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Abstract

A thorough density functional theory (DFT) study of Sc;P@Cg, and its doped models (Fe, Os, and Ru) is
carried out in this work at the PBE-D3/Def2-SVP level of calculations. Spin stability showed that all the
pristine and metal-doped Sc;P@C-4 systems favour a septet ground state, which indicates a high degree
of spin polarization that is formed as a result of interaction between the ScsP cluster encapsulated, and
the fullerene cage. The structural analysis indicates that ScsP@Cg, has an energy gap of 2.499 eV, which

reduces slightly to 2.470 eV on metformin adsorption. Transition-metal doping accelerates the electronic
activity by lowering band gaps to about 2.012 eV, with Os-ScsP@C-4 showing the lowest gap (2.009 eV),

which indicates elevated conductivity and delocalization of charges. Different electronic modulation is
observed upon adsorption: strong orbital hybridization leads to an increase in the band gap to 2.268 eV
for MFM-Fe-Sc;P@C-q, whereas the Os- and Ru-doped systems maintain low gaps (around 2.03-2.06

eV), suggesting an optimal balance between conductivity sensing and response.

1.0 Introduction

Nanotechnology has improved the design of molecular sensing systems in biomedical applications and
in detecting and monitoring anticancer drugs, with the significant progress in nanotechnology [1].
Fullerenes are among the popular emerging nanomaterials that have received exceptional scientific
attention because of their exceptional electronic structure, high surface area, exceptional chemical
stability, and their physicochemical properties, which are tunable. Energy storage and catalysis are not
the only applications of the fullerene nanostructures, and since their discovery, the range of their
applications has been widened to include biosensing and drug delivery systems [2]. The fullerenes have
made the spherical m-conjugated carbon structure a good candidate in the adsorption-based chemical
sensors and nanoelectronic devices due to the easy delocalization of electrons [3]. Endohedral
Metallofullerene (EMFs), which are products of wrapping atoms/clusters into a cage-like structure of
carbon, have quite different electronic properties than pure fullerenes. The addition of metal clusters
produces an internal transfer of charge between the encapsulated molecules and the carbon structure,
leading to altered band structures and increased conductivity and adsorption. Density Functional Theory
studies have revealed that endohedral fullerenes with a trimetallic nitride core, including Sc3NgCg are
highly charge polarized, with the internal metallic core becoming positively charged and the carbon cage
negatively charged, which drastically improves intermolecular interaction and stability via adsorption [4].
The computational study of ScsN@Cgy adsorption systems exhibited better binding energies than the
traditional Cg system due to the improved dispersion interaction and internal charge separation effects
that stabilize adsorbate interactions and enhance sensing potential [5].

Recent reports also indicate that heteroatom doping is an effective means of improving the sensing
capability of fullerenes. As an example, 60 nanostructures doped with metallic atoms (Zn and Al) have
been proposed as electrochemical sensors of biomarker. Ghazwani et al., found doping to have a
significant performance enhancement effect in sensor work. The sensor ZnCsg, in particular, had
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remarkable characteristics: the lowest energy gap of 0.31 eV, high electrical conductance of 7.40 x 10 6

A.m~?, high charge transfer (maximal charge transfer 28.0), and fast recovery time (2.51 x 10”8 s). The
AIC59 was also more effective in detecting acetone, with the highest adsorptive capacity (-50.2
kcal.mol™ ") being an outstanding adsorbent. The ZnCz, complex had the most favorable properties with
the following features: a high binding affinity to acetone that is reversible, sensitive, and can be
regenerated rapidly [6]. ZnCsg@Ac interaction was both good and intermediate strength according to the
results of QTAIM and NCI. In general, this study will confirm the usage of Zn-doped Cg in sensitive,
reusable electrochemical sensors to detect breath acetone. Equally, theoretical studies conducted on
fullerene doped network do show that the addition of heteroatoms not only disrupts carrier properties
such as mobility and conductivity but also enhances electronic responsiveness necessary in nanosensor
applications. The results of the research conducted by Yadav et al show that the 2D sheets of C,
CsgB1N; and Cs,B3N3 have band gaps of about 0.97 e V (1.5eV), 1.08 eV (1.9 eV),and 1.05e V (1.6 eV),

respectively, as calculated by PBE(HSE) [7]. Besides, as per the deformation potential theory, both doped
sheets have high conductivity at high temperatures. The findings are very encouraging and highlight the
importance of two individual types of BN dopants in fullerene (C5gB;N4) monolayers in the development
of next-generation 2D nanoelectronic and photonics. In addition to sensing applications, endohedral
fullerenes are also tunable to exhibit transport properties of interest in molecular electronics. Rincon-
Garcia et al have investigated Sc;N@Cgy cages and indicate that encapsulated cluster composition can
be strategically utilized to customize transport resonances at the Fermi level and electronic
responsiveness or adsorption tendencies based on molecular orientation and external perturbations [8].
Contrary to these developments, little focus has been given to phosphorus-based endohedral fullerenes
and especially Sc3PCg, systems. The integration of phosphorus is predicted to cause a different
electronic polarization with the differences in electronegativity and bonding of phosphorus and nitrogen
analogs. This replacement can have a great impact on charge transfer processes, adsorption energies,
and the selectivity of sensors to pharmaceutical molecules. Further, although several computational
studies have been performed to investigate fullerene interactions with gases and small biomolecules,
few studies have been conducted to investigate anticancer drug sensing, in particular, metformin
adsorption. Metformin, which is commonly used as an antidiabetic drug, has become of great interest in
anticancer therapy in recent years. It is important to track its interaction at nanoscales, therefore, to
manufacture sensitive detection platforms and drug-monitoring devices. The adsorption characteristics
of metformin on engineered nanostructures offer essential data on molecular recognition, charge
transfer mechanisms, and electric signal modulation, which is needed to develop sensors. This paper
reports the original computational analysis of phosphorus-doped endohedral fullerene (ScsP@Cg) as a
nanosensor to detect anticancer drugs, particularly in regard to metformin adsorption using Density
Functional Theory (DFT). Contrary to the earlier research on pristine or nitrogen-based fullerenes, the
phosphorus-based geometry provides a novel electronic environment, which increases charge
polarization and adsorption. The study also examines transition-metal doping (Fe, Os, Ru) to
systematically investigate the effects they have on charge transfer, adsorption strength, and sensing
performance. Based on electronic structure calculations, NBO analysis, mapping molecular electrostatic
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potential, and visualization of non-covalent interactions, the work determines the structure-property
correlations in drug-surface interactions. With a specific focus on anticancer drug-sensing applications,
these Sc;P@Cgy-based systems present a new generation of electronically tunable nanomaterials with
higher sensitivities and better stability, extending the use of fullerene in the pharmaceutical biosensing
area and providing a conceptual basis to the next generation of biomedical nanosensors.

2.0 Methodology

All quantum chemical calculations in this study were conducted within the framework of Density
Functional Theory (DFT) using well-established computational tools. Molecular structures were built with
GaussView 6.0.16 [9], followed by full geometry optimizations and electronic structure computations
carried out using Gaussian 09 [10]. The geometries of the studied complexes were optimized at the PBE-
D3/Def2-SVP level of theory [11], which provides a reliable balance between computational accuracy and
efficiency, particularly for describing molecular systems and dispersion interactions. Natural Bond
Orbital (NBO) analysis was performed using the NBO 3.0 module [12] integrated within Gaussian 09,
enabling detailed insights into charge distribution and donor—acceptor interactions. Additional electronic
and topological analyses were conducted with Multiwfn 3.8 [13], employing the Quantum Theory of
Atoms in Molecules (QTAIM) framework to characterize bonding interactions. Non-Covalent Interaction
(NCI) analyses were also performed, with the resulting interaction regions visualized using VMD
software [14]. The chemical reactivity, electronic charge distribution, and potential biological interaction
profiles of the investigated systems were further explored through Frontier Molecular Orbital (FMO)
analysis, Molecular Electrostatic Potential (MESP) mapping, and the HOMO and LUMO isosurfaces were
visualized using Chemcraft [15], providing a clear depiction of the electronic distributions associated
with the frontier molecular orbitals.

3.0 Results and Discussion

3.1 Spin stability study

According to the computational relative energies of the various spin multiplicities of pristine and metal-
doped Sc;P@C-q systems in Table 1, the septet spin state is apparent as the ground state of all the

investigated species, with the lowest relative energy (0.00 eV) [16]. In the case of the pristine cage of
Sc;P@Cgq cage, the septet state is energetically preferred over the singlet, triplet, and quintet states by
0.21, 0.09, and 0.07 eV, respectively, pointing to a strong preference for a high-spin structure. This can be
explained by the fact that various unpaired electrons are produced by the interaction of the Sc; cluster
with the encapsulated phosphorus atom and the Cg, carbon cage, which results in large spin polarization
within the endohedral fullerene structure. The same is noted for the systems with metal doping (Fe-, Os-,
and Ru-Sc3P@Cyq), with the septet state being the most stable state. In Fe-S.3;P@C-q the energy
difference between the septet and singlet states is especially high (0.99 e V), which is indicative of the
considerable influence of the Fe; d orbitals on the total magnetic moment and stabilization of the high-
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spin state. The energy gaps between the singlet, triplet, and quintet states in Os- and Ru-S;PC-q are
relatively smaller, though the septet state is still the most energetically favored, which supports the
strength of the high-spin electronic structure of the various transition metal doping. This stabilization of
the septet ground-state indicates that the unpaired electron density is delocalized throughout the metal
center, ScsP cluster, and the entire cage of the fullerene, which is likely to be key in interactions of charge
transfer during the adsorption of metformin. This means that the next generation of geometry
optimization and adsorption experiments is best performed on the septet spin surface, which is the real
electronic ground-state structure of the M-Sc3P@C-q -based sensing materials.

Table 1

Relative spin stability energies (in eV) of different spin states (singlet,
triplet, quintet, and septet) for pristine and transition-metal-doped
Sc;P@C4q systems, showing the septet ground state as the most stable

configuration for all cases.

M-Sc;P@C;9  Singlet-eV  Triplet-eV  Septet-eV  Quintet-eV
SC;P@C5q 0.21 0.09 0.00 0.07
Fe-Sc;P@C,9 0.99 0.09 0.00 0.03
Os-Sc;P@C,9 0.14 0.12 0.00 0.07
Ru-Sc;P@C,9 0.14 0.12 0.00 0.07

3.2 Adsorbent Studies

The optimized bond lengths of metformin (MFM), pristine ScsP@Cg, transition-metal-doped Sc;P@C-q

(Fe, Ru, and 0s), and the corresponding adsorption complexes are presented in Table 2. These structural
parameters provide insight into the bonding interactions, stability, and possible structural distortions
occurring upon doping and adsorption. For the isolated metformin (MFM) molecule, the calculated bond
lengths show typical characteristics of nitrogen-containing organic compounds. The N,-C5 bond length
of 1.37 A corresponds to a C-N single bond with partial double bond character due to conjugation within
the guanidine group. The shorter N5-C5 bond (1.28 A) suggests a stronger C = N double bond interaction.
The Cq3-H5 (1.10 A) and N;o-Hq4 (1.01 A) bond lengths fall within the expected range for C-H and N-H
bonds, indicating stable hydrogen bonding sites within the metformin structure. In the pristine ScgP@Cg
system, the Pg,-Scg, bond length of 2.40 A indicates a strong interaction between the encapsulated
phosphorus atom and scandium atoms within the fullerene cage. The Scg3-Cs, bond length (2.20 A)
confirms the interaction between the scandium atom and the carbon cage, suggesting stabilization of
the endohedral structure. Meanwhile, the Cs5-Cs; bond length of 1.45 A corresponds to the typical C-C
bond distance within fullerene frameworks, indicating that the cage retains its structural integrity. Upon
transition metal doping, slight changes in bond lengths are observed. In Ru- Sc;P@Cq, the Pg3-Scg,
bond increases slightly to 2.42 A, suggesting minor structural distortion due to the presence of the Ru
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atom. The Rug,-C;¢ bond length of 1.89 A indicates strong coordination between ruthenium and the
carbon atom of the fullerene surface. Similarly, in Os- Sc;P@C5q, the Osg,-C+¢ bond length of 1.90 A
confirms the formation of a stable Os-C interaction. These metal-carbon interactions suggest successful
surface doping of the Sc;P@C,, nanocluster. For the metformin adsorption complexes, additional
structural changes are observed. In MFM-Cg,, the Ngs=Cgg bond length of 1.89 A and Ngg-Cgs bond of
1.40 A suggest interaction between the nitrogen atoms of metformin and the fullerene surface,
indicating adsorption through the nitrogen functional groups. Similarly, in MFM- Sc3P@Cgg, the Ngg=Cg-
bond (1.28 A) and Ng;3-Cg7 bond (1.39 A) remain within the expected range for C = N and C—N bonds,
implying that adsorption does not significantly distort the internal structure of metformin. In the metal-
doped adsorption systems, stronger interactions between metformin and the doped surfaces are
evident. For example, in MFM-Fe- Sc;P@C-o, the Feg,-Ngg bond length of 2.11 A indicates coordination

between the Fe atom and the nitrogen atom of metformin, suggesting chemisorption behavior. Similarly,
the Feg,-C¢ bond length of 1.81 A confirms strong metal—carbon bonding within the modified surface.

