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Abstract: Magnetic silver core—shell nanoparticles (Fe:Os@Ag) were synthesized via a
sustainable green chemistry route using Alcea leaf extract, which acted as both reducing and
stabilizing agent. Optimization of the extract concentration yielded uniform nanostructures with a
silver coating efficiency of 88.7%, an average size of 95.4 nm, and good colloidal stability (zeta
potential —27.2 mV). Structural characterization (EDX, XRD, FT-IR, SEM) confirmed the

formation of the desired core—shell morphology.

To rationalize the experimental observations, density functional theory (DFT) and time-dependent
DFT (TDDFT) calculations were performed on a glucose-stabilized FesOs@Ag -cluster.
Theoretical analyses revealed orbital hybridization between Fe 3d, O 2p, and Ag states, with
glucose introducing new Ag—O(C) contributions near the Fermi level. Frontier orbital analysis
indicated a switch in the charge-transfer pathway, from interfacial core—shell transfer in the
pristine system to shell—core metal-to-metal transfer after glucose adsorption. This orbital
realignment reduced the HOMO-LUMO gap (3.31 — 3.20 eV) and increased the dipole moment
(8.2 — 13.5 D), consistent with the experimentally observed zeta potential and red-shift in UV—
Vis absorption. Non-covalent interaction analyses showed that stabilization is driven by
physisorption through van der Waals and weak hydrogen-bond-like electrostatic contacts (O---Ag

24-27A, 0-H---Ag 1.9-2.2 A, £ ~92-107°), rather than covalent bonding.

Keywords: DFT; HOMO-LUMO gap; interfacial charge transfer (ICT); metal-to-metal charge
transfer (MMCT); Natural Bond Orbital (NBO) analysis; reduced density gradient (RDG).

1. Introduction
Nanotechnology has emerged as a transformative field with wide-ranging applications in catalysis

[1], biomedicine [2], and environmental remediation [3]. Green synthesis strategies have gained



particular attention [4] because they minimize ecological risks compared to conventional methods
that often rely on toxic reagents [5] and high energy input [6]. Among various biological
approaches, plant extracts are especially attractive due to their rich biomolecular contents such as
flavonoids [7], polyphenols [8], and carbohydrates [9] that simultaneously act as reducing [10],
capping, and stabilizing agents [11].

Metal and metal-oxide nanostructures have been extensively studied for their tunable optical
[12], magnetic [13], and antimicrobial properties [14]. Core—shell architectures are of particular
interest because they integrate distinct functionalities [15] while reducing material costs by using
inexpensive cores coated with noble metals [16-19]. Within this class, Fe;Os@Ag hybrid
nanostructures have emerged as promising multifunctional platforms: FesOs provides
biocompatibility [20] and magnetic responsiveness [21], whereas Ag contributes strong plasmonic
[22] and antimicrobial properties [23-26]. Green synthetic routes for Ag [27] and Fe;Os
nanoparticles [28] using plant-derived molecules such as glucose [29,30] have been reported,

highlighting their role in enhancing colloidal stability and bifunctionality.

Several recent works illustrate these advances: Ahmed et al. demonstrated the facile plant-
mediated synthesis of Ag nanoparticles with enhanced antimicrobial activity [31]; Sarkar and
Mandal reported glucose-assisted fabrication of size-controlled FesO4 nanocrystals [32]; Rukhsar
et al. provided a comprehensive review of the structural and magnetic properties of FesOa
nanoparticles for biomedical applications [33]; and Abdel-Hafez et al. highlighted the broad-

spectrum antimicrobial properties of Ag-based nanostructures [34].

