is inversely related to the electron density (ρ).
Moreover, it identifies the regions of non-covalent interactions with relatively low electron
densities. Mathematically, RDG (s) is expressed as [112]

RDG(s) =
1

2(3π2)
1
3

∇ρ

ρ
4
3

(2)

The magnitude of electronic density plays a significant role in determining the strength
of non-covalent interactions. According to the equation, the greater value of RDG further
decreases the electronic density suggesting a minimal possibility of non-covalent interaction.
Comparatively, the lower value of RDG enhances the potential of non-covalent interactions
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by increasing the electronic density at a particular site of interaction. The attractive and
repulsive nature of interaction and spatial distribution of electron density is determined by
the Laplacian of electronic density

(
∇2ρ

)
. Also, it provides necessary information about

the electron-rich and electron-depleted regions. A negative value
(
∇2ρ < 0

)
illustrates

the region of concentrated electronic density, confirming the formation of covalent bonds.
Moreover, the positive value

(
∇2ρ > 0

)
corresponds to the depletion of electronic density

as found in van der Waals interactions. Mathematically,
(
∇2ρ

)
is expressed as a trace of

the Hessian matrix of electronic density as shown below [113]:

∇2ρ = λ1 + λ2 + λ3 (3)

Here λ1, λ2, λ3 represents the eigenvalues of the Hessian matrix which assist in de-
scribing the behavior of interactions. Among these eigenvalues, λ2 plays a crucial role
in identifying the nature of interactions, i.e., (λ2 < 0) represents strong and attractive
interaction, (λ2 > 0) corresponds to strain and stearic repulsion, and (λ2 = 0) predicts the
presence of weak interactions such as van der Waals forces. To visualize and evaluate
the type, strength, and spatial pattern of non-covalent interactions, we generated a 2D
RDG scatter plot and a 3D isosurface representing interactions using Multiwfn and VMD
software. The 2D graph combines the sign λ2 with the electron density (ρ) to explain the
type of interaction ranging from (−0.05 to 0.05). To augment the 2D scatter plot, the 3D
isosurface is represented by the colors of the sign of λ2, i.e., blue color indicates the pres-
ence of strong and attractive interactions illustrated by the region where (sign(λ2)ρ < 0),
red color represents repulsive stearic interactions indicated by (sign(λ2)ρ > 0), and green
corresponds to the weak van der Waals interactions as illustrated by (sign(λ2)ρ = 0) on
the x- axis of the 2D plot. The color representation facilitates a direct visualization of
the interaction domains within the complex systems [114]. The nature of the interaction
that exists during the complexation of the drug@C5N2 complex has also been visualized
through the quantum theory of atoms in molecules analysis (QTAIM). It locates all the
interactions among atoms by pairing up the densities of electrons spinning oppositely
which further illustrate the non-covalent interactions within the complexes [115]. Topolog-
ical analysis of the electronic density (ρ) is the foundation of atoms in molecules (AIM)
analysis [116]. Further, it interprets the interactions between the drug@substrate complexes,
i.e., cisplatin@C5N2, carmustine@C5N2, mechlorethamine@C5N2 through certain parame-
ters including electronic density (ρ), the Laplacian of electronic density

(
∇2ρ

)
, the total

energy density (H), the potential energy density (V), and the kinetic energy density (G)
computed at the bond critical points (BCPs) and the curvature of the bond. The strength of
the non-covalent interaction is specified by the values of electronic density (ρ). If (ρ > 0.1),
it indicates the presence of intermolecular attractive forces, while (ρ < 0.1) suggests the
presence of van der Waals interactions between the drug@C5N2 complexes [117]. Overall
energy distribution of the complex systems was evaluated through the total energy den-
sity (H), which is the sum of the potential (V) and kinetic (G) energy densities, and it is
expressed as [118]

H(r) = V(r) + G(r) (4)

The signs of the potential energy density (V) and the kinetic energy density (G) mani-
fest coherency, with (V) being negative and (G) being positive. This notation is standard in
quantum theory of atoms in molecules (QTAIM) and is widely used in studies involving
topological analysis of electron density [119]. Moreover, the nature of the interactions
between the drugs and the C5N2 sheet whether covalent or non-covalent have also been
validated by analyzing the values of the key indicators such as Laplacian of electron density(
∇2ρ

)
and energy density (H). Additionally, the greater value of

(
∇2ρ

)
and (H) mani-
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fests the presence of non-covalent interactions between the drug and the C5N2 substrate,
i.e., (H > 0 < ∇2ρ). In contrast, drug@C5N2 complexes exhibit strong attraction when
these parameters manifest a relation, i.e.,

(
∇2ρ < 0

)
, (H < 0). Electronic properties of the

drug@C5N2 complexes were computed through different analyses. Frontier molecular
orbital (FMO) analysis was employed to analyze the electronic structure and charge transfer
characteristics of the complexes mainly concentrating on the HOMO and LUMO molecular
orbitals. For the C5N2 substrate, the drugs, and their complexes, calculations were per-
formed to determine the energies of the HOMO and the LUMO. The energy of the highest
occupied molecular orbital (HOMO) illustrates the electron donating capability (high value
of EHOMO), while the energy of the lowest unoccupied molecular orbital (LUMO) predicts
the electron-accepting ability (high value of ELUMO) of a molecule after the complex forma-
tion. EHOMO represents the ionization potential (I) of the molecule and ELUMO corresponds
to the electron affinity (A) of the system. According to Koopman’s theorem, FMOs are
correlated with the (I) and (A) values by a relation, (I = −EHOMO, A = −ELUMO) [120].

Moreover, another parameter is the energy gap (Eg) between the HOMO and the
LUMO of the complex system which provides significant insights into the adsorption
behavior, reactivity, and stability of the drug at the C5N2 sheet. It is calculated using
the expression,

(
Eg = ELUMO − EHOMO

)
where ELUMO is the lowest energy level of the

unoccupied molecular orbital and EHOMO represents the highest energy level of the occu-
pied molecular orbital. The global reactivity descriptors, including chemical potential (µ),
electrophilicity index (ω), hardness (η), and softness (s), were computed from the energies
of the HOMO and the LUMO at the same level of theory. The reactivity, stability, and
the interaction behavior of the drugs at the C5N2 surface were analyzed by employing
expressions [121],

µ = −
(

I + E
2

)
(5)

ω =
µ2

2η
(6)

η =

(
I − A

2

)
(7)

S =
1

2η
(8)

(µ) is related to the electronegativity of the molecule and its more negative value
depicts the difficulty in the removal of an electron showing less reactivity with higher
stability. (ω) provides insight into the stabilization energy acquired after fulfilling the elec-
trons (gained from the surrounding environment) [122]. A lower value of (ω) corresponds
to the nucleophilicity of a molecule (acts as a nucleophile) while its higher value depicts
electrophilicity of a molecule (acts as an electrophile). The values of (η) and (S) significantly
play their role in the evaluation of the polarizability of the chemical system, i.e., a small
energy gap corresponds to a soft molecule (high polarizability), while a large energy gap is
related to a hard molecule (less polarizability) [123]. The density of states (DOS) justifies
the FMO analysis by providing a comprehensive view of the energy gap and the electronic
properties of the complexes. Evaluation of the orbitals was performed by the FMO analysis
while the states of electron density near the HOMO−LUMO gap (EH−L gap) were analyzed
through DOS using the GaussSum program [124]. Moreover, electron localization function
(ELF) analysis has also been carried out to understand the weak interactions, including
van der Waals forces, by visualizing electron density changes after the formation of a
complex [125]. ELF measures the extent of electron density localization, i.e., (ELF ≈ 1)
refers to high electron localized regions which indicates the presence of covalent bond,
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(ELF ≈ 0.5) refers to electron delocalized regions indicating the presence of non-covalent
interactions, and (ELF ≈ 0) highlights the non-interacting regions with minimum electron
density [126]. We generated color-coded ELF maps to analyze and distinguish between the
localized (covalent) and delocalized (non-covalent) interactions between the drug@C5N2

complexes through Multiwfn v. 3.0.8 program. Natural bond orbital (NBO) analysis is
used to analyze the electronic density shifts between the complexes [127]. Also, it helps
in identifying the charge transfer mechanism between the donor and the acceptor sites
within the drug@C5N2 complexes. Electron Density Distribution (EDD) analysis provides
insights into the charge distribution between atoms within the molecular system [128]. We
have visualized the flow of electrons by analyzing the electron density changes after the
association of the drug@C5N2 system.

3. Results and Discussion
C5N2 is a porous crystalline structure with five fused benzene rings comprising two

types of C-C bonds having bond lengths, i.e., 1.42 Å and 1.37 Å. Each benzene ring is
bridged by a pyrazine ring which constitutes C-N and C-C bond with bond lengths 1.36
Å and 1.39 Å, respectively. Different orientations of the drugs (cisplatin, carmustine, and
mechlorethamine) were considered at different locations on the C5N2 sheet to determine the
most stable configuration of the complex. The spatial distinction of these binding sites can
easily be evaluated through their designations such as (a) located in the central cavity of the
sheet, (b) positioned directly above the benzene ring, (c) located above the pyrazine ring,
(d) aligned just above the hydrogenated benzene ring, and (e) forming a pseudo-cycle with
the nitrogen and hydrogen atoms present at the inside edges of the sheet. The optimized
sheet of C5N2 representing possible active sites is shown in Figure 1.

Figure 1. Optimized structure of the C5N2 sheet at PBE0-D3BJ/def2-SVP level of theory. The central
cavity (a), benzene ring (b), pyrazine ring (c), hydrogenated benzene ring (d), and a pseudo-cyclic
triazine (e) are highlighted as possible active sites of the C5N2 sheet. Gray, blue, and bluish white
colors represent carbon (C), nitrogen (N), and hydrogen (H) atoms, respectively.

After examining different orientations and positions (see Figure S1), the most stable
geometry of the cisplatin is observed over the benzene (b) and pyrazine ring (c) of the C5N2

sheet with an interaction energy of −27.60 kcal mol−1. The two hydrogen atoms (H1 and
H3) of the cisplatin drug interacted with the C2 and N4 of the C5N2 sheet while keeping a
distance of 2.36 Å and 1.92 Å, respectively. The interaction between H1−C2 suggests the
presence of van der Waals interaction while H3−N4 interacted with a relatively shorter
distance which manifests the formation of a hydrogen bond (N−H−N) because it ranges
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between (1.5 Å–2.0 Å) [129]. The platinum Pt5 is linked with the C6 of the C5N2 sheet with a
bond distance of 3.39 Å and the two Cl atoms of the cisplatin (Cl7 and Cl9) show interaction
with the C8 and C10 of the benzene ring of the C5N2 sheet with a highest bond length
of 3.45 Å and 3.40 Å, illustrating van der Waals interaction between the cisplatin@C5N2

complex as shown in Figure 2 and Table 1.

 

 

Figure 2. Stable geometries of the cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2

complexes highlighting interacting atoms and their respective bond lengths (represented by spotted
lines) between the drugs and the C5N2 sheet.
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Table 1. Interaction energies (kcal mol−1) with their corresponding bond lengths (Å) between the
associated atoms of the drugs and the C5N2 carrier after complex formation.

Drug@C5N2
Complex C5N2−Drug Bond Lengths (Å)

Interaction Energy
(kcal mol−1)

cisplatin@C5N2

C2−H1
N4−H3
C6−Pt5
C8−Cl7

C10−Cl9

2.36
1.92
3.39
3.45
3.40

−27.60

carmustine@C5N2

C13−H1
C14−H2
C12−O3
H11−O4
H10−O4
C9−H5
C8−Cl6
N7−Cl6

2.91
2.60
3.15
2.37
2.74
2.73
3.47
3.44

−19.69

mechlorethamine@C5N2

C6−Cl1
C7−H2
C8−H3
N9−H4

N10−H5

3.35
2.69
2.99
2.59
2.24

−17.73

For the carmustine drug, among different orientations (see Figure S2) the most suitable
position is oriented parallelly above the sites (b), (c), and (d) of the C5N2 sheet with an
interaction energy of −19.69 kcal mol−1. The negative values of the interaction energy
ensured the stability of the drug carriers. In addition, the hydrogen atoms, i.e., H10 and
H11 of the C5N2 sheet interacted with O4 of the carmustine drug while maintaining a
bond distance of 2.74 Å and 2.37 Å, respectively, which depicts the formation of a weak
hydrogen bond between O4 and H11 of the complex. The bonding interactions with a
distance of 2.73 Å, 2.91 Å, and 2.60 Å between H5−C9, H1−C13, and H2−C14 atoms,
sequentially, indicate non-covalent interactions between the carmustine and the C5N2 sheet
as they appear outside the normal range of a covalent bond (1.09 Å) [130]. The oxygen O3
interacted with C12 of C5N2 with a bond distance of 3.15 Å. Moreover, the chlorine (Cl6)
atom of the carmustine exhibit interaction with N7 and C8 of the C5N2 sheet with a bond
length of 3.44 Å and 3.47 Å, respectively, further suggesting van der Waals interaction as
shown in Figure 2. For the mechlorethamine drug, among different feasible orientations
(see Figure S3), the most stable configuration is attained at the top of the sites (b), (c), and
(e). However, a chlorine atom (Cl1) of the drug is moved slightly and oriented above the
pyrazine ring of the C5N2 sheet.

The suitable interaction energy of mechlorethamine complexed with the C5N2 is
−17.73 kcal mol−1. Hydrogen atoms (H2 and H3) of the drug exhibit non-covalent inter-
action with the C7 and C8 of the C5N2 sheet by keeping a distance of 2.69 Å and 2.99 Å.
The H4 atom of the mechlorethamine drug is interacted with the N9 of the C5N2 sheet by
2.59 Å. Besides this, a distance of 2.24 Å is observed between H5 and N10 of the drug and
the substrate complex. These bond lengths are outside the normal range of a covalent bond
(1.01 Å) [131] and can be considered weak hydrogen bonds between N−H or van der Waals
interactions (~ 2.0 Å to 3.5 Å) [132] between H−C atoms. Moreover, chlorine (Cl1) is also
linked with the carbon (C6) of the C5N2 sheet while maintaining a bond distance of 3.35 Å,
further confirming that Cl−C is connected through van der Waals interaction. Hence the
negative values of the interaction energies and suitable bond distances manifested the
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potential of cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2 complexes to
be evaluated as drug delivery systems.

The results of interaction energies manifested that the most stable geometry is iden-
tified for the cisplatin@C5N2 complex because of weak hydrogen bonding between the
drug and the substrate. Additionally, the presence of two electron-rich oxygen atoms
in the carmustine@C5N2 complex contributes to its relatively stronger adsorption on the
surface of the C5N2 carrier as compared to mechlorethamine@C5N2 complex as shown
in Table 1. Based on the calculated interaction energies and bond lengths, the adsorption
strength follows the order: cisplatin@C5N2 > carmustine@C5N2 > mechlorethamine@C5N2,
indicating that cisplatin exhibits the strongest binding affinity to the C5N2 substrate. The
most suitable alignment and the position over the C5N2 sheet for cisplatin, carmustine,
and mechlorethamine is represented in Figure 2. The resulting interaction energies of the
complexes (drug@C5N2) with different orientations of the drugs over the substrate are
presented in Table S1.

3.1. Topological Analysis
3.1.1. Non-Covalent Interaction (NCI) Analysis

NCI analysis was performed on the most stable complexes of the cisplatin@C5N2,
carmustine@C5N2, and mechlorethamine@C5N2 to visualize the non-covalent interactions.
The 2D RDG plots and 3D iso surfaces are displayed to visualize the attraction and repulsion
between the drug@C5N2 complexes. Three color codes were employed to examine the
nature of interactions. In the 3D isosurface, the red color reveals the stearic hindrance
and the green color represents van der Waals interactions. In contrast, the blue color
demonstrates the presence of attractive forces between the drugs and the C5N2 substrate
such as hydrogen bonding. Besides this, in a 2D plot, red, green, and blue spikes depict
stearic repulsions, van der Waals interactions, and hydrogen bonding, respectively (as
shown in Figure 3).

The strength of the non-covalent interactions is directly related to the thickness
of a particular patch. For instance, a thick patch leads to a stronger interaction as
compared to a speckled streak which represents weak interactions between the com-
plexes. Moreover, the electron density (on the x-axis) is directly related to the na-
ture of interactions, i.e., high electron density corresponds to stronger interactions be-
tween the complex systems. In 2D plots of cisplatin@C5N2, carmustine@C5N2, and
mechlorethamine@C5N2 complexes, the green color spikes manifest the presence of van
der Waals interactions ranging from (0.00 to − 0.02 sign(λ2)ρ(a.u.)) , showing a significant
correlation with the green color 3D isosurface aligned parallelly over pyrazine, benzene,
and hydrogenated benzene rings of the C5N2 sheet. The red color spikes range from
(0.00 to 0.02 sign(λ2)ρ(a.u.)) , manifesting the presence of repulsive interactions between
the drugs and the substrate. These spikes show consistency with the red color 3D iso-
surface between the conjugated rings of the C5N2 substrate. The widespread blue color
spots in a 2D plot range from (−0.02 to − 0.04 sign(λ2)ρ(a.u.)) , representing weak hy-
drogen bonding between cisplatin@C5N2 complex. In contrast, the absence of the blue
color spikes in 2D RDG plots of carmustine@C5N2 and mechlorethamine@C5N2 complexes
manifest the lack of hydrogen bonding between the drugs and the surface as displayed
with the value ranging from (−0.02 to − 0.05 sign(λ2)ρ(a.u.)) on the x-axis. Moreover,
in the case of the carmustine@C5N2 complex, the green patches are thicker, showing its
greater van der Waals interaction with the C5N2 as compared to the cisplatin@C5N2, and
the mechorethamine@C5N2 complexes. However, the cisplatin@C5N2 complex exhibits
stronger interaction with the substrate due to weak hydrogen bonding. Hence, NCI results
revealed significant coherence with the computed results of the interaction energies and
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the bond lengths, further validating the presence of non-covalent interactions between the
drug@C5N2 systems.

 

Figure 3. The 3D isosurface and 2D RDG plot highlighting non-covalent interactions between the
drugs and the C5N2 substrate. The red color highlights regions of stearic hindrance, the green color
indicates areas of van der Waals interactions, and the blue color represents hydrogen bonding zones.
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3.1.2. Quantum Theory of Atoms in Molecules (QTAIM) Analysis

Quantum theory of atoms in molecules is a primary analyzing tool that provides a
comprehensive understanding of the strength and the nature of atomic interactions within
the molecular system. It helps in evaluating the presence of covalent and non-covalent
bonds at the quantum level. The bonding properties of cisplatin@C5N2, carmustine@C5N2,
and mechlorethamine@C5N2 were fundamentally validated through electronic density (ρ)

at the bond critical points (BCPs) representing the bonding region between the atoms of the
drug and the C5N2 sheet. For the cisplatin@C5N2 complex, three BCPs were found between
H−C, N−H, and Pt−C interacting atoms and two were observed between Cl−C atoms of
the complex (as shown in Figure 4). The values of (ρ) range from (0.032 a.u. to 0.0008 a.u.)
which reflects the presence of van der Waal interaction between the cisplatin and the C5N2

sheet. The highest value of electron density is (0.03 a.u.) between H3 of the cisplatin and
N4 of the C5N2 sheet manifesting weak hydrogen bonding which substantially correlates
with its high interaction energy and decreased bond length. Moreover, the positive values
of energy density (H) and Laplacian of electron density

(
∇2ρ

)
range from (0.00008 to

0.0002 a.u.) and (0.02 to 0.08 a.u.), respectively, exhibiting weak interactions between the
drug and the substrate. The −V/G ratio is used to estimate the interatomic interactions.
It suggests the presence of non-covalent interaction when −V/G < 1, and it reveals the
formation of a covalent bond if −V/G > 2. These values vary from 0.83 a.u. to 0.98 a.u.
illustrating non-covalent interactions between the cisplatin@C5N2 systems. Also, the
values of Lagrangian of kinetic energy (G), and potential energy density (V) indicate
non-bonding interactions (as presented in Table 2). In the case of the carmustine@C5N2

complex, eight BCPs were located in which three correspond to C−H interactions, two
were observed between O−H bonds, and one is identified between O−C, Cl−N, and Cl−C
interacted atoms (Figure 4). The values of electron density ( ρ) vary from (0.003 a.u.) to
(0.01 a.u.) indicating van der Waals interaction. Additionally, the values of the Laplacian of
electron density

(
∇2ρ

)
, energy density (H,) and −V/G ratio range from (0.018 to 0.041 a.u.),

(0.0005 to 0.0012 a.u.), and (0.73 a.u. to 0.87 a.u.), sequentially, manifesting non-covalent
interactions between the carmustine@C5N2 complexes. Moreover, the values of other
parameters including Lagrangian of kinetic energy (G) and potential energy density (V)
also illustrate van der Waals interactions (shown in Table 2).

For mechlorethamine, five BCPs were located between the C5N2 and the mechlorethamine
complex. Among them, four BCPs were found between each of the two atoms (H−N
and H−C), while one BCP was observed between Cl1 and C6 interacted atoms (see
Figure 4). The values of the electron density ( ρ) shift from (0.004–0.01 a.u.), exhibiting
non-bonding interactions. Furthermore, the positive values of Laplacian of electron den-
sity

(
∇2ρ

)
change from (0.015–0.045 a.u.), illustrating long-range connections between

the mechlorethamine@C5N2 complex. The values of V/G ratio and energy density (H)
among individual atoms ranging from (0.001 to 0.9 a.u.) and (0.0009 to 0.0001), respectively,
also manifested weak interactions between the mechlorethamine@C5N2 complex. Other
topological parameters including (G) and (V) have exhibited van der Waals interaction be-
tween the complex as shown in Table 2. These QTAIM parameters revealed consistency in
finding the nature and strength of bonding, further manifesting van der Waals interactions
between carmustine@C5N2 and mechlorethamine@C5N2 complexes in combination with
weak hydrogen bonding between cisplatin@C5N2 complexes. Moreover, these computed
results are aligned well and illustrate a significant correlation with the values of interaction
energies and NCI analysis.
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Figure 4. QTAIM analysis of studied drug@C5N2 complexes highlighting interacting atoms with
corresponding bond critical points (BCPs).

Table 2. QTAIM topological parameters including electron density (ρ), the Laplacian of elec-
tron density (∇2ρ), the kinetic energy density (G), the potential energy density (V), the to-
tal energy density (H), and the −V/G ratio of the cisplatin@C5N2, carmustine@C5N2, and
mechlorethamine@C5N2 complexes.

Drugs@C5N2 C5N2−Drug ρ (a.u.) ∇2ρ
(a.u.)

G
(a.u.)

V
(a.u.)

H
(a.u.) −V/G

cisplatin@C5N2

C2−H1
N4−H3
C6−Pt5
C8−Cl7

C10−Cl9

0.0137
0.0329
0.0123
0.0075
0.0082

0.037
0.087
0.034
0.022
0.025

0.008
0.021
0.007
0.004
0.005

−0.008
−0.021
−0.007
−0.004
−0.004

0.0004
0.0002
0.0007
0.0007
0.0008

0.95
0.98
0.90
0.83
0.85

carmustine@C5N2

C13−H1
C14−H2
C12−O3
H11−O4
H10−O4
C9−H5
C8−Cl6
N7−Cl6

0.0058
0.0030
0.0078
0.0100
0.0050
0.0070
0.0063
0.0064

0.018
0.016
0.026
0.041
0.025
0.023
0.022
0.021

0.003
0.004
0.005
0.009
0.004
0.004
0.004
0.004

−0.002
−0.003
−0.004
−0.008
−0.003
−0.003
−0.003
−0.004

0.0008
0.0006
0.0008
0.0009
0.0012
0.0009
0.0008
0.0005

0.75
0.79
0.85
0.89
0.73
0.79
0.80
0.87

mechlorethamine@C5N2

C6−Cl1
C7−H2
C8−H3
N9−H4
N10−H5

0.0081
0.0082
0.0048
0.0091
0.0170

0.026
0.022
0.015
0.028
0.045

0.005
0.005
0.003
0.006
0.011

−0.004
−0.004
−0.002
−0.005
−0.011

0.0009
0.0005
0.0007
0.0005
0.0001

0.84
0.90
0.77
0.90
0.01



Chemistry 2025, 7, 98 14 of 28

3.1.3. Electron Localization Function (ELF) Analysis

ELF analysis was used to analyze the electron density changes and the nature of
interaction after the formation of the complexes. Moreover, it depicts the covalent nature of
bonding (indicated by red color) when its value on the y-axis (representing the degree of
electron localization) varies between 0.800 and 1.00 (on a color scale). However, it suggests
the delocalization of electrons and confirms the presence of non-covalent interactions when
the degree of localization ranges from (0.100 to 0.500) as represented by the blue color in
ELF plots (Figure 5). For the cisplatin@C5N2 complex, the changes in the electron density
occurred due to the interaction between the drug and the C5N2 sheet (highlighted in
Figure 5). The blue color region reflects the presence of non-covalent interaction with a
scale range from 0.100 to 0.400 (on the bond axis). It also suggests the shifting of electronic
density between the interacting atoms of the complex. In the carmustine@C5N2 complex,
the electron density changes are reflected clearly after the interaction of the drug and the
C5N2 sheet. The blue color indicates the area of electron delocalization, further depicting the
presence of van der Waals interaction between the complexes. Moreover, the red color scale
of the C5N2 sheet is shifted from 0.900 (along the bond axis) to the blue color scale (0.200),
manifesting the reduction in the localized electrons (covalent nature) after the formation
of the mechlorethamine@C5N2 complex. These findings indicate the changes and shifting
of electron densities and illustrate the presence of non-covalent interactions between the
drug@C5N2 complexes further correlating with the results of NCI and QTAIM analyses.

Figure 5. Visual depiction of ELF plots of the bare C5N2 sheet and the drug@C5N2 complexes. The
changes in electron density resulting from the interaction between the drug and the C5N2 sheet are
highlighted by a red circle.
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3.2. Analysis of Electronic Properties
3.2.1. Frontier Molecular Orbital (FMOs) Analysis and Chemical Reactivity Descriptors

Electronic properties of cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2

complexes were computed to analyze the reactivity of the complexes using the FMO analy-
sis. It is used to identify the active sites of the drugs to check their potential in biological
systems. During complex formation, HOMO is responsible for the donation of electronic
charges while LUMO corresponds to the acceptance of charges. Furthermore, energies of
HOMO−LUMO and spatial distribution of electronic charges were evaluated and visu-
alized for the drug@C5N2 complexes through FMO analysis. The high value of HOMO
indicates its ability of electron donation, while the high value of LUMO (less negative) illus-
trates its electron-accepting nature as shown in Table 3. The reactivity and chemical stability
of the complexes, i.e., cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2

were explained by a significant variable, H−L gap (the gap between HOMO and LUMO)
represented by (Eg). A small band gap (Eg) reflects high reactivity and polarizability with
low kinetic stability of the complexes and vice versa for a large band gap (Eg), i.e., low
reactivity and polarizability with high kinetic stability of the complexes. Figure 6 repre-
sents the HOMO−LUMO of the C5N2 substrate, cisplatin@C5N2, carmustine@C5N2, and
mechlorethamine@C5N2 complexes, respectively.

Table 3. Energies of the HOMO and LUMO of the drug@C5N2 complexes with their energy gap
Eg (eV), and corresponding chemical reactivity descriptors including chemical potential (µ), elec-
trophilicity index (ω), hardness (η), softness (S), and their respective NBO charges.

Complexes EHOMO
(eV)

ELUMO
(eV)

Egap
(eV)

µ
(eV)

ω
(eV)

η
(eV)

S
(eV)

NBO
(e−)

C5N2 −3.42 −2.82 0.60 −3.12 16.23 0.30 1.67 −
cisplatin@C5N2 −3.41 −2.80 0.57 −3.09 17.68 0.27 1.65 −0.039

carmustine@C5N2 −3.41 −2.80 0.57 −3.09 17.68 0.27 1.65 −0.031
mechlorethamine@C5N2 −3.39 −2.81 0.58 −3.10 16.51 0.29 1.72 0.479

For the bare C5N2 surface, the energy values of the HOMO and LUMO are identified
as −3.42 eV and −2.82 eV, respectively, while their EH−L is 0.60 eV. After the formation of
the cisplatin@C5N2 and carmustine@C5N2 complexes, the energy of the HOMO and LUMO
has been elevated to −3.41 eV and −2.80 eV, sequentially, with the decrease in the energy
gap (0.57 eV). The decrease in the values of the energy gap (E H−L

)
for cisplatin@C5N2

and carmustine@C5N2 complexes is directly associated with the increase in energy of
HOMO−LUMO (indicating their presence at slightly higher energy levels). Moreover,
in the case of the mechlorethamine@C5N2 system, the energy gap is reduced to 0.58 eV
resulting from the elevation of the energy of HOMO (−3.39 eV) and LUMO (−2.81 eV).
However, the decrease in the energy gap of the complexes corresponds to the enhancement
of the chemical reactivity of the C5N2 substrate (as compared to the pristine C5N2 sheet) as
shown in Table 3.

Among these complexes, the energy of HOMO of mechlorethamine@C5N2 complex
(−3.39 eV) indicates its tendency of electron donation as it is shifted on a higher energy
level, while the energy of LUMO of cisplatin and carmustine (−2.80 eV) reflects its ability of
electron acceptance within the complex. The reduction in the energy gap manifests a feasi-
ble interaction owing to an effective charge transfer between the drugs and the C5N2 sheet,
resulting in a stabilized complex. The orbital spatial distribution of the cisplatin@C5N2,
carmustine@C5N2, and mechlorethamine@C5N2 complexes is represented in Figure 6. In
the case of cisplatin@C5N2 and carmustine@C5N2 complexes, the isosurface of the HOMO
is completely distributed over the C5N2 surface while LUMO is spread slightly over their re-
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spective drugs. In contrast, in the mechlorethamine@C5N2 complex, the HOMO isosurface
is widely distributed over the mechlorethamine drug and the substrate while the LUMO is
entirely dispersed over the surface of the C5N2 sheet. These electron cloud patterns reflect
electron density shifts between the drugs and the C5N2 carrier after complex formation
and exhibit a major correlation with the findings of the interaction energy and the topology
analyses. The reactivity and stability of the drugs, the C5N2 substrate, and the drugs@C5N2

complexes are explained by the computed values of the chemical reactivity descriptors.
The more negative value of (µ) in the mechlorethamine@C5N2 complex (−3.10 eV) in-
dicates its least reactivity and higher stability as compared to the cisplatin@C5N2 and
carmustine@C5N2 complexes with relatively less negative (µ) value (−3.09 eV). Moreover,
a lower value of (ω) in the mechlorethamine@C5N2 complex (16.51 eV) manifests its nu-
cleophilic nature towards the C5N2 sheet while a high (ω) value in the cisplatin@C5N2

and carmustine@C5N2 complexes (17.68 eV) indicate their electrophilic nature towards the
C5N2 substrate. Between the drug@C5N2 complexes, the highest hardness value is (0.29 eV)
in the mechlorethamine@C5N2 complex, manifesting its less polarizability and a harder
nature having a large energy gap as compared to the cisplatin@C5N2 and carmustine@C5N2

complexes as presented in Table 3. These findings demonstrate a better interaction of the
drugs with the C5N2 sheet and illustrate enhanced stability in (mechlorethamine@C5N2

complex) and higher reactivity in cisplatin@C5N2 and carmustine@C5N2 complexes.

Figure 6. Spatial distribution of the HOMO−LUMO of the bare C5N2 sheet along with the
drug@C5N2 complexes.

3.2.2. Density of States (DOS) Analysis

The electronic structure of the complexes, i.e., cisplatin@C5N2, carmustine@C5N2, and
mechlorethamine@C5N2 were evaluated through the DOS analysis to visualize the energy
levels and their relative positions. The contributions of the HOMO−LUMO and the EH−L
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gap within the complexes were also verified through the DOS plots as shown in Figure 7.
The DOS spectra of the cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2

complexes manifest a slight shift in the HOMO−LUMO peaks as compared to the peaks
of the pristine C5N2 sheet (−3.42 eV and −2.82 eV, respectively). The HOMO of the
cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2 complexes is shifted to a
less negative position (−3.41 eV and −3.39 eV) while LUMO emerged at (−2.80 eV and
−2.81 eV) suggesting enhanced chemical reactivity and a charge transfer between the
interacting atoms of the complexes. The peak intensities reflect the contribution of the
orbitals and the availability of the electronic states at a specific energy level. Hence, the
shifting of the peaks and the enhancement of the orbitals of HOMO−LUMO result in the
reduction in the energy gap which further reinforces the findings of the FMO analysis.

Figure 7. Graphical illustration of DOS spectra highlighting the HOMO−LUMO energy gap of the
bare C5N2 sheet and drug@C5N2 complexes.

3.2.3. NBO and EDD Analyses

Natural bond orbital analysis plays a significant role in illustrating the transfer of
charges between the drug@C5N2 complexes. After the formation of the cisplatin@C5N2

complex, the value of NBO charge on the cisplatin drug is increased to −0.039 e− which
shows the electronic density is shifted from the C5N2 sheet to the cisplatin drug. The
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negative charge of nitrogen and chlorine atoms bonded with H1, H3, and Pt5 has also been
elevated to −0.98 e−, −0.99 e−, and −0.39 e− in sequence from −0.20 e− and −0.33 e− after
complex formation. Moreover, the charge on H1, H3, and Pt5 atoms of the cisplatin drug has
also been increased from 0.180 e−, 0.169 e−, and 0.04 e− to 0.419 e−, 0.430 e−, and 0.24 e−,
respectively, after the interaction with C2, N4, and C6 making H1, H3, and Pt5 atoms of
the drug electron deficient. However, the amount of charge attracted from the sheet is
greater than the charge donated by the drug, manifesting that the major electron density is
shifted from the C5N2 sheet to the cisplatin drug after interaction. In the carmustine@C5N2

complex, the negative value of the NBO charge (−0.031 e−) illustrates the transfer of
electronic density from the C5N2 sheet to the carmustine drug. The oxygen atoms of the
carmustine attract electrons towards themselves making the C5N2 sheet electron deficient.
The negative charges on O3 and O4 of the carmustine have been increased from −0.24 e−

and −0.25 e− to −0.62 e− and −0.39 e−, respectively, after complexation with C12, H10, and
H11 of the C5N2 substrate. The value of negative charge on the nitrogen of carmustine has
also been elevated from −0.32 e− to −0.34 e−. Moreover, the positive values of the electronic
charges in the alkyl chain of carmustine intensified up to −0.40 e−, −0.24 e−, −0.25 e−, and
−0.38 e− after complex formation. These clear escalations in the charge values of cisplatin
and carmustine manifests their electron-accepting nature while presenting C5N2 as a donor
substrate in the cisplatin@C5N2 and carmustine@C5N2 complexes. In contrast, the positive
value of electronic charge (0.479 e−) over mechlorethamine indicates the transfer of charge
from the drug to the C5N2 sheet. The nitrogen (N10) attracts electron density from the H5
atom of the mechlorethamine and its charge value is increased from −0.51 e− to −0.56 e− in
a complex. The charge on Cl1 is decreased from −0.21 e− to −0.10 e− after interacting with
C6 of the C5N2 sheet. These findings show that the charge had been transferred from the
mechlorethamine drug to the C5N2 sheet in a complex system. Hence in the cisplatin@C5N2

complex, the highest amount of charge, i.e., (0.039 e−) is shifted from the C5N2 surface to
the drug molecule, while in mechlorethamine@C5N2, 0.479 e− of charge is captivated from
the drug molecule to the pyrazine and benzene rings of the C5N2 substrate after association
as shown in Table 3.

To validate and comprehend the NBO results, EDD was performed to elucidate the
electron density shifts between the drug and the C5N2 sheet in the drug@C5N2 complexes.
Two color codes were used to analyze the charge accumulation and depletion, i.e., red and
blue, sequentially, after the association of the drug and the C5N2 carrier. The EDD results
were computed by subtracting the sum of the individual electron densities of drugs and the
C5N2 sheet from the electron density of drug@C5N2 complexes as represented by ∆ρ where

∆ρ = ρdrug@C5N2 −
(

ρC5N2 + ρdrug

)
(9)

The negative values of ∆ρ are represented by red (charge accumulation) while the
positive value of ∆ρ is indicated by blue color (charge depletion) as represented by EDD
portrayals in Figure 8. For the cisplatin@C5N2 complex, the electron density is shifted from
the benzene ring of the C5N2 carrier (as represented by the blue color isosurface) to the
electronegative chlorine and nitrogen atoms of the drug (depicted by the red color isosurface
over the drug molecule). Moreover, the nitrogen and carbon atoms of the pyrazine ring of
the C5N2 sheet accepted electron density (depicted by the red isosurface) from the hydrogen
atoms of the cisplatin (illustrated by the blue color isosurface over H1 and H3 atoms) after
interaction as shown in Figure 8. In the carmustine@C5N2 complex, the electron density is
shifted from the conjugated pyrazine and benzene rings of the C5N2 surface (as illustrated
by the blue color isosurface) to the electronegative atoms of the drug (indicated by the red
color) after their interaction within a complex. The red color isosurface is also distributed
over the edged aromatic pyrazine ring of the C5N2 sheet because it exhibits the least
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interaction with the drug molecule. In the mechlorethamine@C5N2 complex, the blue color
isosurface of the drug (mainly on H atoms) represents electron deficiency after interaction
with the substrate atoms. Moreover, the red isosurface over pyrazine and benzene rings of
the substrate depicts the withdrawal of electron density from the drug (H5 and C7) to the
C5N2 sheet after complex formation as indicated by Figure 8. Consequently, the isosurface
and findings of EDD correlate significantly with the results of FMO and NBO analyses.

 

 

Figure 8. The portrayal of the electron density distribution of cisplatin@C5N2, carmustine@C5N2,
and mechlorethamine@C5N2 complexes. The red color represents the electron density accumulated
region while the blue color is related to the electron density depleted region.

4. Recovery Time
The desorption of the anticancer drugs plays a crucial part in targeted drug deliv-

ery which was evaluated by analyzing the recovery times of the drugs. The theoretical
calculation of the recovery time (τ) [133] for the desorption of cisplatin, carmustine, and
mechlorethamine from the surface of the C5N2 sheet was performed using the expression

τ = υ−1e(
−Eads

KT ) (10)

Here, T is the temperature, v is the attempt frequency (v = 1016 s−1) [134] and K is the
Boltzmann’s constant (~1.99 × 10−3 kcal mol−1 K−1). At 473 K, the recovery time of the
cisplatin@C5N2 and the carmustine@C5N2 complexes is 5.43 × 10−4 s and 1.22 × 10−7 s,
respectively. Moreover, for the mechlorethamine@C5N2 complex, the recovery time is
1.52 × 10−8 s. These findings manifest that mechlorethamine and carmustine will desorb
faster having shorter recovery times, while cisplatin will desorb slowly following the order,
i.e., cisplatin@C5N2 < carmustine@C5N2 < mechlorethamine@C5N2, further correlating
with the results of interaction energies. Moreover, the recovery time of the drugs is ex-
ponentially decreased with the increase in the temperature as shown in Table S2. These
exponential temperature-dependent trends demonstrate how thermal energy can modulate
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drug release rates, suggesting potential for hyperthermia-triggered delivery in therapeutic
applications [135].

5. Solvent Effect
To gain insight into the interaction and stability of the drug@C5N2 complexes in a

realistic media, SMD (solvation model based on density) is employed at the same level
of theory [136]. This model provides a precise illustration of both the electrostatic and
non-electrostatic interactions of the system and is parameterized for a wider range of sol-
vents [137,138]. Moreover, it can calculate the solvation energies that are crucial for bonding
and interaction strengths of large and complex geometries with different solvents [139,140].
It has also been used to evaluate the hydration-free energies in drug design [141]. Since
water is a key component of the human biochemical system, it was used as a solvent in
this study. The influence of the solvent on interactions between the drug molecules and the
C5N2 substrate was investigated using the expression [142]

∆Esolvation = Esol − Egas (11)

∆E corresponds to the solvation energy of the complex, where the total energy of the
complexes, i.e., drugs@C5N2 in solvent and gas phases is represented by Esol and Egas,
respectively. The solvation energy of the cisplatin@C5N2, and carmustine@C5N2 complexes
is increased to −65.13 kcal mol−1 and −51.11 kcal mol−1, respectively, which confirms their
stability in the aqueous phase. Additionally, for the mechlorethamine@C5N2 complex, the
solvation energy is increased to −46.82 kcal mol−1, manifesting its significant adsorption
in water media. These negative values revealed stable interaction of the drugs with the
C5N2 substrate in the solvent phase. The dipole moment is another parameter that is used
to investigate the solubility and polarity of a complex in an aqueous phase. The calculated
value of a dipole moment for the C5N2 substrate, cisplatin@C5N2, carmustine@C5N2, and
mechlorethamine@C5N2 are observed as 0.02 D, 6.10 D, 2.69 D, and 1.83 D in gaseous and
0.30 D, 7.43 D, 5.33 D, and 2.43 D in solvent phases, respectively. Compared to the C5N2

sheet, the high dipole moment of the complexes indicates better solubility, localization,
and directional interaction in polar solvents. This manifests that the hydrophilicity of the
cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2 complexes also increases
after complexation, which facilitates easy circulation of the drugs within the biological
systems. The values of the solvation energy of cisplatin@C5N2, carmustine@C5N2, and
mechlorethamine@C5N2 complexes with their respective dipole moments in gaseous and
solvent phases are presented in Table S3. The solvation energy analysis combined with
dipole moment shifts reveals how aqueous environments promote drug release through
competitive hydrogen bonding and electrostatic screening [143]. Notably, pH-dependent
studies manifest that solvation effect is significantly enhanced in acidic conditions, where
protonation of substrates nitrogen sites reduces drug coordination strength compared to
physiological pH, which is further advantageous for targeted drug delivery [144].

By aligning these theoretical insights with experimental designs, this study provides
clear insight toward biomedical applications of C5N2 in targeted cancer therapy. The ob-
served favorable interaction energies, solvation characteristics, and fast recovery times sug-
gest that C5N2 can effectively load and release cisplatin, carmustine, and mechlorethamine
under physiological conditions. These findings point toward its promising use in targeted
chemotherapy, where site-specific drug release is critical to minimizing side effects. Future
experimental validation, including in vitro cytotoxicity tests and in vivo pharmacokinetic
studies [145], would be useful to validate theoretical results into clinical practice. Moreover,
tunable surface properties of C5N2 offer opportunities for functionalization with targeting
ligands [146], which enable its precise delivery to specified cancer cells. Our computed
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interaction trends are also consistent with reported experimental and theoretical findings,
further supporting the validity of this approach [147].

6. Conclusions
Computational studies were performed to analyze the interaction behavior of anti-

cancer drugs including cisplatin, carmustine, and mechlorethamine over the surface of the
C5N2 sheet using DFT calculations. Geometry optimization of the drugs, C5N2 sheet, and
their complexes (cisplatin@C5N2, carmustine@C5N2, and mechlorethamine@C5N2) was
performed at the PBE0-D3BJ/def2SVP level of theory. Different positions of the drugs over
the substrate were validated and the most suitable configuration was used to analyze the
nature of interaction between the complexes. The highest interaction energy was obtained
for cisplatin@C5N2 (−27.60 kcal mol−1) following carmustine@C5N2 (−19.69 kcal mol−1)
and mechlorethamine@C5N2 (−17.79 kcal mol−1) complexes. Topology analysis of the
complexes was performed to analyze the strength and the type of bonding between the
drug@C5N2 systems. The QTAIM and NCI analyses of the complexes manifested the
presence of non-covalent interactions between the drug and the C5N2 sheet. In the case
of carmustine@C5N2 and mechlorethamine@C5N2 complexes, van der Waals interactions
were observed as green color isosurface and patches in 3D and 2D RDG plots. Conversely,
weak hydrogen bonding has also been observed in the cisplatin@C5N2 complex as depicted
by the blue color spots in a 2D NCI plot. The higher values of electron density (ρ) and Lapla-
cian of electron density (∇2ρ) manifested non-covalent interactions correlating with the
NCI results. ELF analysis was carried out to estimate the degree of electron delocalization
between the complexes. Reactivity and interaction of the complexes were enhanced with
the reduction in the HOMO−LUMO gap (Eg

)
. The chemical potential and electrophilic-

ity index of the cisplatin@C5N2 and carmustine@C5N2 complexes indicate their higher
reactivity while mechlorethamine@C5N2 is the least reactive among them. DOS analysis
exhibited a significant correlation with the findings of the FMO analysis, further confirming
the decrease in the energy gap due to the shifting of the peaks and the enhancement of the
orbitals. Electron density shifts were computed and analyzed through NBO analysis and
EDD portrayals. Recovery time was calculated to analyze the desorption behavior of the
drugs from the C5N2 surface. The mechlorethamine drug recovered faster while carmustine
and cisplatin drugs manifested slow recovery from the surface of the C5N2 sheet, exhibiting
a substantial correlation with the results of the interaction energy. SMD solvation model
was employed to evaluate the solvation energy of the complexes and the calculations were
performed at the same level of theory by employing water as a solvent. The interaction
of the complexes was enhanced in solvent media. The higher values of the dipole mo-
ment indicate better solubility, localization, and directional interaction of the complexes
in a solvent phase. Moreover, the observed interaction energies, solvation behavior, and
electronic properties support the stability and bioavailability of the drug@C5N2 complexes.
These findings lay the groundwork for future experimental validation, including drug
loading capacity measurements, controlled drug release kinetics, surface functionalization
strategies and in vitro–in vivo biocompatibility studies of C5N2-based substrates. Further
experimental work will be essential to translate these computational insights into practical
biomedical applications.

Supplementary Materials: The following supporting information is available online:
https://www.mdpi.com/article/10.3390/chemistry7030098/s1. Figures S1–S3: Optimized geome-
tries of the cisplatin@C5N2, carmustine@C5N2 and mechlorethamine@C5N2 complexes with different
orientations of the drugs over the C5N2 sheet; Tables S1–S3: Interaction energies (kcal mol−1), recov-
ery time (τ) at different temperatures, solvation energies (kcal mol−1, and dipole moment (D) in gas
and solvent media of the drug@C5N2 complexes.
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