In contrast, larger metal—nitrogen distances observed in MFM-0s-Sc3P@Cq (Osgs—Ngg = 4.11 A) and
MFM-Ru-Sc3P@Cq (Rugs—Ngg = 4.33 A) indicate weaker interactions between the drug molecule and

these metal centers, suggesting relatively weaker adsorption compared to the Fe-doped system. The
optimized bond angles for the pristine, doped, and adsorption complexes are summarized in Table 3,
revealing the geometric changes induced by metal doping and metformin adsorption. For the pristine
Sc;P@Cgq system, the Scgi-Pg4-Scg, bond angle of 100.45° reflects the triangular coordination geometry

formed by the scandium atoms around the encapsulated phosphorus atom. The smaller C5,-Scgs-C3o
angle (39.24°) indicates the curvature and constrained geometry imposed by the fullerene cage. Upon
transition metal doping, notable geometric distortions occur. In Ru-Sc;P@C-q, the Scgq-Pg4-Scg, angle
decreases to 41.02°, indicating structural rearrangement caused by the Ru atom. Additionally, the C,4-
Rug,-Cs bond angle of 90.46° suggests a near-square planar coordination environment around the
ruthenium center. Similar trends are observed for Os-Sc3P@C-q, Where the C,4-0sg,-C5 angle of 90.85°
indicates stable metal coordination on the fullerene surface. For the metformin molecule adsorbed on
Cso, the Ngg-Cg3=Ng5 angle of 115.94° and Cy7-Ng4-Co3 angle of 116.80° are consistent with the trigonal
planar geometry expected around sp?-hybridized carbon and nitrogen atoms in the metformin structure.
The Hg,-Ngg-Cg3 angle of 108.90° reflects the typical geometry of amine groups. After adsorption onto
Sc3P@Cgy, slight changes in the internal geometry of metformin occur. For example, the Ngg=Cg7-Ng3
angle increases to 126.20°, indicating electron redistribution due to interaction with the nanocluster
surface. Additionally, the Scg-Pg4-Scg, angle remains close to its pristine value (100.21°), suggesting
that the core structure of the Sc4P cluster remains largely intact during adsorption. For the metal-doped
adsorption complexes, more pronounced distortions are observed. In MFM-Fe-Sc;P@C+q, the Cq¢-Fegy-
Cs bond angle of 95.94° indicates a slightly distorted coordination geometry around the Fe atom due to
the interaction with metformin. Changes in angles such as Ngg=Cg,-Ng3 (120.57°) further confirm the
involvement of the nitrogen atoms of metformin in adsorption interactions. Similar structural variations
are observed in MFM-0s-Sc3P@C54 and MFM-Ru-Sc;P@C-q, where bond angles around the metal
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centers and nitrogen atoms of metformin adjust to accommodate adsorption. These variations indicate
that metal doping influences the adsorption orientation and interaction strength between metformin and
the Sc3P@Cg, surface.
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Table 2
Selected bond lengths (A) for studied systems

Systems Bond labels  Bond Length-A
MFM N,-Cs 1.37
N5-Cg 1.28
Cq3-Hqs 1.10
N1g-Haq 1.01
SczP@Cg Pg4-SCgo 2.40
Scgs-Cs, 2.20
Cs53-Cs1 1.45
Ru-Sc;P@C5q Pg3-Scg, 2.42
Scgy-Cso 2.20
Cs50-Cs1 1.47
Rug,-C16 1.89
0s-Sc;P@Cq Pg3-Scgy 2.42
Scgy-Cso 2.20
Cs50-Cs1 1.47
Osgs-Cqg 1.90
MFM-Cg, Cs51-Cs3 1.45
Ng5=Cgs 1.89
Ngg-Cgs 1.40
MFM-Sc;P@C5q Pgs-SCgo 2.40
Scgy-Csq 2.20
C51-Csp 1.48
Ngo=Cg 1.28
Ng3-Cgy 1.39
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Systems Bond labels  Bond Length-A

MFM-Fe-Sc;P@Cyq  Pgs-SCgy 2.42
SCgy-Cay 2.20
Cso-Cs; 1.47
FegsCre 1.81
Ngo-Cay 1.25
Fegs-Ngg 2.11
No3-Cgy 1.43
MFM-0s-Sc;P@Cyo  Pgs-SCqy 2.42
Scgy-Ca; 2.20
Csy-Cs; 1.47
08g4-C1g 1.92
Ngo-Cagy 1.30
Osg4-Ngg 4.11
No3-Cgy 1.42
MFM-Ru-Sc;P@Cy9  Pgs-SCgy 2.42
SCgy-Cay 2.20
Cso-Cs; 1.47

Ru 84-C16 1.93

Ngo-Cagy 1.29
Rug,-Ngg 4.33
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Table 3

Selected bond angles (in degrees) for pristine, transition-
metal-doped, and metformin-adsorbed Sc,P@C,, systems

Systems Bond labels Bond Angles (°)
Sc3P@Cg Scgi-Pgs-Scg,  100.45
C39-Scg3-C3p  39.24
Ru-Sc;P@C-q Scgq-Pgs-Scg,  41.02
Ceo-Scgp-Ceg  70.42
Cq6-Rugs-Cs 90.46
0s-Sc;P@Cq Scg-Pgs-Scg,  41.04
Ceo-Scgp-Ceg  70.47
C16-0sg4-Cs 90.85
Fe-Sc;P@Cyq Scgi-Pgs-Scgy,  98.12
Ceo-SCgpCeg  70.45
C16-0sg4-Cs 93.83
MFM-Cg Ngg-Cgz=Ngs ~ 115.94
Cy7-Ngs-Co3 116.80
Hgy-Ngg-Cgs 108.90
MFM-Sc;P@C-q Scgq-Pgs-Scg,  100.21
Cg9-Scg-C70  70.21
Ngo=Cg7Ngz  126.20
Cq7-Ngg-Cqo4 115.97
Hgg-Ng3-Cgs 114.21
MFM-Fe-Sc;P@C,9  Scgi-Pgs-Scgy,  97.51
Ceo-Scgp-Ceg  39.14

CigFegsCs  95.94
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Systems Bond labels Bond Angles (°)
Ngg=Cg7-Ng3 ~ 120.57
Cg7-NggCip7  11.85
Hgg-Ng3-Cgs 11.01

MFM-0s-Sc;P@C;9  Scgi-Pg4-Scg,  97.53
Ceo-SCgp-Ceg  39.14
Cie-FegsCs 88.73
Ngo=Cg7Ng3  111.79
C97Ngg-Cqg;  117.05
HgeNg3-Cgs 116.59

MFM-Ru-Sc;P@C;9  Scgi-Pgy-Scg,  97.94
Ceo-SCgp-Ceg  70.25
Ci6-FegsCs 88.55
Ngg=Cg7Ng3 ~ 121.00
Cg7-NggCipr  116.49

3.3. Non-covalent interaction (NCI) Analysis

The Non-Covalent Interaction (NCI) plots, as seen in Fig. 2, show a visualization of weak intermolecular
forces in real-space, which determine the stabilization of the MFM when incubated with pristine and
metal-encapsulated fullerene systems (MFM-Cgy, MFM-Sc;P@C-9, MFM—Fe ScsP@C-9, MFM—-0s-
Sc;P@C5q, and MFM~-Ru-Sc3P@C-4) [20]. NCI analysis is obtained based on reduced density gradient

(RDG), which determines spatial areas of low electron density and low-density gradients where non-
covalent interactions are predominant [21]. They are areas of weak intermolecular forces instead of
covalent bonding and are usually depicted by colored isosurfaces overlaid on (A,)p values, where
negative values represent attractions and positive values represent repulsions [22]. The blue areas
indicate strong attractive forces; green areas indicate weak dispersive (van der Waals) forces and red
areas indicate steric repulsive forces due to the overlap of electron density [23]. The fact that the
extended green isosurfaces that exist between MFM and fullerene cage are prevailing in the MFM-Cg,

system implies that the - m van der Waals interactions that dominate the adsorption process are mostly
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dispersion driven. Such conduct is congruent with the recent theoretical examinations which have
indicated that complete assemblies depending on fullerene frameworks are generally stabilized by weak
dispersive forces since of the delocalized m-electron cloud of the carbon cage. This indicates that the
physisorption and not chemisorption is confirmed by the absence of any substantial blue regions
indicating the minimal contribution of the electrostatic or hydrogen-bonds. The same was observed in
nanographene-molecule complexes where the NCI analysis showed that weak green RDG surfaces
predominate host-guest stabilized in m-conjugated nanostructures. When Sc4P is encased by Cg, the
topology of interactions is observed to change. Appearing blue-green localized regions close to the
adsorption interface are evidence of tighter attractive force between charges redistributed by the
endohedral cluster. Recent studies on RDG highlight that the polarization effects, as expressed as such
shifts, are electron density transfer, which changes electrostatic aspects of non-covalent bonding [24].
Relative to pristine Cgq, the ScsP@Cgy complex exhibits more favorable density of interaction suggesting
a greater MFM-cage affinity and higher stabilization energy. This is in line with current NCI-RDG studies
which indicate that the magnitude of electrostatic contributions increases due to perturbation of
molecular frameworks by metal centers on the electronic environment. A more pronounced change is
realized in case of transition-metal-doped systems (Fe, Os, and Ru). The blue spots on the contact region
in the Fe-S3P@C-4¢ and 0s-S3P@C-4 complexes are more intense due to the existence of stronger

attractive interactions between the MFM heteroatoms and the metallofullerene surface, which may be
attributed to polarization of the MFM by the metal and partial charge transfer between the MFM
heteroatoms and the metallofullerene surface. The modern NCI studies of transition-metal complexes
are also in agreement with this fact, whereby as the metal is further incorporated, there are localized
regions of attractive density, because of orbital interactions and improved electrostatic stabilization. The
coexistence of red isosurfaces around delimited regions of the cage indicates steric crowding due to the
extent of incorporation of metals, which signifies the strains in the structure - a phenomenon that is
mostly commonly illustrated by metal-coordinated systems in which reduced interatomic distances
produce repulsive RDG signatures. Among the investigated systems, it can be estimated that MFM-Ru-
Sc;P@Cq is the most interactive system, and its surfaces are sufficiently continuous to indicate the
greatest non-covalent stabilization. This behavior is consistent with more recent theoretical studies that
show how heavier transition metals can both increase dispersion and polarization, and result in
cooperative non-covalent stabilization in functional materials. The attractive (blue/green) vs. repulsive
(red) regions demonstrate a balance of the interaction regime with a stabilization due to the dispersion
forces, accompanied by the contribution of the electrostatic forces, and no longer a pure covalent
bonding. Therefore, the computational results are confirmed by the comparative NCI analysis, which
confirms that the incorporation of metal gradually increases the binding of compounds to metalfiller,
which supports the interpretation that the transition-metal doping has a significant improvement effect
on the intermolecular stabilization by modulating the electron density distribution and non-covalent
interaction networks.

3.3.1 Quantum Theory of Atoms in Molecules (QTAIM)
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The Quantum Theory of Atoms in Molecules (QTAIM) analysis to explain the nature, strength, and
electronic nature of the interactions between Metformin (MFM) and the pristine as well as metal-doped
Sc3P@C5q surfaces [25]. Through the analysis of the topological parameters at bond critical points
(BCPs), the electron density p(r), Laplacian V2p(r), energy density components, and ellipticity, in the
examined systems, a definite line is drawn between weak physisorption and strong chemisorption
regimes. In the MFM-Sc3P@Cgq system, the observed BCPs of Ng;-C,¢ and Cs-H- (4 interactions have
large values of the electron density (= 0.005-0.007 a.u.) with low positive values of Laplacian (= 0.016-
0.023 a.u.). The positive V2p(r) together with near-zero and slightly positive total energy density H(r),
gives evidence of closed-shell, noncovalent interactions, either of weak van der Waals forces or
hydrogen bonding. Moreover, the G(r)/V(r) ratios near such close values as one and the low ELF values
(< 0.025) once again prove the prevailing role of the electrostatic interactions with the insignificant
orbital overlaps. These results indicate physisorption is the dominant force affecting Metformin
adsorption on pristine Sc;PCgq and contributes to fast sensor recovery, but at the cost of limiting

sensitivity because of low charge transfer [26]. The introduction of transition metal doping on the other
hand changes the interaction landscape dramatically. Feg,-Ng3 form in the MFM-Fe-Sc3P@C-q system, is
confirmed by significantly higher electron densities at the BCPs (= 0.053-0.074 a.u.) and significantly
positive Laplacians (= 0.239-0.288 a.u.). Notably, H(r) develops a negative value (-0.006 -0.0007 a.u.),
which signifies partial covalence. The values of G(r)/ V(r) less than one, and high ELF (to 0.190) indicate
a modification and amplified exchange of electrons between the Metformin and the Fe-doped surface. It
is a very desirable regime of mixed closed-shell-covalent interaction that allows very high adsorption-
induced electronic perturbation without irreversible binding, which is of much interest in sensing
applications. The same but stronger pattern of interaction is found in the MFM-0s-Sc;P@Cg System.
The values of N-Os interactions are the largest of all systems of (p(r) 0.084 a.u., with very large values of
both laplacians (V2p(r) up to 0.324 a.u accompanied by distinctly negative H(r) values (- 0.011 to -
0.0006 a.u.). This is evidenced by these characteristics that show a more powerful chemisorptive
interaction compared to Fe doping. The higher values of ELF and the ratios of A,/A; also point out that
there is directional bonding with high orbital polarization. This high-level of electronic contact suggests
that there is a considerable redistribution of charges whenever Metformin is adsorbed, and this is likely
to result in an intense sensor response by altering the electronic structure. In the case of the MFM-Ru-
ScsP@C-q system, the Ru-N interactions also have high values of electron density (0.066—0.068 a.u.)
and positive values of Laplacians (0.287-0.289 a.u.), and slightly negative to near-zero values of H(r).
These properties indicate moderately strong chemisorption of a partial covalent nature between the Fe-
and Os-doped systems. Consistent negative ratios of A,/A reflect anisotropic charge accumulation along
the Ru—N bond paths, further supporting effective orbital overlap and charge transfer the results of the
QTAIM clearly show that metal doping changes the weak physisorption of Metformin on ScgP@Cg, to a
strong and chemically significant interaction, with the interaction trend. The interaction trend shows that
the interaction between metal and Sc3P@Cg is relatively weak at the beginning of the series and

becomes stronger and stronger as the electron density at the Regarding sensing, the metal-doped
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systems, especially Os- and Fe-doped Sc3PC4 provide the best ratio between adsorption capabilities
and electronic sensitivity to offer a solid theoretical basis of improved Metformin detection.

3.4 HOMO-LUMO analysis

The reactivity and sensing ability of the pristine and metalled Sc;PCg, systems on the adsorption of
Metformin were also tested using frontier molecular orbital (FMOQ) analysis and other global reactivity
indices [27]. Direct understanding of the electronic sensitivity, charge-transfer capacity, and conductivity
modulation of the proposed materials as sensor elements is provided by the HOMO and LUMO energies,
band gap (Eg), chemical hardness (eta) and softness (S). In the case of pristine Sc;Pgn, the HOMO-
LUMO gap is relatively large (2.499 eV), and the chemical hardness (0.2 eV) was high, and the softness
was relatively low. This electronic rigidity shows restricted charge-transfer responsiveness, which is in
line with weak physisorptive interaction with Metformin as determined by the QTAIM analysis. When the
pristine cage (MFM-Sc;P@C,) is adsorbed by Metformin, it is indicated by a slight decrease in the band
gap (2.470 eV) and insignificant alterations in the hardness and softness. This confirms that Metformin
only causes slight changes in the electronic structure of undoped Sc;P@Cg, thus reducing its sensing
performance in the absence of surface modification. Conversely, metal doping helps to increase the
intrinsic reactivity of ScsP@Cg, greatly. The Fe-, Os-, and Ru-doped systems have much smaller band

gaps (2.012.08 eV) than the pristine cage, which is due to a higher degree of electronic delocalization
and conductivity. The lowest band gap (2.009 eV) and hardness (approximately 1.00 eV) were found in
Os-Sc3P@Cgq, Which is the most reactive intrinsically and most able to accept the electron before
adsorption. The trend indicates the usefulness of transition-metal doping to activate the fullerene
surface to be used in sensing. When Metformin is adsorbed, significant electronic modulation can be
noticed in all metal-doped systems, which is evidence of a strong sensor-analyte coupling. In the case of
MFM-Fe-ScsP@C-q, the band gap rises to 2.268 eV with an increment in the hardness and a decrease in
the softness. This increase in bandgap indicates charge redistribution and orbital rehybridization caused
by Fe-N bonding, which agrees with the mixed covalent interaction as indicated by QTAIM. Even though
the rise in Eg can in some ways lower conductivity, the extent of change constitutes a measurable
electronic signal that can be used in chemi-resistive sensing. The MFM-0s-Sc3;PC-¢ and MFM-Ru-
ScsP@C-q systems have better sensing properties. Bands following adsorption (around 2.032.06 V) in
both cases are near the adsorption values, but there is a strong upward displacement of HOMO and
LUMO levels. The changes indicate high charge transfer between Metformin and the metal-doped
fullerene surface, which causes high-intensity Fermi-level modification. This low hardness and high
softness left after adsorption suggest that the electronic flexibility is maintained, and the required sensor
sensitivity and fast signal transduction. Compared to it, the reactivity analysis shows a definite rank of
sensing performance. Indeed, Pristine Sc;PCgy demonstrates insignificant electronic response to

Metformin, but on the one hand, the metallic doping increases the chemo-responsiveness and sensitivity
significantly [28]. The doped systems, Os- and Ru-doped Sc;P@C-q, are a good balance between high
adsorption-induced electronic perturbation and retain conductivity, whereas Fe doping has a stronger yet
less flexible interaction.
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Table 4

Calculated frontier molecular orbital energies and global reactivity descriptors
for Sc,P@Cg,-based adsorbents before and after Metformin adsorption.

Systems Eqomo-€V  Eymo-€V Eg-eV 5 ay-1  K-eV

Fe-Sc;P@Cyq -5.650 -3.567 2.082 1.041 0.521
Os-Sc3;P@Cq -5.457 -3.447 2.010 1.005 0.502
Ru-Sc;P@C5q -5.546 -3.501 2.045 1.022 0.511
Sc;P@Cg -5.940 -3.441 2499  1.250 0.625
Fe-Sc;P@Cyq -5.649 -3.567 2.082 1.041 0.521
MFM-Cg, -5.7171 -4.7383 0.979  2.348 0.149
MFM-Fe-Sc;P@C;9 -5.416 -3.147 2.268 1.134 0.567
MFM-0s-Sc;P@C;9 -4.912 -2.853 2.059 1.030 0.515
MFM-Ru-Sc;P@C,9 -4.754 -2.720 2.034 1.017 0.508
MFM-Sc;P@Cyq -5.912 -3.442 2.470  1.235 0.618

3.4.1 Density of State (DOS) analysis

The density of states (DOS) spectra present a finer image of the effect on the electronic structure of
Sc;P@Cgy by metal doping and, by extension, its sensing power. Using the comparison of the DOS
profiles of pristine and metal-doped systems, it becomes evident that there is increased electronic
activity near the Fermi level, which is one of the main requirements of chemiresistive sensing [29]. In the
case of pure ScP3Cg, the width of the forbidden gap in the DOS spectrum is relatively large at the Fermi
level, and the band gap is about 2.50 eV. The occupied states confined to the virtual states are far apart,
which implies scarce availability of charge carriers on the ambient conditions. This computer feature
justifies the relatively low intrinsic conductivity and the poor sensing reaction of the undoped system,
which correlates with the HOMO-LUMO examination and a physisorptive connection found in QTAIM.
When the metal is doped, it is found that there is a strong alteration of the DOS distribution. In the Fe-
ScsP@C-q system, the DOS at the Fermi level is significantly larger, and the band gap is reduced to
approximately 2.08 e V. The formation of new electronic states in the immediate surroundings of the
Fermi level can be explained by the hybridization of Fe d-orbitals with the ri-systems of the fullerene
cage. This hybridization increases the charge delocalization and allows the transfer of electrons and
thus increases the baseline conductivity of sensor material. An analogous but somewhat more intense
effect is also present in the Os-Sc;P@C54 system, which shows the best band gap of any of the doped
structures (= 2.01 eV), which suggests that there are more orbital overlap and better electronic
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interaction. This finding is completely in line with the QTAIM finding, which had found stronger Os
interactions in the presence of N and implies that in sensing applications, Os doping is specifically
suitable to activate Sc;PCgq. Ru-Sc-;P@C-q system has an intermediate nature, as the band gap is about
2.03-2.05 eV and DOS intensity has a significant enhancement around the Fermi level as compared to
pristine Sc;P@Cg. The features of the DOS suggest moderate yet vast hybridization of Ru d-states with
the entire fullerene orbitals resulting in improved electronic responsiveness without loss of structural
integrity. This electronic alteration is symmetrical with the HOMO-LUMO and reactivity parameters which
showed that the Ru-doped system had good softness and moderate hardness. Its comparative analysis
reveals that DOS analysis verifies that transition metal doping causes new electronic states and alters
occupied and virtual orbitals to the Fermi level to reduce the band gap and increase electrical
conductivity. Together with the QTAIM and HOMO-LUMO analysis, the DOS outcome demonstrates solid
theoretical data showing that metal-doped Sc;P@C-yq is a highly efficient candidate in the detection of

Metformin in a sensitive and reliable way, especially with the Os- and Ru-doped systems.

3.4.2 Molecular Electrostatic potential (MESP) Analysis

The molecular electrostatic potential (MESP) surfaces of metformin (MFM) adsorbed on pristine and
transition-metal-functionalized Sc3P@Cgy nanostructures are presented in Fig. 4. MESP analysis
provides important insight into the charge distribution, electrophilic and nucleophilic reactive regions,
and possible interaction sites between the adsorbent nanostructures and the metformin molecule. In the
MESP maps, the electrostatic potential is represented by a color scale ranging from negative potential
(red) to positive potential (blue), while green regions represent nearly neutral electrostatic potential.
Negative regions correspond to electron-rich sites favorable for electrophilic attack, whereas positive
regions indicate electron-deficient sites susceptible to nucleophilic interactions. For the MFM-Cg,
complex, the MESP surface shows a clear charge separation between the metformin molecule and the
fullerene cage. The red regions localized around the nitrogen atoms of metformin indicate high electron
density arising from lone pair electrons on the nitrogen atoms, which serve as potential adsorption sites
for interaction with the nanostructure. Meanwhile, the surface of the Cg, fullerene cage predominantly
exhibits green to light blue regions, suggesting relatively neutral to slightly positive electrostatic
potential. This distribution indicates that the adsorption interaction is mainly driven by electrostatic
attraction between the electron-rich nitrogen atoms of metformin and the electron-deficient regions of
the fullerene surface.

In the case of the MFM—-Sc;P@C-4 system, the MESP surface demonstrates a noticeable redistribution
of charge due to the presence of the encapsulated Sc;P cluster. The interior phosphorus—scandium unit
induces localized polarization within the carbon cage, which modifies the electrostatic potential on the
surface of the fullerene. The metformin molecule still shows intense negative potential around the
nitrogen atoms, while the region of the fullerene closest to the adsorbed molecule exhibits slightly
positive potential, indicating enhanced electrostatic attraction and stabilization of the adsorption
complex.
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For the transition-metal-functionalized systems (Fe, Os, and Ru), the MESP surfaces reveal more
pronounced charge redistribution due to the presence of the metal atoms. In the MFM-Fe-Sc;P@C-q
complex, the electrostatic potential around the Fe atom shows significant polarization, producing
regions of positive potential that facilitate stronger interaction with the electron-rich nitrogen atoms of
metformin. This interaction results in noticeable charge transfer between the drug molecule and the
functionalized nanostructure, which is reflected in the stronger adsorption behavior observed for the Fe-
decorated system.

Similarly, the MFM-0s-Sc;P@C-9 and MFM-Ru-Sc;P@C-4 complexes show modifications in the
electrostatic potential distribution around the metal centers. The presence of Os and Ru introduces
localized positive potential regions on the nanocluster surface, which serve as favorable adsorption sites
for the negatively charged regions of metformin. However, compared to the Fe-functionalized system,
the charge polarization appears slightly less pronounced, suggesting relatively weaker electrostatic
interactions with the drug molecule. The MESP analysis indicates that the nitrogen atoms of metformin
are the primary reactive sites involved in adsorption, while the metal-functionalized Sc;P@Cg

nanostructures provide favorable electrostatic environments that enhance the interaction strength. The
observed charge redistribution and polarization effects confirm that transition-metal decoration
improves the sensing capability of the Sc;P@C,q, nanocluster toward metformin detection. These
findings are consistent with the adsorption energy results and further support the suitability of metal-
doped Sc;P@Cgy nanostructures as potential nanosensors for anticancer drug monitoring.

3.5 NBO Analysis

According to the NBO charge transfer analysis, the nature and strength of the interactions between
metformin (MFM) and pristine or metal-doped Sc3P@Cg, system can be well explained in terms of
donor- acceptor interactions and other stabilization energies of the second order, E@. In the case of the
MFM-Cg, system, m—o* and o—1t* charge transfers between the fullerene cage functional groups and
metformin functional groups are relatively weak with low values of E? (0.07-0.26 kcal/mol). Such low
stabilization energies, along with small F(i,j) values, are indicative of weak physisorption dominated by
dispersion and small orbital overlap, which is expected of minimal electronic communication of
metformin and the pristine Cqq surface [32]. When the Sc;P cluster and the transition metal doping is
incorporated, the charge transfer interactions have been observed to be more intense. In MFM-Fe-
ScgP@Cgq system, 0Cgq5—Ng; — LP*(3)Feg, by direct electron donation of metformin to the Fe center is

observed (E® 0.30 kcal/mol). Other m—o* and c—Tt* reactions between the Sc-P unit and the metformin
backbone also prove the increased orbital mixing enabled by the metal core. This is more interaction of
the donor and the acceptor indicating that Fe doping successfully exposes the fullerene surface in more
energetic association with the metformin. In MFM-Os-Sc3;P@C-q, the highest charge transfer interaction
is found, in particular, the 0C5-0sg4 — 0*Cg5~Ng; donation with a high E,) value of 2.35 kcal/mol and a
large F(i,j) value (0.034 a.u).Such a large stabilization energy shows a high level of orbital overlap and
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good two-way charge transfer between metformin and the Os-doped SczP@Cg cage. The existence of
the complementary back-donation interactions also testifies to the development of strong adsorption
complex, which in turn means that Os doping significantly increases the sensing performance due to the
strong electronic interactions. Equally, MFM-Ru—-Sc3P@Cg, system displays considerable charge

transfer, specifically, the 6C8;—Ng; — LP*(3) Rug, with an E@ of 1.16 kcal/mol. The presence of Ru lone

pair antibonding orbitals is an indicator of successful electron donation of the metformin to the Ru
center, with other o-o interactions contributing to the stability of adsorption. These findings indicate that
the process of Ru doping is also conducive to the stronger chemisorption than in the pristine system, but
weaker than the Os-doped analogue. Conversely, the MFM-ScsP@Cgq system, in which the metformin
molecules are not externally doped with metal, reveals comparatively weak 0 - interactions, and E@
values are low (0.05-0.11 kcal/mol), which means that the cage does not delocalize charges on the
metformin molecules. In general, the NBO analysis indicates that the possession of transition metal
doping, especially those of Os and Ru, is very helpful in increasing the charge transfer of both metformin

and Sc3P@Cg, therefore, enhancing adsorption and electronic sensitivity of these systems. This
interaction between the donor and the acceptor promotes the efficient sensing activity of M-ScsP@Cq to
metformin detection.

3.5.1 NBO population analysis

The Natural Bond Orbital (NBO) analysis of populations gives a close insight into the redistribution of
electrons between the MFM and the complete fullerene-based systems, and by quantifying the atomic
charges and electrostatic transfer of charge [33]. NBO charges can be used to determine the localization
of electron density on atoms following bonding interactions and to determine how metal encapsulation
can affect electronic structure (i.e., donor/acceptor behavior). Based on your findings, the values of the
total charges evidently show progressive charge transfer MFM compound to the metallofullerene
skeleton as more metal is incorporated with the magnitude being as follows: Qyey-fe-scap@c7o (0-551) >

QuiFm-0s-seap@c7o (0-335) > Quem-ru-sesp@c7o (0-292) > Quem-sesp@cro (0-276) The existence of the
neutral charge in MFM-Cg, indicates no electron transfer, and positive total charges in metallofullerene
systems indicate the transfer of electrons from the compound to the cage in response to the polarization
of the metal-cluster in these systems. The comparison of carbon atoms in more detail reveals that
positive charge within Fe-containing systems is raised (e.g., C: 0.629 — 0.695 and 0.639 — 0.715) which
depicts the withdrawal of electrons in the MFM carbons and their density. This rise is due to high
electron-accepting properties of the Fe-Sc;P@Cg cage that boosts MFM-to-cage charge transfer caused
by orbital overlap and electrostatic attraction. On the contrary, Os and Ru systems have lower positive
charges of carbon (as 0.609 - 0.563 and 0.531 - 0.522 ranges), which suggests partial back-donation of
heavy metals. Diffuse d-orbitals of Os and Ru permit more redistribution of the electron density towards
the MFM reducing the carbon electron depletion relative to Fe. The nitrogen atoms as the primary donors
of electrons because of the lone pairs have significant changes in charge which are direct representation
of the strength of co-ordination. Some of the nitrogen atoms in the Fe complex become less negative
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(e.g.-0.687-0.739 or -0.650 -0.732) which is a sign of increased electron donation to the
metallofullerene and the strength of the donor acceptor interaction. This decrement of the electron
density is due to the fact that Fe is comparatively more electronegative in interaction with other
electrons in the cluster and charge is withdrawn. Os and Ru systems, in contrast, exhibit relatively
smaller changes (- 0.616 to -0.589 range), which indicates more equal sharing of electrons than
intensive extracting of electrons. Only the Sc;P@Cg, system behaves intermediately, which validates that
the cage polarization of encapsulated metals occurs in the absence of exogenous transition-metal
substitution. The hydrogen atoms always become a little more positive throughout metallofullerene
complex (e.g., 0.357 0.417 or 0.374 0.424 in Fe systems) [34]. This effect is indirectly caused by electron
density loss to nearby nitrogen and carbon atoms; the closer the electron density moves to the cage, the
weaker the shielding of the bonded hydrogens, which increases positive NBO charges. Its effect is
greatest in Fe complexes and least in pristine Cgp, again supporting the observation of increasing
polarization with increasing metal incorporation. This general charge redistribution process can be
explained, in turn, by three key electronically determined reasons which are: metal-induced polarization,
in which encapsulated Sc;P distorts the electron density of the entire cage of fullerene; MFM-to-cage

charge transfer, most effectively with Fe because of the effective overlap of orbital with the strongest
polarizable d-orbital; and metal back-donation, more pronounced in the Os and Ru systems because of
larger and more polarizable d-orbital in the heavier transition metals and more even distribution These
electronic consequences account for why Fe systems are the most active with the total charge transfer,
whilst Os and Ru complexes are moderated but stabilized to reorganize electrons. Comparatively, the
NBO analysis confirms that Fe replacement facilitates the greatest electron withdrawal and highest
donor-acceptor contact whereas Os and Ru inject electronic delocalization and balanced charge
stabilization and Sc;P@Cgy encapsulation by itself offers average polarization contrasting pristine Cgg.
The charge differences you see clearly support your results on MESP and NCI in which stronger regions
of electrostatic complementarity and interaction are observed within the metal-containing systems, and
this indicates that tightening of binding is a result of metal-induced charge transfer and redistribution in
the MFM-metallofullerene mutualities.

3.6 Adsorption studies: Charge on metal, BSSE, and
Solvation energies

As indicated by the adsorption and solvation parameters in Table 8, the strength of the interaction, the
nature of charge transfer, and the stability of metformin (MFM) on pristine and metal-doped ScP@Cgq
systems can be readily understood. The adsorption energy (E,qs) is one of the key metrics of the binding

strength with lower values of the adsorption energy reflecting the potential strength of adsorption [35].
With a relatively small adsorption energy of -0.54 eV -0.53 eV (after-BSSE) in the pristine MFM-Cg

system, one would conclude that it is weak physisorption, that is dominated by van der Waals forces
without any significant charge transfer. The absence of a net charge transfer (Qy,) and small solvation

stabilization (AEation- 0-36 €V) are also indicative of a weak interaction [36] that implies that pristine
Cg is not very sensitive to metformin detection. Conversely, the metal doping increases the adsorption
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of metformin on the Sc;P@Cg, framework to a great extent. The complex of MFM-FeSc3PC,q has a
significantly lower adsorption energy (-2.18 e V, made negative by adjusting the complex position), with
a quantifiable charge transfer of 0.10 e between the metformin and the substrate. This high rise in
adsorption strength is an indication of the intensive chemisorptive interactions that are produced
through Fe center which is an effective electron acceptor. The high solvation energy (- 1.30 eV) also
points to the fact that the Fe-doped system is held in an excited state under solvated conditions, yet
another essential requirement regarding the practical use in sensing of biological environments. The
interaction is even stronger between the MFM-Os- Sc;P@C-4 system, where the adsorption energies are
-2.67 eV (-2.66 eV after BSSE) and the charge transfer of 0.07 e. This increased adsorption has been
explained by the high participation of d-orbital of Os to facilitate good orbital overlap and charge
delocalization at the site of adsorption. This is supported by the lower solvation energy (-1.46 eV), which
suggests that the adsorption complex is more stable in solvent effects. The MFM-Ru-Sc;P@C-9 complex

has the most pronounced interaction with metformin, with the most negative adsorption energy (-2.91
eV -2.90 eV with BSSE correction) and charge transfer value (0.13 -1 of an electron). These findings
indicate a strong chemisorption due to a close electronic interaction between metformin and the Ru-
doped ScsP@C-q surface. The solvation energy corresponding (-1.66 eV) is also the largest in magnitude
meaning it is better stabilized in aqueous or biological environment which is much desirable in sensor
performance. Interestingly, the MFM system with the Sc;P@Cyg is less strongly adsorbed (E,4s = -0.18
eV); the adsorption energy with bases set superposition (E,4s -2.17 eV) indicates that the effect of basis
set superposition has a strong impact on the interaction energy in this scenario. However, the solvation
energy is relatively low (i.e., -0.39 eV) and no clear transfers of charge occurred, suggesting that in
comparison to transition metal-doped systems the Sc;P@Cg substrate alone is not particularly good in
promoting metformin adsorption. The integrated adsorption energy, charge transfer, BSSE correction,
and solvation analysis have conclusively shown that transition metal doping was able to significantly
enhance the strength of interaction and environment stability of Sc;P@Cgq with metformin. The
adsorption activity of Ru-;P@Cgq has the highest potential in the sensing of metformin in the highly
sensitive regimes.
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Table 5
Adsorption energies (E, 4, €V), corrected adsorption energies with basis
set superposition error (E,4s+BSSE, eV), solvation energy corrections
(AEgqvation @-U- @and eV), and charge transfer (Qy, €) for metformin
adsorption on pristine and transition-metal-doped Sc,P@C,, systems

Systems Ead (eV) QM Eags+Bsse  AEsolvation ©-V
MFM-Cg, -0.54 - -0.53 -0.36
MFM-Fe-Sc;P@C,;9 -2.18 0.10 -2.15 -1.30
MFM-0Os-Sc;P@C,9 -2.67 0.07 -2.66 -1.46
MFM-Ru-Sc;P@C,9 -2.91 0.13 -2.90 -1.66
MFM-Sc;P@C-q -0.18 - -2.17 -0.39

4.0 Conclusions

This paper shows that phosphorus-doped endohedral fullerenes, especially Sc;P@Cg, are promising

nano-scaffolds of sensitive pharmaceutical detection. An analysis conducted through the density-
functional theory demonstrated that pristine ScsP@Cg zero interacts with metformin through
physisorption with minimum structural distortion and electronic response. These doping with Fe, Ru, and
Os provide dramatic changes in adsorption behavior and electronic sensitivity with Fe leading to
chemisorption via Fe—N bond formation and Ru/Os providing an ideal balance between adsorption
strength and electronic flexibility. The band gap analysis showed that metal doping lowers energy gaps
(=2.01-2.08 eV), which contributes to better charge delocalization and conductivity and DOS, NBO,
QTAIM, and NCI analyses revealed that the orbital hybridization is stronger, that the interaction of the
donor and acceptor is improved, and that the ability to transfer charges in metal-doped systems are
increased. Os- and Ru-doped Sc;P@C-q boards had the most reasonable combination of adsorption
energy, electronic modulation and spin stability among the systems investigated indicating their
potential application as highly responsive nanoplatforms in detecting metformin. On the whole, the
present work demonstrates that transition-metal-doped Sc;P@C-q can be used as an electronically
tunable high-performance sensor, which justifies the design of the next-generation metallofullerene-
based nanosensors to biomedical and anticancer drug monitoring.
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Figure 1

Optimized structures of pristine Cg,, phosphorus-doped endohedral Sc;P@Cs,, and transition-metal-
doped Sc;P@C,, systems (Fe, Os, and Ru)
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Figure 2

Non-covalent interaction (NCI) isosurfaces for MFM adsorption on pristine and metal-doped Sc,;P@C79
endohedral fullerenes
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Figure 4

Molecular electrostatic potential (MESP) surfaces of MFM adsorbed on pristine and metal-doped
Sc;P@Cg, nanostructures: MFM-Cgy, MFM—-Fe-Sc,;P@C-9, MFM—-0s—-Sc;P@C-9, MFM—Ru—Sc;P@Cy,
and MFM-Sc;,P@Cyq,
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