Despite significant experimental progress, the molecular-level mechanisms underlying
nanoparticle stabilization by plant-derived biomolecules remain poorly understood. In particular,

the role of glucose in modulating the electronic structure and charge-transfer pathways of



FesOs@Ag systems has not been elucidated. Previous studies have demonstrated catalytic [35] and
biosensing applications [36] of FesOa@Ag nanoparticles, and glucose has been used as a capping
agent for FesO4 [37] and Ag nanoparticles [38,39]. However, no theoretical (DFT/TDDFT) work
has yet addressed the FesOs@Ag—glucose interface, orbital reorganization, or interfacial charge-

transfer mechanisms.

Numerous experimental studies have demonstrated the green synthesis of Fe:Os@Ag
nanocomposites. However, the molecular mechanisms underlying their surface stabilization by
plant-derived carbohydrates remain poorly understood. In particular, the specific surface sites
responsible for glucose adsorption are not yet clearly identified, and it is unclear whether these
interactions are governed primarily by electrostatic forces or involve orbital-level charge transfer.
Understanding these processes is essential for establishing reliable structure—property

relationships in hybrid nanomaterials produced via green synthesis.

The present study combines green synthesis and multiscale characterization with first-principles
calculations to bridge this gap. We demonstrate that glucose adsorption drives a switch from
interfacial charge transfer (ICT, core—shell) in pristine FesOs«@Ag to a metal-to-metal charge
transfer (MMCT, shell—core) configuration. This ICT-MMCT transition is quantified through
orbital decomposition and correlated with experimental UV—Vis red-shifts and dipole
enhancements, providing fundamental insights for the rational design of stable, multifunctional

nanostructures.

2. Experimental

2.1. Materials and physical methods



Iron (III) chloride hexahydrate (FeCls:6H20, 99 wt%, CAS No. 10025-77-1), silver nitrate
(AgNOs, 99.9 wt%, CAS No. 7761-88-8), iron (II) chloride tetrahydrate (FeCl.-4H20, 99 wt%,
CAS No. 13478-10-9), and sodium hydroxide (NaOH, 98 wt%, CAS No. 1310-73-2) were
obtained from Merck Co., Germany. The morphology and size distribution of the nanoparticles
were investigated using a Field Emission Scanning Electron Microscope (FE-SEM, JEOL JSM-
7610F). The elemental composition and silver coating efficiency were analyzed by Energy
Dispersive X-ray Spectroscopy (EDX, Oxford Instruments X-MaxN 80), confirming the presence
of Fe, O, and Ag with a coating efficiency of 88.65%. The crystallinity and phase structure were
determined by X-ray Diffraction (XRD, PANalytical X’Pert PRO, Cu Ka radiation, A = 1.5406
A). Fourier-transform infrared spectra (4000—400 cm™) of powdered samples were obtained as
KBr pellets using a PerkinElmer Spectrum Two FT-IR spectrometer. UV—Vis absorption spectra
were recorded on a UV—Vis spectrophotometer (HACH DR 6000) using a quartz cuvette of 1 cm
path length at room temperature. Thermal stability was assessed by Thermogravimetric Analysis

(TGA, TA Instruments Q50) under nitrogen atmosphere at a heating rate of 10 °C/min.

2.2.Experimental Methods

The FesO4 core and FesOs@Ag core—shell nanoparticles were synthesized through a two-step
green chemistry route using Alcea leaf extract as a natural reducing and stabilizing agent. All
reagents were of analytical grade and used as received. Plant material was collected from the
Faculty of Agriculture, Razi University. A complete list of chemicals, their purity, instrumentation

specifications, and the full synthesis protocols are provided in the Supporting Information.

2.2.1. Synthesis of FesO4 Nanoparticles



FesO4 nanoparticles were prepared by a coprecipitation method. Aqueous solutions of Fe (II)
and Fe (IIT) chloride salts were mixed, followed by the addition of Alcea extract. The pH was
adjusted to 11 using sodium hydroxide, which initiated precipitation. The resulting nanoparticles
were magnetically separated, washed with distilled water, and dried. Detailed concentrations and

procedural parameters are available in Supporting Information.

2.2.2. Synthesis of Fe;O+s@Ag Core—Shell Nanoparticles

Fe;Os@Ag nanostructures were synthesized via a one-pot green route. Pre-synthesized Fe;Oa
nanoparticles were combined with silver nitrate and Alcea extract under controlled heating, where
plant biomolecules facilitated the reduction of Ag* ions and deposition of a silver shell. Process
optimization was performed using a Central Composite Design (CCD) within Design-Expert
software (version 13). Final products were magnetically collected, washed, and dried. The

complete optimization matrix is given in the Supporting Information.

3. Computational Methods

All quantum-chemical calculations were performed with the Gaussian 16 package [40].
Geometry optimizations were carried out using the CAM-B3LYP functional in conjunction with
the LANL2DZ effective core potentials (ECPs) for Fe and Ag atoms [41] and the 6-311G(d) basis
set for C, H, and O atoms [42]. The CAM-B3LYP functional was chosen because long-range
corrected hybrids reliably describe charge-transfer excitations in metal/oxide—organic systems,
where conventional hybrids such as B3LYP often underestimate excitation energies [43]. The
polarizable continuum model (PCM) with water as solvent was employed to account for solvation

effects consistently in both ground and excited states [44].



The modeled systems included (i) a cluster fragment of the FesO4 (111) surface to represent the
magnetite core, (i1) a monolayer Ag shell forming the core—shell structure, (iii) an isolated glucose
molecule, and (iv) the Fe:Os@Ag—glucose complex (Fig.1a, b). Core Fe—O atoms were kept
frozen to preserve local crystallographic integrity, while the Ag shell and glucose molecule were
fully relaxed during optimization. The cluster was constructed by trimming a full FesOa unit cell,
as shown in the Supporting Information (Fig. S1-3), ensuring that the essential local coordination

and interfacial chemistry were maintained.

Time-dependent DFT (TDDFT) calculations at the same CAM-B3LYP/LANL2DZ/6-311G(d)
level were performed to obtain excitation energies and oscillator strengths, which were further
analyzed with GaussSum [45]. Natural Bond Orbital (NBO) analysis was used to quantify donor—
acceptor interactions [46]. Density of states (DOS) and projected DOS (PDOS) were generated
with Multiwfn 3.3.9 [47], and frontier molecular orbitals were visualized using GaussView 6.0
[48]. Reduced density gradient (RDG) analysis was also employed to probe non-covalent

interactions at the FesOs@Ag—glucose interface [49].

The cluster approach adopted here has been widely used for FesOs@Ag and other metal—
oxide@Ag systems, capturing essential charge-transfer physics in agreement with experimental

data [50,51]. While periodic DFT would provide further validation, the present finite model is

sufficient to interpret the experimental optical and electronic trends addressed in this work.

8%, &
N
4.°% 2

(2)




Fig. 1. (a) Optimized structure of the Fe;Os@Ag core—shell system, showing the magnetite core
encapsulated by a silver shell. (b) Optimized structure of glucose adsorbed on the Fe:O4@Ag core—shell
surface. The glucose molecule interacts primarily with the Ag shell, demonstrating the adsorption

configuration studied.

In this study, a cluster model was constructed to capture the essential local coordination features of the
FesO4@Ag interface, rather than to reproduce the full nanoparticle geometry. Previous theoretical
investigations have demonstrated that finite cluster models can effectively describe key interfacial
phenomena in metal/metal-oxide hybrid systems, such as charge-transfer behavior, adsorption energetics,
and orbital reorganization. To minimize artificial edge effects, the inner Fe—O framework was kept fixed,
while the surface Ag atoms and adsorbed species were allowed to relax fully. This approach provides a

practical balance between physical accuracy and computational cost.

4. Results and Discussion

4.1.Geometry Optimization and Interfacial Interaction

The strength of the interaction between glucose and the FesOs@Ag surface was evaluated by

calculating the adsorption energy (E_ads), defined as:

Eads = Ecomplex - (Esurface + Eglucose)

Here, Ecomplextepresents the total energy of the optimized glucose-FesO4@Ag system, while
Esurfaceand Egpycosecorrespond to the energies of the isolated FesOs@Ag cluster and the free

glucose molecule, respectively. A negative E_ads value indicates that adsorption is energetically

favorable. The calculated adsorption energy shows that glucose preferentially binds to the Ag shell,



consistent with its experimentally observed role as a stabilizing and capping agent during

nanoparticle formation.

preservation of the spherical core—shell framework. The absence of imaginary vibrational
frequencies validated that the system had converted to a real minimum energy structure. Upon
adsorption of glucose, weak hydrogen bond was formed between surface silver atoms and the
hydroxyl (—OH) group of glucose was formed, with H---Ag and O--- Ag distances of approximately
2.40 A (Fig. 2) [52,53]. Even though this is non-covalent interaction, it significantly stabilizes
nanoparticles in aqueous media through glucose attachment to the Ag surface [54]. The optimized
O-H:---Ag contacts are 1.94-2.16 A with O-H---Ag angles of ~92-107°, consistent with weak
hydrogen bonding or electrostatic stabilization rather than strong directional hydrogen bonding.
Additional O(glucose)---Ag contacts occur at 2.4-2.7 A (see SI, Table S1). In our work, glucose
acted as both a mild reducing agent—capable of reducing Ag" ions in situ—and an adsorbing
capping molecule for stabilizing nanoparticles [55,56]. These functions are inherently
interconnected, with glucose adsorption being a direct consequence of nanoparticle stability and
formation. Theoretical calculation is also shown to reveal that glucose not only participates in the
synthesis of the nanoparticle but also regulates the electronic environment of the Ag shell by weak
physisorption and orbital interactions [57]. This control enhances colloidal stability and visible-
light activity. Besides, glucose adsorption plays a role in modifying frontier molecular orbital
distribution, promoting charge separation and improving light-harvesting efficiency in the visible

region [58,59].



Fig. 2. Optimized geometry of glucose adsorbed on the Fe;Os@Ag core—shell cluster, showing O---Ag

contact distances (2.4-2.7 A) and O-H---Ag angles (~92—107°).

4.2.Investigation of particle size and size dispersion index of nanoparticles (Poly

dispersity index- PDI)

The dispersion of nanoparticles within the dispersant and their co-accumulation are crucial
factors in preparing suspensions and are directly related to the particles' surface charge. Zeta
potential represents the repulsive forces between particles of the same charge in the suspension. A
higher absolute value of zeta potential indicates that the particles in the suspension are less likely
to agglomerate. Dynamic Light Scattering (DLS) analysis was employed to determine the size of
the nanoparticles. This analysis provided the hydrodynamic radius of the nanoparticles and their
Polydispersity Index (PDI), as shown in Table 1. Based on the data presented in the table, the
sample with the smallest dynamic radius and the highest surface charge was identified as the

optimal choice.

Table 1. The results of DLS analysis of magnetite-silver composite nanoparticles
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No.
sample Riya PDI Zeta
1 181.1 0.297 | -26.4
2 198.2 0.301 | -14.2
3 156 0.325 | -13.6
4 175.2 0.444 | -259
5 95.44 0.257 | -27.2
6 2439 0.577 | -19.1
7 201.3 0.368 | -24.4
8 310 0.541 | -16.6
9 259 0.421 | -14.6

The results revealed that composite nanoparticles synthesized under varying concentration
conditions exhibited different hydrodynamic radii and particle size distribution indices. Among

the magnetic-silver composite nanoparticles, sample 5 demonstrated smaller particle size and a

more favorable dispersion index compared to the other samples, indicating the formation of

uniform, homogeneous nanoparticles (Fig.3 and Fig.4). This sample was chosen for further

investigation.
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Results

Diam. (nm) % Intensity Width (nm)
Z-Average (d.nm): 9544 Peak 1: 125.5 100.0 70.97
Pdl: 0.257 Peak 2: 0.000 0.0 0.000
Intercept: 0.943 Peak 3: 0.000 0.0 0.000
Result quality : Good
Size Distribution by Intensity

Intensity (%)

0.1 1 10 100 1000 10000
Size (d.nm)

Fig. 3. Dynamic Light Scattering (DLS) analysis of the sample showing a single peak with a Z-average

hydrodynamic diameter of 95.44 nm and a PDI of 0.257, indicating a narrow and monodisperse size

distribution (quality rated as “Good,” intercept = 0.943).

Results
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -27.2 Peak 1: -27.2 100.0 4.87
Zeta Deviation (mV): 4.87 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.00968 Peak 3: 0.00 0.0 0.00

Result quality : Good

Zeta Potential Distribution

Total Counts

-200 -100 0 100 200
Zeta Potential (mV)
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Fig. 4. Zeta potential distribution of the particles, showing a single peak with an average value of —27.2

mV, indicating that the particles carry a negative surface charge.

4.3.Investigation of the X-ray diffraction (XRD) diagram

To identify and characterize the crystal structure of composite nanoparticles synthesized via the
green method, X-ray diffraction (XRD) analysis was employed. XRD is a technique used to
investigate the structure of crystalline materials, allowing for the analysis of phase, crystal
structure, and interplanar spacing of the nanoparticles. This process involves the examination of

X-ray reflections from the sample surface [60].

The samples were prepared in a completely dry powder form, free of any moisture. By
systematically varying the angle of the incident X-ray beam on the sample, a spectrum of varying
intensity was recorded as a function of the angle between the incident and scattered beams. X-ray
diffraction spectroscopy enabled the identification of the material type, phase characteristics, and
the distances between crystal planes [61]. This analysis relied on the processing and interpretation
of the X-ray reflections from the sample surface. As Fig.5 Shows, the XRD pattern matches

literature structure [62, 63].
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Fig. 5. XRD patterns show the as-synthesized Fe:O4«@Ag sample together with simulated

patterns of pure FesO4 and Ag, clearly illustrating the presence of both phases in the composite.
4.4.Investigation of nanoparticle morphology by Scanning Electron Microscopy (SEM)

As it showed in Fig. 6, according to the result obtained from the SEM image, it was found that
sample number 5, which had the smallest size and the highest surface charge, has a spherical and
relatively uniform morphology. Meanwhile, checking the average particle size (79.05 nm) with

Imagel] software confirmed the result. Also, the synthesized particles have an acceptable

uniformity.
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Fig. 6. SEM image obtained from magnetite-silver composite nanoparticles

4.5.Investigation of nanoparticle by Energy Dispersive X-ray (EDX)

Energy Dispersive X-ray (EDX) was used to check the elements in the synthesized sample and its
qualitative/quantitative analysis. As we can see in Fig.7 and Fig. 8, this investigation made it clear
that the presence of silver (Ag) and Iron (Fe) elements in our sample. Also, elements such as
carbon (c) and oxygen (0)are due to the use of plant extracts (Glucose (CsH120¢)) in the sample
synthesis process. So, it can be confirmed that the green synthesis of Fe3O4@Ag core-shell

nanoparticles has been done correctly.
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Fig. 7. X-ray energy dispersive spectroscopy (EDS) analysis of the iron oxide nanoparticles, confirming

the presence of iron (Fe) and oxygen (O) as the primary elemental components.
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Fig. 8. X-ray energy dispersive spectroscopy (EDS) analysis of the magnetite-silver composite

nanoparticles, confirming the presence of iron (Fe), oxygen (O), and silver (Ag) in the sample.

4.6.Investigation of the Thermogravimetric Analysis (TGA) Diagram
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Thermogravimetric Analysis (TGA) is a technique used to measure changes in the weight of a
sample as a function of temperature or time in a controlled atmosphere. This method helps
determine the composition of materials and predict their thermal stability up to temperatures as
high as 1500 °C [64]. As shown in Fig. 9, the sample loses approximately 6% of its weight by 90
°C, which is attributed to the evaporation of physisorbed water, low-molecular-weight volatile
compounds, solvents, and trapped gases. Between 150 °C and 250 °C, the mass reduction is due
to the loss of chemisorbed water and low-molecular-weight compounds, such as additives and
volatile decomposition products. Beyond 250 °C, the sample begins to decompose, with multiple
onset and endset temperatures possible for multi-component systems or reactions involving
intermediate steps. By 520 °C, around 55% of the sample has decomposed or evaporated, and
between 520 °C and 800 °C, the remaining 45% of the mass is residual ash from the thermal

degradation process.
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Fig. 9. Thermogravimetric analysis (TGA) curve showing the mass loss profile of the sample as a
function of temperature, indicating successive weight reductions due to moisture release, volatile

components, and major thermal degradation.

All characterization analyses of the synthesized nanoparticles, including SEM, FTIR, and EDX,
are provided in full in the Supporting Information. These data comprehensively confirm the

morphology, composition, and structural features of Fe;O4@Ag nanocomposites.
4.7.Investigation of the results of Fourier transform infrared (FT-IR)

Based on the chemical structure and FTIR spectrum of the magnetite-silver nanoparticles (Fig.
10), the peak observed at 3424 cm™' can be attributed to the hydroxyl group (OH). The peak at
2924 cm™ is a result of stretching vibrations between carbon and hydrogen (C-H), typically
occurring within the 2800 cm™ to 3300 cm™! range. The peak near 1618 cm™ likely corresponds
to overlapping signals from alkene (C=C) or carbonyl (C=0) groups, due to the presence of Alcea
extract coating the nanoparticles. The characteristic C-O stretching vibrations, both aliphatic and

aromatic, generally appear in the 1000 cm™ to 1350 cm ™ range [65-67].

Transmittance (%)

T T T T . T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)
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Fig. 10. FTIR spectrum of the magnetite-silver nanoparticles, showing the characteristic confirming the

presence of organic functional groups on the nanoparticle surface.

4.8.Electrostatic Surface Potential and Charge Distribution

Electrostatic surface potential (ESP) mapping and Mulliken charge analysis revealed strong
polarity across the FesOa@Ag core—shell nanostructure (Fig. 11). Oxygen atoms of the FesOa core
carry partial negative charges while the silver atoms of the shell possess weak positive character
[68, 69]. This charge asymmetry results in a net dipole moment of 8.2 Debye for the core—shell
nanostructure (Fig. 12), in qualitative agreement with the experimentally measured zeta potential
of —27.2 mV [70]. Such intrinsic polarity facilitates dipole—dipole and hydrogen bonding
interactions with biomolecules, fostering colloidal stability and bioactivity [71,72]. In the pristine
system, HOMO is localized on the Fe—O core and LUMO on the Ag shell (core—shell ICT). Upon
glucose adsorption, the HOMO shifts to the Ag shell at the glucose binding site, while the
LUMO+7 is located on the FesOas core/interface, consistent with shell—-core MMCT. Glucose
interacts with the Ag shell, modulating the electronic environment and facilitating metal-to-metal
charge transfer [73,74]. This interaction enhances charge separation and overall polarity,
potentially improving the nanostructure’s electronic properties and its affinity for biomolecular
interactions [75]. The ESP map of the Fe:Os@Ag-glucose complex (Fig. 13) demonstrates
modified charge distribution and enhanced polarity upon glucose adsorption. Potential donor and
acceptor sites of glucose, identified via ESP mapping (Fig. S3), support its electron-donating role
during adsorption [76]. All ESP maps use a color scale of —0.05 a.u. (electron-rich, red) to +0.05

a.u. (electron-deficient, blue) with the molecular surface at isovalue 0.001 e/bohr>.
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Fig. 11. Electrostatic surface potential (ESP) map of the Fe;:O4@Ag core—shell nanostructure, showing

charge distribution and polarity.

Fig. 12. Mulliken charges indicating negative O and slightly positive Ag atoms in the core—shell structure.

The blue arrow indicates the dipole moment vector.
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Fig. 13. Electrostatic surface potential (ESP) map of the Fe:Os@Ag core—shell - glucose nanostructure,

showing charge distribution and polarity.

4.9.Frontier Orbitals and Charge Transfer Mechanism

Fig.14 shows that TDDFT orbital analysis of the pristine Fe;:Os@Ag system exhibits the HOMO
localized mainly on the Fe—O core, while the LUMO and LUMO+5 are delocalized over the Ag
shell. This orbital alignment favors interfacial charge transfer (ICT) from the magnetic core to the
plasmonic shell upon photoexcitation [77]. Upon glucose adsorption, the dominant excited-state
transition shifts to HOMO — LUMO+7. In this case, the HOMO is localized over the Ag shell
near the glucose binding site, while the LUMO+7 is distributed over the FesO4 core and the Ag—
Fe interface (Fig.15). This spatial separation indicates a metal-to-metal charge transfer (MMCT)
from shell to core, promoting visible-light absorption and extending the lifetime of charge carriers
[78,79]. Redistribution of electrons also increases the dipole moment, which favors greater
electrostatic interactions with bacterial membranes or other polar analytes [80].PDOS/NBO
decomposition further quantifies these contributions: in the pristine FesOs@Ag system the HOMO

is ~65-70% Fe 3d and 25-30% O 2p, whereas LUMO/LUMO+5 are ~70-75% Ag 5s/5p with

21



minor Fe admixture. Upon glucose adsorption, the HOMO at the binding site contains ~55-65%
Ag with ~10-20% O/C (glucose), and LUMO+7 is ~60—70% Fe 3d at the core/interface. This
redistribution confirms the ICT (core—shell) — MMCT (shell—core) switch (Table Sz2). These
donations form delocalization within the FesOs core, Ag shell, and glucose adsorption sites,
creating an ICT process controlled by glucose adsorption. The oscillator strength at high level
shows that the transition is optically allowed, being responsible for the experimental and
theoretical increases in visible-light absorption observed [81,82]. These findings form the
mechanistic role of glucose within orbital realignment, charge redistribution, and optical
enhancement. Additional HOMO to HOMO-2 and LUMO to LUMO-2 plots for glucose, pristine
Fe;0s@Ag, and FesOs@Ag—glucose are provided in the Supporting Information (Fig. S4-S6) to

illustrate the orbital redistribution upon adsorption.

HOMO LUMO LUMO+5

Fig. 14. TDDFT frontier orbitals of pristine Fe;Os@Ag: HOMO on the Fe—O core; LUMO and LUMO+5

on the Ag shell. This core—shell alignment supports interfacial charge transfer (ICT) upon photoexcitation.
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LUMO+7

LUMO+6
HOMO-1

Fig. 15. Dominant excited-state channel after glucose adsorption (HOMO — LUMO+7): HOMO on the
Ag shell near the glucose binding site; LUMO+7 on the FesOs core@Ag—Fe interface. The spatial

separation indicates MMCT (shell—core).

4.10. Adsorption Energy and Non-Covalent Interaction Analysis
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To evaluate the interaction strength between glucose and the Fe;:Os@Ag core-shell system, the

adsorption energy (Eads) was calculated using the formula [83]:

(E glucose + E core shell) —E complex= Eads (1)

where, E glucose, E core shell, E complex system, the isolated core-shell, and glucose molecule,
respectively. Negative Eads indicates exothermic, thermodynamically favorable adsorption. ZPE,
thermal, and Gibbs corrections are reported in Table S3. The ZPE-corrected Eads is —158.6
kJ-mol™ (—1.64 eV) and the Gibbs free energy change is —89.2 kJ-mol ™, confirming exothermic,
favorable adsorption. The negative values indicate that glucose adsorption on the Fe;Os@Ag core—
shell surface is thermodynamically favorable. The magnitude of these energies, combined with
structural and Natural Bond Orbital (NBO) analyses, confirms that the adsorption is dominated by
physisorption, involving weak hydrogen bonding and van der Waals forces, without covalent bond
formation [84—-86]. Non-Covalent Interaction (NCI) and NBO analyses revealed localized weak
attractive contacts between hydroxyl groups of glucose and surface Ag atoms. The optimized O—
H---Ag contacts are 1.94-2.16 A with O-H---Ag angles of ~92—-107°, which are too bent to qualify
as classical, strong hydrogen bonds. Instead, they correspond to weak hydrogen-bond-like or
electrostatic interactions, typical for physisorption on metal surfaces. Additional O---Ag contacts
(2.4-2.7 A) further support weak coordination. These individually weak interactions act
cooperatively to stabilize the glucose—nanoparticle complex, enhance colloidal stability, and
preserve structural integrity (Table S1). Correspondingly, NBO second-order perturbation
energies E(2) < 2.5 kcal-mol™ indicated minimal charge transfer and no covalent bonding. Such
individually weak interactions act cooperatively to stabilize the glucose—nanoparticle complex,

enhance colloidal stability, and maintain structural integrity.
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Further insight into the adsorption mechanism was gained from NBO second-order perturbation
analysis. The identification of LP(O) — LP*(Ag) donor—acceptor interactions, with stabilization
energies of up to approximately 11 kcal-mol™, indicates a non-negligible orbital overlap between
the hydroxyl groups of glucose and surface Ag atoms. While these interactions are substantially
weaker than typical covalent bonds, their magnitude exceeds that expected for purely electrostatic
attraction. This finding supports an adsorption mechanism with mixed physisorptive and
coordinative character, which can induce measurable perturbations in the surface electronic

structure and is consistent with the observed HOMO-LUMO level reorganization.

Natural Population Analysis (NPA) indicated that oxygen atoms O31 and O32 in glucose carry the
most negative charges (—0.72475 and —0.75881, respectively), consistent with their role in
hydrogen bonding. In addition, a small n—nx* interaction between the lone pair of O32 and
antibonding LP* orbitals of Ag atoms (2.01 kcal-mol™) was observed, contributing to overall
stability. These findings agree with previous computational and spectroscopic reports on
carbohydrate adsorption on plasmonic and metal-oxide surfaces, where physisorption is

complemented by hydrogen bonding and dispersion forces [87,89].

Furthermore, NBO second-order perturbation analysis reveals multiple donor—acceptor
interactions within the Fe;Os@Ag core—shell-glucose complex. Notably, lone pairs on oxygen
atoms donate electron density into antibonding orbitals on Ag, with stabilization energies ranging
from 1.5 to 11.3 kcal-mol ™, indicative of weak to strong coordination interactions. Additionally,
significant MMCT pathways are evident, such as the Fel-O10 bonding orbital to Ag21

antibonding orbital (3.71 kcal'mol™) (Table S4). These charge transfers facilitate effective
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electronic coupling at the core—shell interface, contributing to the enhanced optoelectronic

properties of the hybrid nanostructure.

NBO second-order perturbation energies E(2) for donor—acceptor interactions are < 2—3 kcal-mol™
for LP(O_glc)—LP(Ag) contacts and 1-11 kcal-mol™ for interfacial Fe—-O—Ag interactions
(Table S2), indicating dominant physisorption with weak coordination rather than strong
chemisorption. This conclusion is consistent with 2.4-2.8 A contact distances and the RDG

signature (green/weakly attractive).

Table 2. