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ABSTRACT: Spurred by the latest developments and growing

utilization of zero-dimensional (0D) drug delivery and drug - M Pyl 2
sensors, this investigation examines the possibilities of the 0D C35 | - & i ;f,jc:; st ¥
fullerene for drug delivery and the detection of the anticancer drug -1 Wty “ "':';:"

chlormethine (CHL), the overabundance of which poses a = &

significant threat to living organisms. This study employs density Dy DL NI Al

functional theory and ab initio molecular dynamics (AIMD) do

simulations (AIMD) to evaluate and gain insights into the —— \‘ : ] l
interaction mechanisms between pristine Cs4 fullerene, metal— . B S ! 4'~
metalloid (MM)-modified C;4 fullerene (with Al, Fe, and B), and  ° 3 3‘£¢§3 & I
the anticancer drug CHL. It is observed that in the gas phase, the = L s

CHL drug molecule adsorbs onto the fullerenes in the following

order: B—Cs5 > Fe—C;5 > Al-Cys > Ci. However, when

considering the solvent effect, the adsorption energy of the CHL drug molecule on B—Cjy4 increases, indicating chemisorption
behavior. This implies that B—C;4 could be a promising candidate for drug delivery applications, particularly for the CHL anticancer
drug. In contrast, the adsorption energy of the CHL drug molecule on Fe—Cs4 decreases with the presence of the solvent, resulting
in intermediate physisorption. Due to its minimal recovery time, excellent sensing response, intermediate physisorption, and shorter
interatomic distance compared to Css and Al—Cs¢ fullerenes, Fe—C;4 is well-suited as a drug sensor for CHL. AIMD simulations
demonstrate that the B—C;,/CHL and Fe—C;,/CHL complexes are well-equilibrated and highly stable in the aqueous phase at 300
and 310 K respectively, with no evidence of bond breakage or formation. The structural stability observed, even with temperature
fluctuations, indicates that the electrostatic interactions are robust enough to maintain cohesion of the fragments.

1. INTRODUCTION conducted on fullerene isomers such as C,, C,,, Cg, and
C,¢, predicting their significant utility in biological applications.
These include biosensing,“’12 drug delivery,13 drug sensing,14
and antibacterial activity,IS among others, in recent research.
In our earlier theoretical research, we identified C,, fullerene as
a promising candidate for both biosensing and drug sensing
applications.”'*'” In a separate study, we investigated the
interaction of C,,, Cs4 Cso, and Co fullerenes with the amino
acid r-leucine using both density functional theory (DFT) and
classical MD simulations.'® We found that the smaller
fullerenes exhibit better binding energy with L-leucine. Building
on this, we observed that the experimentally synthesized non-
IPR Csy4 (Dg,) fullerene demonstrates a particularly intriguing
interaction with the biomolecule in an aqueous environment.

Fullerenes are highly valued in scientific research, not just for
their striking appearance but also for their extraordinary
properties. Their distinctive capacity to act as electron
acceptors in both solid and liquid states distinguishes them."
Following the macroscopic-scale Cg, synthesis discovered by
Kroto, attention swiftly shifted toward developing functional
systems with a view to potential applications.” Various
fullerene derivatives have exhibited a range of physical
properties that make them attractive for applications in
material science,” pharmaceuticals,* and biological research.’
Their distinct hydrophobic nature allows them to dissolve
more easily in organic solvents than that in polar solvents. This
property is beneficial for maintaining excellent electrochemical
behavior with biomolecules, along with high electron affinity
and ionization potential for interactions.® Additionally, full-
erenes have been successfully utilized as electrochemical nano
sensors due to their biocompatibility, high-surface area from
their spherical shape, and lower toxicity to living micro-
organisms compared to graphene and carbon nanotubes
(CNTs).”” ' Numerous theoretical studies have been
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Its interaction energy significantly increased compared with the
other fullerenes, attributed to its lower band gap relative to C,,,
Csoy and C,y. Furthermore, Cj;4 fullerene has garnered
significant scientific attention due to its fused five-membered
rings, which create substantial strain and increase its
reactivity.'”*" Reina et al. also suggested that Cs4 fullerene
holds gromise as a nano vehicle for delivering neuroprotective
drugs.”'

Rising concerns about counterfeit pharmaceutical products
and the questionable practices of the pharmaceutical industry
have become global issues. The effectiveness and reliability of
anticancer drugs are determined by a thorough evaluation of
their active ingredient content.”> Due to the significant risk to
human health, the detection and delivery methods of such
drugs, particularly the synthetic ones, are of enormous interest
and concern in the developed world.**** Chlormethine (2-
chloro-N(2-chloroethyl)-N-methylethan-1-amine, CHL) is a
well-known nitrogen mustard anticancer drug first synthesized
in 193S. It functions by binding to DNA, creating cross-links
between DNA strands and thereby inhibiting cell replication.
This drug has been extensively used in the treatment of
cancers, such as prostate cancer, myelocytic leukemia, and
polycythemia vera. However, excessive use of CHL can lead to
severe health issues, including bone marrow damage, skin
alterations, and even blindness.”>~>’ Therefore, developing
sensors and drug carriers for accurate detection, quantification,
and delivery of CHL could help optimize dosage and reduce its
toxicity. Numerous theoretical studies have explored the
interaction mechanisms between CHL and fullerene-like
structures beyond graphene. For example, Hossain et al
predicted that CHL exhibits more stable adsorption with Ni-
decorated boron nitride nanocages in both water and gas
phases compared to Fe, Co, Cu, and Zn-decorated
nanocages.”” Another 0D fullerene-like material studied for
its interaction with CHL is the B,,0,, nanocluster, as reported
by Gholami and Solimannejad.”® The adsorption energies of
CHL on the B,,0,, nanocage for the most stable complexes
range from —1.47 to —1.36 eV in both the gas phase and
aqueous media. Although experimental methods like high-
performance liquid chromatography and capillary electro-
phoresis are used for biosensors and drug delivery systems,
their widespread application is limited due to high costs and
complex techniques.””*° DFT has proven useful in overcoming
these experimental limitations by modeling and designing
nanomaterials. It offers reliable results at lower costs, is less
time-consuming, and presents fewer risks.

Consequently, given its notable properties, the Cs4 fullerene
has been selected as the channel material to achieve a high-
performance CHL nano sensor and carrier in this study. We
employ first-principles DFT to study the CHL adsorption on
pristine and metal—metalloid (MM)-modified C,¢. The choice
of metals (Al, Fe) and metalloid (B) for decorating Cyq
fullerenes is driven by their potential to strengthen binding
interactions, alter electronic properties, ensure biocompati-
bility, enhance structural stability, and boost therapeutic
effectiveness.”’ Boron (B) has been widely studied due to its
ability to enhance binding interactions with fullerene
structures, as demonstrated in prior research, making it a
promising candidate for modifying electronic properties while
maintaining biocompatibility and structural stability.”*~**
Aluminum (Al), on the other hand, is known for its
lightweight, cost-effectiveness, and ability to create stronger
interactions with fullerene surfaces, which can contribute to

the overall stability and therapeutic effectiveness of the
functionalized structure.>* Iron (Fe) has been chosen for its
magnetic properties, potential for enhancing electron transfer,
and biological relevance, particularly in drug delivery
applications.”> By selection of these elements, our research
focuses on identifying the adsorption sites and binding
energies of CHL on Cs4 fullerenes with surface modifications.
We methodically investigate both the electronic and geometric
aspects of these interactions to provide comprehensive insights
into the binding mechanism and charge transfer involved in the
adsorption process. The calculations demonstrated that
decorating the surface of the Cs¢ fullerene with MM elements
improved its conductivity and enhanced charge transfer,
leading to a better CHL adsorption performance. Additionally,
the thermal and dynamic stabilities of the modified system
were assessed, along with various factors influencing the
practical effectiveness of the sensor and carrier material. The
expected results are likely to reveal how MM modifications
affect the adsorption behavior of organic molecules on
surfaces. These findings offer considerable potential for
advancements in the sensor technology, drug delivery systems,
and chemical catalysis.

2. COMPUTATIONAL DETAILS

To perform the structural optimization of CHL and fullerenes,
electronic calculations were conducted using the Gaussian 09
package. The DFT/B3LYP method was applied with the 6-
31G(d,p) basis set, incorporating Grimme’s D3 dispersion
correction. The adsorption energy, E, 4 is defined as

Ead = Efullerens/CHL - (Efu]lerens + ECHL) (1)

Here, Egjerenes corresponds to the energy of the optimized
fullerenes, and Ecyy, and Egerens/crr are the energies of the
isolated CHL and the optimized fullerenes with the adsorbed
CHL, respectively. The highest occupied molecular orbital
(HOMO)—lowest occupied molecular orbital (LUMO)
energy gap (EG) Eg defined by the difference between the
LUMO and HOMO called the HOMO—-LUMO energy gap
(Eg) and is expressed as

Eg = Erymo — Enomo (2)

Lastly, ab initio molecular dynamics (AIMD) simulations
were carried out to investigate the impact of temperature on
the interaction of the most stable formed complex.’**” AIMD
simulations were conducted using the Atom-Centered Density
Matrix Propagation (ADMP) method at the B3LYP-D3/6-
31G(d,p) level of theory to optimize computational resources.
At room temperature (T = 300 K), minimum points in the
potential energy surface (PES) were examined and an AIMD
simulation ran for 200 fs. According to Gaussian 09
convergence standards, forces, root-mean-square (RMS)
force, maximum displacement (predicted displacement for
the next step), and RMS displacement should ideally approach
zero, meaning that each parameter must fall below its specified
threshold. However, an exception exists for large-molecule
optimizations, which is especially relevant to organometallic
complex design. Specifically, if forces reduce to levels 2 orders
of magnitude below the threshold (1/100th of the cutoff), the
geometry is considered converged, even if the displacement
slightly exceeds its threshold.”® This criterion is particularly
useful in optimizing organometallic geometries as it addresses
cases where optimization could continue without energy
changes due to a flat PES around the minimum. Once these
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Figure 1. Optimized structure of (a) Cyq, (b) Al—Cyq, (c) Fe—Cjyg, and (d) B—Cyg fullerene and (e) CHL.

conditions are met, the geometry is treated as converged,
enabling further calculations of that structure.

3. RESULTS AND DISCUSSION

3.1. Geometry Optimization of the C;; Al-C;, Fe—
Cse and B—C;q Fullerene and CHL. This section provides a
detailed analysis of the interaction between the chosen
anticancer drug CHL and both pristine and MM-modified
C;¢ fullerene. Initially, all selected molecular structures—
including Cs4, Al—C;4, Fe—Cjy4 B—Cyg fullerene, and the CHL
drug molecule—were optimized using DFT-D3/B3LYP with
the 6-31G(d,p) basis set. The resulting optimized geometries
are illustrated in Figure 1. We began by optimizing the pristine
Cj4 fullerene, which belongs to the Dg, point group and
features both hexagonal and pentagonal rings. The bond
lengths observed in the Cs4 structure are 1.365 A for C=C
bonds and 1.463 A for C=C bonds. The calculated energy gap
(Eg) is 1.092 eV, with HOMO and LUMO energies of —5.184
and —4.092 eV, respectively (refer to Table 1). The calculated
bond lengths and EG show a good correlation with the
previously reported literature.'® ™' To enhance the adsorption
mechanism and stability, the pristine Cs4 fullerene was further
modified by incorporating MM elements such as Al, Fe, and B.
Considering the various feasible adsorption sites on the Cj4
fullerene, we carried out geometry optimizations and
calculated the total energy for all MM-C;s models. The
binding energies of the MM elements on Cs4 were determined
by using the following binding energy equation.

AEy = Ecsgpnm — (Eczs + Eyg) (3)

Table 1. Calculated Values of HOMO—-LUMO Gap (Eg),
Cohesive Energy (Ec), Binding Energy (AEg), and Binding
Distances (d) of the MMs for the Fullerenes

system E, (eV) E¢ (eV/atom) AEg (kJ/mol) d (nm)
Cse 1.093 -8252
Al-C36 1.967¢ —8.085 —203.48 0.209
1.973¢
Fe—C36 1.094 —8.027 —277.86 0.189
B-C36 1.923% —8.132 —369.42 0.141
1.973¢

In this study, Ecsszy and Eygy represent the energies of the
modified C;4 fullerene and the individual MM atom,
respectively. Notably, the MM showed a strong preference
for binding above the C site, where it achieved the highest
binding energy. The corresponding binding energies and
distances are detailed in Table 1.

In this study, Ecssam and Eygy represent the energies of the
modified Cj4 fullerene and the individual MM atom,
respectively. Notably, the MM showed a strong preference
for binding above the C site, where it achieved the highest
binding energy. The corresponding binding energies and
distances are detailed in Table 1.

The B atom demonstrates the strongest binding to the
surface of C;, followed by Fe and Al, with binding energies of
—369.42, —277.86, and —203.48 kJ/mol, respectively. As
shown in Figure 1, the relaxed geometries of the MM-modified
Cy4 structures reveal that the B, Fe, and Al atoms protrude
above the C atom of the Cj4 fullerene, with the shortest
distances being 0.141, 0.189, and 0.209 nm, respectively (for
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Figure 2. IR of (a) Cyq (b) Al—Cyg, (c) Fe—Cyg, and (d) B—Csyg fullerene.

the optimized coordinates, see Supporting Information Section
S9). The significant binding energy and minimal binding
distance indicate that the MM:s establish a covalent bond with
the C atoms on the surface of Ci4 fullerene. This strong
bonding is crucial for ensuring the stability of the system.
We also computed the cohesive energies (E.) for both the
pristine and modified fullerenes, as shown in Table 1. Their
stability is confirmed by the high magnitudes and negative
values of these cohesive energies. To further validate stability,
we examined the infrared (IR) spectrum frequencies by
analyzing the vibrational modes. We found that all the
vibrational modes of the selected fullerenes exhibit real
frequencies, ranging between 200 and 1600 cm™" (Figure 2).
Figure 3 illustrates the electron density distributions for the
HOMO and LUMO orbitals of the selected fullerenes. The
frontier molecular orbitals (FMOs), which include the HOMO
and the LUMO, are crucial for investigating the electronic
properties of smaller fullerenes.’” The HOMO, located on the
donor moiety, acts like a valence band, whereas the LUMO,
positioned on the acceptor moiety, functions similarly to a
conduction band. The band gaps (Eg) are defined as the
energy difference between the HOMO and LUMO levels (see
Table 1). There is an inverse correlation between the
molecular band gap (Eg) and reactivity. Molecules with low
Eg values generally show decreased stability and softer
characteristics, but they also exhibit enhanced charge transport
capabilities. In the HOMO and LUMO structures, green and
red colors represent the negative and positive phases,
respectively.’” Notably, Figure 3 demonstrates a uniform

49789

distribution pattern of the HOMO and LUMO orbitals across
the MM-modified fullerenes. In our study, we observed alpha
(a) and beta (f) contributions to the HOMO—LUMO gap in
B- and Al-decorated Cs4 fullerenes. The addition of B or Al
induces electron transfer, either donating or withdrawing
electrons from the Cs4 cage. This electron transfer leads to a
splitting of the alpha and beta orbitals, creating distinct
HOMO and LUMO levels for each spin state. For all four
fullerenes, the LUMO is primarily located near the outer
surface of the spherical structure. Conversely, the HOMO for
each fullerene exhibits a higher electron density toward the
center of the sphere and a lower density on the outer surface.
Moreover, we observed a notable localization of HOMO and
LUMO electron densities at the edges of MM-decorated
fullerenes, unlike in the pristine Cs4. Finally, after confirming
the ground-state properties of the various fullerenes, we
proceeded to optimize the CHL drug molecule.””***"**

We performed electrostatic potential (ESP) mapping to
identify the optimal sites for potential interactions. Figure 4
displays the charge distribution for both the systems and the
CHL molecule. In the ESP mapping, red areas indicate regions
of high electron density and attractive or negative potential,
while blue areas denote regions of electron deficiency or
positive potential, with neutral regions in between. For pristine
C;s blue regions were observed in the hollow portions.
However, in the MM-decorated Cs¢ cases, these blue regions
shift toward the MM atoms. In the cases of B and Fe
decoration, we observed a pronounced positive potential
region at the B and Fe sites, compared to the Al case.
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Figure 3. LUMO and HOMO electron contribution of (a) Csq (b) Al-Cs4 (@ and ), (c) Fe—Csq, and (d) B—Cy¢ (a and f) fullerene.
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Figure 4. ESP of (a) CHL, (b) Cy, (c) Al—Cjyq, (d) Fe—Cyg, and (e) B—Cjyq fullerene (EPS) from —0.05549e to 0.05549e.
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Figure S. Minimum energetic geometry of CHL adsorbed over (a) Cj, (b) Al—Cjyq, (c) Fe—Cyq, and (d) B—Cy, fullerene, respectively.

Table 2. Calculated Value of Adsorption Energy (E,q), LUMO Energy (E yymo), Fermi Level (Eg), HOMO Energy (Egomo),
HOMO-LUMO Gap (Eg), Relative Change in E; (AEg), Relative Change in Eg (AEgyg), and Adsorption Distance (d) of
CHL Adsorbed over C;4, Al—C;4, Fe—Cj;4, and B—C; Fullerene, Respectively

complex E,q (KJ/mol) Eromo (eV) E; (eV)
C;¢/CHL —39.07 —4.092 —4.630
Al-C;,/CHL —41.87 —3.358% —4.320*
—3.4717 —4.450/

Fe—Cy/CHL —141.83 —3.377 -3.928
B—C,¢/CHL —179.26 —2.875% —3.750%
-3.108" -3.940/

Enomo (EV) Eg (eV) Epr (%) Egr (%) d (nm)
—5.184 1.092 0.795 —0.12441 0.361
—5.292¢ 1.933¢ 0.64586% —1.742% 0.315
—5.425" 1.954/ 0.758" —0.993/

—4.477 1.099 —4.5432 0.44743 0.224
—4.624" 1.749% —15.415% —9.039% 0.158
—4.773 1.665" —13.245/ —15.6327

Additionally, the chlorine atoms in the CHL drug molecule
exhibit strongly negative electron regions. There are no
significant changes when the CHL molecule and the
corresponding fullerenes are reoptimized in the aqueous phase.

3.2. Adsorption Properties of the CHL Drug Molecule
over Pristine and MM-Modified C;4 Fullerene. We have

explored the most stable arrangement of the CHL drug
molecule in interaction with both pristine and MM-modified
fullerenes, aiming to confirm its binding affinity for these
fullerenes (Figure S). It has been noted that the CHL drug
molecule interacts with fullerenes while maintaining its
structural integrity. The hexagonal and pentagonal rings of
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the pristine fullerenes, along with the MM atom sites on the
MM-decorated Cs4 fullerene, serve as key platforms for the
interaction mechanism with the CHL (refer to the ESP
mapping). Various possible adsorption sites for the drug
molecule on fullerenes have been examined to identify the
lowest energy conformer. For the pristine C;4 fullerene, CHL is
adsorbed with an energy of —39.07 kJ/mol across the
hexagonal ring of Cy4. The optimized separation between the
CHL drug molecule and the C;4 fullerene is 0.361 nm,
indicating a physisorption interaction. ESP studies reveal that
CHL favors adsorption onto the B—Cs4 fullerene through the
N-atom rather than the H-atom due to the presence of
additional electrons. The adsorption energy of the CHL drug
molecule on B—Cs4 is —179.26 kJ/mol, with the distance
between the nitrogen (N) atom of CHL and the boron (B)
atom of B—C, being approximately 0.158 nm (see Table 2).
Chemisorption is the process responsible for the strong
attachment of the CHL drug molecule to the B—Cy
fullerene.'” Additionally, CHL is physically adsorbed onto
the hexagonal sites of Al-Cj4 fullerene with an adsorption
energy of —41.87 kJ/mol. The minimum distance between the
drug molecule and Al—Cs, fullerene is 0.314 nm. Finally, the
CHL drug molecule demonstrates strong adsorption onto the
Fe—Cj4 fullerene with an adsorption energy of —141.83 kJ/
mol. The distance between the chlorine (Cl) atom of CHL and
the iron (Fe) atom of Fe—Csq is approximately 0.224 nm.
Although this distance might initially appear to fall within the
range typically associated with physisorption, further analysis
indicates that this interaction is likely chemisorption in nature.
Supporting this, the literature reports Fe—ClI bond lengths of
approximately 0.231 nm in crystalline FeCl;, which is closely
aligned with our observed bond length. This similarity strongly
suggests the formation of a chemical bond between the Fe and
Cl atoms.” The calculated adsorption energy of —141.83 kJ/
mol further corroborates the classification of this interaction as
chemisorption as such energy values are generally consistent
with chemical bonding rather than weak physisorption
interactions.”* The adsorption energies provide insight into
the nature and preference of the drug molecule for the
fullerenes.

To examine the effect of basis set superposition error
(BSSE) correction on the interaction between the CHL drug
molecule and MM-modified Cs4 fullerene, we calculated and
compared the total energy with and without BSSE correction
(refer to Table S1 in Section Sl of the Supporting
Information) using the B3LYP/6-31G(d,p) method with
GD3." Results from Section S1 of the Supporting Information
show only a negligible difference in total energy values,
indicating consistency with those obtained using BSSE
correction.

To gain deeper insights, we also calculated and compared
the adsorption energies of CHL on MM-modified Csg
fullerenes using both the B3LYP/6-311G + + (d, p) and
®wB97XD/6-311G + + (d, p) methods (detailed in Section S2
of the Supporting Information). Our results indicate that CHL
exhibits strong chemisorption interactions with Fe—C;4 and
B—Cjy4 fullerenes, while the other fullerenes primarily show
physisorption. Importantly, the findings are consistent across
both computational approaches.*®

To ensure local minima and the lowest energy config-
urations, it is crucial to validate vibrational calculations. The
presence of real frequencies and minimum energy config-
urations confirms the local minima of the complexes. All MM-

modified Cj4 fullerene systems exhibit real frequencies,
indicating that they are dynamically stable.”” In our study,
we computed the IR spectra for all complexes, which are
presented in Figure S2 of Section SS in the Supporting
Information. The IR spectra were analyzed within the
wavenumber range of 0 to 1600 cm™}, as discussed in Section
SS of the Supporting Information.

We additionally calculated the adsorption energy with zero-
point energy corrections and performed ESPmapping for the
CHL drug after its interaction with the fullerenes (refer to
Supporting Information Sections S3 and S4, respectively). To
further understand the quantum mechanical foundation of this
preference, we carried out natural bond orbital (NBO) and
Mulliken charge analyses.

3.3. NBO Charge Analysis. Understanding the electronic
charge transfer is crucial for comprehending the interaction
between an adsorbate and an adsorbent. The NBO analysis, as
shown in Table 3, offers insight into the charge transfer that

Table 3. NBO Second-Order Perturbation Energy (E?, kcal/
mol) Corresponds to the Charge Transfer between the CHL
and Cj4, Al-C;4, Fe—Cy4, and B—Cj4 Fullerene,
Respectively

system donor acceptor E® (kcal/mol)
C3¢/CHL LP(CI37) LP*(C13) 0.76
Al—C,,/CHL LP(CI38) LP*(Al37) 4.67
Fe—C,s/CHL LP(CI38) LP*(Fe37) 39.41
B—C,s/CHL LP(N40) LP*(B37) 101.87

occurs between selected fullerenes and drug molecules during
adsorption, particularly in their optimized geometrical
configurations.'® We also analyzed the Mulliken population
to determine the direction of spontaneous charge flow in the
interactions between the fullerenes and the drug molecule.*®
Upon adsorption onto Cs5, B—Cs, Al—Csq, and Fe—Cy, the
net Mulliken charge of the CHL drug molecule was found to
be —0.029¢, +0.298e, +0.01e, and +0.144e, respectively. As the
isolated drug molecule has no net Mulliken charge, the positive
Mulliken charge values observed for the drug molecule in MM-
decorated fullerenes indicate that the charge is transferred from
the CHL to the fullerene.**™° The charge distribution of CHL
adsorbed onto the selected fullerenes is illustrated in Figure 6.
Similarly, the NBO calculation was employed to elucidate the
second-order perturbation stabilization energy, E(Z), for the
donor—acceptor (bond—antibond) interactions between the
selected fullerenes and LEU, as predicted by the second-order
Fock matrix. The equation for the second-order perturbation
stabilization energy, E(Z), describing the delocalization from the
donor (i) to the acceptor (j), is given as follows'®

Fij)
&g (4)

It is well established that the second-order perturbation
stabilization energy is directly proportional to the intensity of
the NBO interactions. A stronger interaction between the
donor and acceptor leads to a higher stabilization energy,
thereby enhancing the stability of fullerene/drug molecule
complexes.”’ In this case, Table 3 presents only the highest
values of E?®. The data indicate that in the B—Css/CHL
complex, the (N40) atom of CHL serves as the donor, while
the (B37) atom of the B—Cj;; fullerene acts as the acceptor.
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Figure 6. Mulliken charge population analysis of CHL adsorbed over (a) Csq, (b) Al—Cs, (c) Fe—Cjyq, and (d) B—C;4 Fullerene, respectively.

Table 4. QTAIM Parameters of the Selected CHL Adsorbate over Cs4, Al—C;4, Fe—C;4, and B—C;¢ Fullerene, at the BCPs”

complex bond P Apycp
C;4/CHL CI37-C13 0.0047063566 0.0127671258
AI—C3G/CHL N40—-B37 0.1543110336 0.0143162982
Fe—C,,/CHL CI38—Al37 0.0090559690 0.0075944777
B—C;,/CHL Cl38—Fe37 0.0773195295 0.1934252424

Gacp Vicp Hycp [Vicpl/Gpep
0.0024278355 —0.0016638895 0.0007639459 0.685
0.1406670893 —0.2777551041 0.1370880148 1.97
0.0012059784 —0.0025133374 —0.0003073590 2.085
0.0662556697 —0.0841550288 —0.0178993591 127

“Electron density (p(r)), Laplacian of electron density (V2p(r)), the kinetic energy density (G(r)), potential energy density (V(r)), total electron

energy density (H(r)), and the ratio [Vycpl/Gyep-

Similarly, in the Fe—C,;/CHL complex, the (CI38) atom of
CHL functions as the donor, and the (Fe37) atom of the Fe—
Cys fullerene serves as the acceptor. The ESP results are
consistent in both cases. The higher values of E®, which are
101.87 kcal/mol for the B—C,4/CHL complex and 39.41 kcal/
mol for the Fe—C;;/CHL complex, indicate a stronger
interaction between the fullerene and the CHL drug molecule.
The adsorption of CHL on B—Cs and Fe—Cjy4 fullerenes
shows a significant charge transfer and high adsorption energy,
suggesting that chemisorption is the predominant adsorption
mechanism. In contrast, the minimal E® values for the C,4/
CHL and Al-C;4,/CHL complexes are 0.76 and 4.67 kcal/mol,
respectively. The physisorption nature of the adsorption
between CHL and Cj4, as well as Al—Cs, is evidenced by
the lower E? values observed in comparison to those of the
B—C;,/CHL and Fe—Cs/CHL complexes. In simple terms,
the primary interaction occurs between the lone pairs of the
CHL drug molecule, which act as donors, and the LP* of the
fullerenes, which function as acceptors.

3.4. QTAIM Analyses. To further investigate the
interactions between the CHL drug molecule and both pristine
and MM-decorated fullerene structures, we utilized a Topology
Analysis approach based on Bader’s quantum theory of atoms
in molecules, using the MULTIWEN software tool.>> Top-

ology parameters, derived from the electron density at critical
bond sites (BCPs) through QTAIM analysis, is used to
characterize intermolecular interactions in this system, as
detailed in the corresponding Table 4. In QTAIM analysis, we
focus on key parameters such as electron density (p(r)) and
the Laplacian of the electron density (V2p(r)), which are
conventionally used to distinguish between different bonding
interactions. Additionally, we incorporate the total energy
density (H(r)) and the ratio of the potential energy density |
V(r)l to the kinetic energy density G(r) as these provide
further insights into the strength and character of the
interactions. It is important to recognize that these measure-
ments highlight unique characteristics specific to various types
of interactions. By examining the conditions where V*p(r) > 0,
H(r) > 0, and IV(r)I/(G(r)) < 1, we can differentiate between
weak and medium-strength hydrogen bonds as well as van der
Waals (vdW) interactions. For strong hydrogen bonds, which
represent an intermediate interaction type, the indicators are
VZp(r) > 0, H(r) < 0, and 1 < [V(r)I/G(r) < 2. In contrast,
covalent bonding is characterized by V?p(r) < 0, H(r) < 0, and
V(NDI/G(r) > 2.3

Table 4 displays the QT AIM parameters calculated for both
pristine and MM-decorated fullerenes with CHL. Figure 7
illustrates the molecular topographical map of the CHL drug
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Figure 7. Computed molecular topographical map of (a) Css/CHL, (b) Al-C;s/CHL, (c) Fe—Css/CHL, and (d) B—Cs4/CHL with all critical
points. Atomic and bond critical points are presented by atom labels and orange spheres, respectively. The cage and ring critical points due to green

and yellow circles. The lines are bond paths.

molecule on fullerenes, highlighting key locations. The
computational results presented in Table 4 reveal various
interactions between the drug molecule and the system.
Notably, the interactions between the B—C;,/CHL and Fe—

C;4/CHL systems are classified as strong hydrogen bonds with
a semicovalent character. This term refers to an interaction
that exhibits features of both covalent and noncovalent
bonding, where the electron density at the bond critical points
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Figure 8. TDOS and PDOS for of (a) C3s/CHL, (b) Al—C,,/CHL, (c) Fe—C,,/CHL, and (d) B—C;,/CHL complexes.

indicates a significant degree of electron sharing, yet the bond
remains somewhat polar. Specifically, these interactions are
characterized by V2p(r) > 0, H(r) < 0, and 1 < IV(r)l/G(r) <
2, which suggests that the bonds possess an intermediate
nature between covalent and electrostatic interactions.
Conversely, the other interactions observed for both systems
predominantly reflect weak vdW forces, as indicated by
QTAIM parameters consistent with noncovalent interactions,
dominated by electrostatic contributions.’>°

3.5. Density of States Analysis. In addition to the
previously analyzed parameters, the electronic interactions
between CHL and both pristine and MM-modified Cj4
fullerenes can be further investigated through density of states
(DOS) plots following the adsorption of the drug molecule.
Figure 8 presents the calculated and plotted total DOS
(TDOS) and partial DOS (PDOS). PDOS is used to
determine the contributions of molecular orbitals and primarily
reflects the composition of the fragment orbitals, while TDOS
is crucial for monitoring changes in the band gap. All of the
complexes exhibited bonding characteristics, with DOS values
ranging between 0 and 1. Table 2 displays the estimated
HOMO and LUMO energies as well as the changes in the
Fermi level and band gap fluctuations in percent. After the

adsorption of CHL onto B—Cj4 fullerene, the HOMO and
LUMO energies in the alpha contribution shift from —5.395
eV and —3.471 eV to —4.624 eV and —2.875 eV, respectively,
reflecting a 9.039% change in the HOMO-LUMO gap.
Additionally, for Fe—C,4 fullerene, the HOMO and LUMO
energy levels are initially —4.662 and —3.567 eV, respectively.

Following interaction with CHL, these levels shift to —3.377
and —4.030 eV, resulting in a 4.5432% change in the Fermi
energy level (Table 2). No significant changes in the HOMO—
LUMO gap or Fermi level are observed for the other fullerenes
after CHL adsorption. Among all of the complexes, the B—
C36/CHL and Fe—C;s/CHL complexes show the most
significant changes in both Eg and Eg, indicating that
chemisorption occurs between them. Figure 9 illustrates the
localization of the HOMO electron density, highlighting the
connection between the nitrogen (N) and chlorine (Cl) atoms
of the CHL drug molecule and the nearest B and Fe atoms of
B—C,4 and Fe—Cy; fullerenes, respectively. This observation
confirms the presence of a chemical bond, indicating a strong
interaction between CHL and the B—C;; and Fe—Cjyq
fullerenes. The localization of HOMO and LUMO electron
densities for CHL adsorbed onto pristine Cj5 and Al—Csyq
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Figure 9. LUMO and HOMO electron density of CHL adsorbed over the (a) Cyq, (b) Al—Cy4 (a and f8), (c) Fe—Cjg, and (d) B—Cy¢ (a and f3)

fullerene, respectively.

fullerenes demonstrates the optimal adsorption energies
between these systems.

3.6. Reduced Density Gradient Analysis. To under-
stand the attraction and repulsion in interactions and to
evaluate the nature of weak or strong interactions in CHL/
fullerene complexes, Figure 10 presents scatter plots of the
reduced density gradient (RDG) versus sign(42)p, along with
noncovalent interaction (NCI) isosurfaces.”’ Stronger attrac-
tive interactions, such as hydrogen bonds and dipole—dipole
interactions, are indicated by more negative values of sign(12)
with a charge density (p) of —0.04. In contrast, strong steric
interactions are represented by positive values of sign A2 with a
charge density of 0.04. VAW forces are similarly associated
with a charge density around p = 0.>® NCI isosurface plots
reveal that blue regions represent strong interactions, red
regions indicate strong steric effects, and green regions
correspond to vdW interactions. As shown in Figure 10c¢,d,
the adsorption of the CHL drug molecule onto B—C;4 and
Fe—Csy¢ results in an increase in the number of RDG points
(around 0.8 on the y—axis) in areas of strong attractive
interactions. VAW forces are present for the C;,/CHL and Al—
C;36/CHL complexes, respectively, near p = 0, as shown in
Figure 10a,b, supporting the physisorption nature of their
adsorption interactions.

The stronger interaction of CHL with B- and Fe-decorated
Cj fullerenes, in contrast to pristine and Al-decorated Cs¢, can
be attributed to several important factors. The incorporation of
B and Fe modifies the electronic structure of the fullerene
surface, creating more favorable conditions for CHL
adsorption. This is largely due to the distinct charge
redistribution caused by these elements, which enhances the
binding affinity. Additionally, Fe’s d-orbital involvement and
the electron-deficient nature of B lead to stronger orbital
interactions with CHL, improving the binding efficiency.
Moreover, the surface reactivity of B- and Fe-decorated Cy is
higher, as these atoms introduce defects or reactive sites,
increasing the chemical activity of the surface and facilitating

stronger interactions with CHL. The magnetic properties of Fe
further contribute to stabilizing the CHL binding, potentially
introducing additional mechanisms for enhanced adsorption.
Enhanced electrostatic interactions, such as increased dipole
moments or charge transfer, further strengthen the binding
between the CHL and the decorated fullerenes.

3.7. Sensing Response. The effectiveness of a chemical
sensor, which relies on the energy gap (E), can potentially be
optimized through a thorough understanding of its exper-
imental sensing properties.”” To analyze how variations in the
electronic properties of fullerenes influence their electrical
conductivity or resistivity, the following equation can be
employed using the E. 0%

o = AT* ?exp(—E;/KT) ()

In this context, ¢ represents electrical conductivity, A is a
constant, K denotes the Boltzmann constant, and T represents
the operating temperature. We calculate the sensing response
using eq 4, which employs this formula to illustrate the
effectiveness of the sensing materials.”’

S =1(0,/0,) — 1l = exp(IAEGI/KT) — 1 (6)

The energy gaps for the complex and the fullerenes are
denoted as E®? and E°!, respectively, with AE defined as (E%*
— EGY).

The HOMO—-LUMO band gap of the B—Cj, fullerene was
significantly altered by adsorption of the CHL drug molecule
(Table 2). This adsorption led to a notable shift in the energy
gap (Eg) of the fullerene, indicating that B—Cj exhibits a high
sensitivity to the CHL drug molecule. Our investigation reveals
that the B—C;4 fullerene shows the most favorable sensing
response to CHL, with an alpha contribution of approximately
19117.14 at 300 K (Table S). In contrast, the sensing
responses of the other complexes—C,¢/CHL, Al-C,,/CHL,
and Fe—C;c/CHL—are less impressive due to the minimal
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Figure 10. RDG scatter plots (left) and NCI isosurfaces (right) of (a) C35/CHL, (b) Al—Css/CHL, (c) Fe—C;s/CHL, and (d) B—C,4/CHL,

respectively.

change in the energy gap (Eg) upon adsorption of CHL onto
these fullerenes.

While the HOMO—-LUMO gap is often cited as a key
parameter for determining the electronic properties of
molecular systems, including their potential for drug delivery

49797

or sensor applications, its interpretation as a standalone
measure can be oversimplified. The HOMO—-LUMO gap is
related to the stability and reactivity of a molecule, but it does
not fully capture the complexities of adsorption processes or
sensor efficiency, which are influenced by a range of other
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Table 5. Calculated Difference in Eg (AEg), Recovery Time
(7), and Sensing Response (S) for CHL over Cs4 Al—Csg,
Fe—C,;, and B—C; Fullerene, Respectively (T = 300 K)

complex AE; (eV) t (sec) S
C,6/CHL —0.00136 6.55 x 107° 0.05409
Al-C,¢/CHL —0.03429" 2.01 X 1078 277117

—0.01959” 1.13506”
Fe—C,s/CHL —0.00490 5.20 X 10° 0.20889
B Cy/CHL —0.17388" 1.74 X 10' 837.5223%

—0.30857" 154243.37

factors, including charge transfer dynamics, molecular
orientation, and interaction energies.64 Eq 6, expresses the
sensing response (S) as a function of the change in the
HOMO-LUMO gap (AEg) due to the interaction between
the adsorbate (drug molecule) and the adsorbent (fullerene
nanostructure). When the adsorption of the drug significantly
alters the HOMO—LUMO gap, this corresponds to a notable
change in conductivity, thereby enhancing the sensitivity of the
sensor. This change can produce a detectable electrochemical
signal, which confirms the adsorption process and facilitates
drug detection.”> However, it is important to acknowledge the
limitations of using the HOMO—-LUMO gap alone as a
predictive measure of sensor efficiency. The gap reflects only
the energy difference between the FMOs and does not account
for all aspects of the electronic interaction between the drug
and the nanostructure. For instance, the extent of charge
transfer, the strength of the interaction (as measured by
binding energies), and the nature of the adsorbate—adsorbent
interface play equally iméportant roles in determining the
performance of sensor.**™%*

3.8. Recovery Time. Recovery time has been demon-
strated to be a crucial characteristic for chemical sensors that
reflect the desorption process by heating the adsorbent to a
higher temperature or by exposing it to UV light, and it is
strongly correlated with the intensity of the contact. Higher
interaction energies between molecules and an adsorbent
lengthen the time it takes for them to recover and reduce their
own interactions, which makes them less suitable for use in
sensing applications. The following equation'”** yields the
recovery time (7).

r = v "exp(~E,y/KT) @)

where T, K, and v, respectively, stand for temperature,
Boltzmann’s constant, and the attempt frequency. Experimen-
tal evidence has shown that different photonic frequencies (v,)
or thermal energy have been emgloyed to cause the desorption
of medicines and biomolecules.’ Using a v, of 10" s anda
temperature of 300 K, we predicted the recovery durations for
the CHL from the chosen fullerene’s perimeter (see Table 5).
As mentioned, the recovery time is a key factor in determining
the desorption rate of drug molecules from the sensor surface.
The interaction energy between the drug molecules and the
adsorbent (in this case, the fullerene variants) significantly
affects the recovery time. A sensor with too strong an
interaction may retain the drug molecule for a prolonged
period, reducing the ability of the sensor to quickly reset for
subsequent detections, thus diminishing its efficiency for real-
time monitoring. On the other hand, a sensor with an
interaction that is too weak may lead to insufficient sensitivity.
Therefore, achieving an optimal balance in interaction energy
is crucial for effective sensor design.”” We discover that the

shorter recovery times for the CHL drug molecule is 6.55 X
10~ and 2.01 X 107® s, which is consistent with predictions
given the substantial weak physisorption nature of pristine Csg
and Al—C;, fullerenes, respectively. The pristine Cy¢ and Al—
Cj4 fullerenes, characterized by shorter recovery times and
weaker physisorption with the CHL drug molecule, appear to
be promising candidates for gas-phase drug sensor applications.
Conversely, the strong chemical interaction between the CHL
drug molecule and B—Cs4 or Fe—Cy fullerenes su%§ests their
potential use in gas-phase drug delivery systems.*>*"”°

3.9. Global Indices. In an effort to learn more about the
reactivity of fullerenes or biomolecular systems, we have
computed global indices such as electrophilicity (@), chemical
potential (1), and chemical hardness (7). These global indices
are computed with the use of the formulas found in refs 69 and
71.

Chemical Potential (1) = —(I + A)/2 (8)
Hardness (7) = (I — A)/2 (9)

2
Electrophilicity (w) = £
2n (10)

where I = —Eyopo and A = —Ejyyo, Table 6 presents the
calculated global indices using eq 8 through eq 10. A higher

Table 6. Global Indices Parameter of Systems

system/complex u (eV) n (eV) S (ev)™ W (eV)
Css —4.601 0.547 0.914 0273
Al-Cy —4.297% 0.984% 0.508” 0.4927
—4.415" 0.987/ 0.507% 0.490/
Fe—Cy —4.114 0.548 0.913 0.274
B—Cy —4.433% 0.962% 0.520” 0.4817
—4.542 0987/ 0.506" 0.493/
C,¢/CHL —4.630 0.546 0.916 0273
Al—C,¢/CHL —4.320¢ 0.967% 0.517% 0.483%
—4.450" 0.977" 0.512/ 0.488"
Fe—C,s/CHL —-3.928 0.550 0.909 0.275
B—C,¢/CHL —3.750% 0.874% 0.572% 0.437%
—3.940/ 0.832 0.601” 0416/

value of global hardness (#) indicates greater stability, which is
closely related to the chemical robustness of the molecules. In
this comparison, B—C;4 and Al—Cj;, fullerenes emerge as the
most stable, with the Al-C;,/CHL complex also demonstrat-
ing exceptional robustness. While CHL adsorption on Cs4 and
Fe—Cj fullerenes shows minimal impact, significant changes
in n are observed following CHL adsorption on B—Cs4 and
Al—-Cs4 fullerenes, with increases of 9.14% and 1.72%,
respectively. Upon adsorption of the CHL drug molecule
onto the fullerenes, the HOMO and LUMO positions of the
systems cause a notable shift in the chemical potential (). The
u values change by +0.63%, —15.40%°, +0.53%, and —4.52%
for CHL adsorbed on Cj; B—Css Al—Cys and Fe—Csg
fullerenes, respectively. The significant change in chemical
potential observed in the CHL/B—C;s and CHL/Fe—Cjyq
systems confirms their strong interaction. Electrophilicity
(w), a measure of the tendency to accept electrons from
atoms or molecules, further characterizes this interaction. The
electrophilicity (@) values for pristine C;5, B—Cs4, Al—Cjyg, and
Fe—C;¢ fullerenes are 0.273, 0.481% 0.492% and 0.274 eV,
respectively. Upon CHL adsorption, these values change by 0,
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Table 7. Calculated Value of LUMO Energy (E; yp0), HOMO Energy (Eyomo), HOMO—LUMO Gap (Eg), Adsorption Energy
(E,q), Recovery Time (7), and Sensing Response (S) for CHL Adsorbed C;4 Al—C,4 Fe—Cy4 and B—Cy4 Fullerene with

Solvent Effect, Respectively

complex Erumo (eV) Enomo (eV) Eg (eV) E¢ (eV) Eq (kJ/ mol) Epr (%) Egr (%) D (nm) T (sec) N
C;¢/CHL —3.974 —5.065 1.090 —4.520 —36.18 1.043 —0.273 0.361 129 X 10°  0.119
Al-C,,/CHL —3213% —5.120% 1.910% —4.169% —36.08 0.114% —1.029% 0.319 123 x 10°  1.105¢

—3.352/ —5.2517 1.898/ —4.301” 0.120# —0.399” 0.330/
Fe—Cy,/CHL —3.263 —4.448 1.184 —3.856 —57.69 1.649 —1.981 0.237 55 % 107° 1.453
B—C,¢/CHL —2.979% —4.640" 1.660% —3.810% —225.57 —11.790% —13.68% 0.156 1.10 x 10% 19117.14%
—3218 —4.782" 1.563 —4.000/ —9.718¢ —20.79% 4.8 x 10%
(a) ——B-C36_CHL| (b) ——Fe-C36_CHL|
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Figure 11. ADMP molecular dynamic profile of the PES for (a) B—C;,/CHL and (b) Fe—C,,/CHL system.

—9.15% %, —1.83% %, and +0.365%. The most significant
alteration, observed with CHL adsorption on B—Cjq fullerene,
highlights their strong interaction.

3.10. Solvent Effect. In this study, the polarizable
continuum model (PCM) approach has been utilized to assess
the impact of the solvent’” in DFT calculations, given that
drug molecules are naturally present in biological environ-
ments. The complex interactions between drug molecules,
solvent molecules, and carrier surfaces significantly affect
binding affinities, sensing mechanisms, recovery times, and
conformational changes.”” We reoptimized each of the four
fullerenes, the CHL drug molecule individually, and all the
minimum configurations of CHL-fullerene complexes in an
aqueous solvent using the DFT/B3LYP/6-31G(d,p) method
with Grimme’s D3 dispersion correction. The calculated
adsorption energies, sensing responses, and recovery times
are listed in Table 7. According to the electronic structures, the
changes in E for CHL-adsorbed B—Cj¢, Al—Cj;4, and Fe—Cyg
fullerenes in water are 0.08, 0.023, and 0.085 eV, respectively,
compared to the gas phase. Consequently, the sensing
responses of B—Cs4, Al—Cjy4, and Fe—Cyq fullerenes to CHL
shift from 837.5223% 2.7711, and 0.20889 in the gas phase to
26554.877% 1.15767% and 1.52704 in water, respectively. This
indicates that these fullerenes are sensitive to the drug
molecule in a solvent medium. In the solvent effect, however,
C;6/CHL are less interacting because of their similarly poor
sensing responses of 0.122. Additionally, the results show that
the B—C,¢/CHL and Fe—C,4/CHL complexes had adsorption
energies of —225.57 and —57.69 kJ/mol, respectively, in the
aqueous phase. The adsorption energy of B—Cs fullerene with
CHL is increased in an aqueous environment, leading to a

longer recovery time in water. Due to this strong chemical
interaction, B—Cj, fullerene shows potential as a drug delivery
system for the CHL anticancer drug in aquatic settings.”*
Moreover, as eq 6 shows, the recovery period decreases as the
temperature rises during chemotherapy. However, the
desorption process is made more difficult by the strong
interactions that occur between the drug and fullerene. So, one
of the most important factors for drug sensors is the degree of
interaction between the drug and fullerene. A longer recovery
time can be anticipated using eq 6 if the adsorption energy
increases in a negative direction. The estimated recovery time
at 300 K temperature is 5.5 X 107 s for a moderate contact
and a minimum interatomic distance between the CHL and
Fe—Cjy, fullerene in water solution. Based on previous findings
regarding recovery times for various fullerene/CHL nano-
structure systems, Fe—Cj4 fullerene emerges as a viable drug
sensor due to its intermediate recovery time, reduced
interatomic distance, and superior sensing response compared
to both pristine Cs¢ and Al—Cjyq4 fullerenes. Additionally, the
recovery time of Fe—Cy4 fullerene is optimally balanced,
neither excessively high nor too low, ensuring that the
desorption process is not hindered.”"**”" To further under-
stand the interaction mechanism between CHL and MM-
decorated C;4 fullerene beyond the influence of water as a
solvent, we also calculated the adsorption energy in the
presence of DMSO’* (see Section S7 in the Supporting
Information). Our results indicate that the adsorption energy
trend remains consistent in both solvent cases.

For sensor applications, rapid recovery time is critical,
requiring weak physisorption between the drug molecule and
the adsorbent.’ 649707577 1n  contrast, drug delivery
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systems benefit from strong chemisorption, indicated bgf more
negative adsorption energy values exceeding 1 eV.*>**”° In our
study, B—C,4 exhibits strong interaction energy (—2.338 eV or
—225.57 kJ/mol) with CHL, aligning with literature suggesting
its suitability for drug delivery.”**’%’® Conversely, Fe—Cs
demonstrates minimal recovery time (5.5 X 107 s), better
sensing response, and optimal adsorption energy, making it
ideal for sensor applications due to quick desorption and
enhanced sensitivity.'>**%%7”

Furthermore, we compared the adsorption energy (E,q) and
interatomic distances (d) of CHL over pristine and MM-
modified Cy4 fullerene with the previously published studies in
order to assess the versatility of both compounds in terms of
their sensing mechanism toward the CHL drug molecule (see
Section S6 in Supporting Information).

3.11. AIMD Simulations. Our findings indicate that B—
Cs6 and Fe—Cjy, fullerenes exhibit intriguing interactions with
the CHL drug molecule in an aqueous environment,
outperforming both pristine and Al-decorated Cs¢ fullerenes.
Consequently, B—Cjy4 fullerene is suitable for drug delivery
applications, while Fe—Cj, fullerene proves effective as a drug
sensor for CHL in water. To assess the impact of temperature
on the interaction between the CHL drug and B—C;4 and Fe—
Cjyq fullerenes, as well as the structural stability of the resulting
complex, AIMD simulations were conducted using the ADMP
method for up to 200 fs (with a time step of 0.2 fs). These
simulations were performed with the PCM method under
room-temperature conditions (300 K). Figure 1la,b displays
the ADMP molecular dynamics profiles, showing the analysis
of the PES for B—C;4/CHL and Fe—C,;4/CHL. The results
reveal that the potential energy variations are minimal: ranging
from 0.01 to 0.04 Hartree (0.27 to 1.08 eV) for B—C,,/CHL
and from 0.01 to 0.03 Hartree (0.27 to 0.82 eV) for Fe—C,¢/
CHL. These deviations are considered quite small for both
systems. Despite these observations, the distance between the
two fragments in the complexes remains relatively constant.
Furthermore, for the B—C;,/CHL complex, the bond length
between the N (CHL) and B (B—Cjy) atoms changes from
1.56 A in the ground state to 1.62 A at 100 fs, 1.1628 A at 150
fs, and 1.58 A at 200 fs. In addition, in the case of the Fe—C,4/
CHL complex, the bond length between the Cl (CHL) and Fe
(Fe—Cjy6) atoms varies from 2.37 A in the ground state to 2.38
A at 100 fs, 2.65 A at 150 fs, and 2.59 A at 200 fs. The AIMD
data show that no bonds are breaking or forming. The fact that
the structure remains stable despite temperature changes
suggest that electrostatic interactions are powerful enough to
keep the pieces cohesive.

To assess the thermal stability of the CHL/B—C,4 and
CHL/Fe—Cj;q4 systems at different temperatures, we conducted
AIMD simulations at 310 K. The results confirmed that both
systems remain stable at this elevated temperature. The
corresponding AIMD graphs are provided in the Supporting
Information (Section S8).

4. CONCLUSIONS

In this study, the DFT-D3 method, applied to both gas and
solvent phases, was used to investigate the adsorption process
of the CHL drug molecule on Cs4, Al-C;4 Fe—Cy4 and B—
Cj¢ fullerenes. The results indicate that due to the solvent
effect the adsorption energy of CHL with B—Cjq is
significantly higher in the aqueous phase compared to the
gas phase. This increased reactivity and stability in water
suggest that B—Cj, fullerene is a promising candidate for drug

delivery applications, particularly for the CHL anticancer drug.
Conversely, the adsorption energy for the CHL drug molecule
on Fe—Cj4 decreases in the presence of the solvent, leading to
intermediate physisorption. Given its minimal recovery time,
superior sensing response, intermediate physisorption, and
reduced interatomic distance compared to Cis and Al—Csyq
fullerenes, Fe—Cs¢ fullerene is well-suited for use as a drug
sensor for CHL. AIMD simulations reveal that the B—Css/
CHL and Fe—C;,/CHL complexes are well-equilibrated and
highly stable in the aqueous phase at 300 and 310 K
respectively. These results show no bond breakage or
formation. The observed structural stability despite temper-
ature variations suggests that the electrostatic interactions are
sufficiently strong to preserve the cohesion of the fragments. In
conclusion, based on the combined findings from DFT and
MD simulations, B—C34 and Fe—Cj4 fullerenes emerge as
suitable candidates for specific applications. B—Cj; fullerene is
identified as a promising carrier for drug delivery, while Fe—
Cjs fullerene is well-suited as a drug sensor for the CHL
anticancer drug.
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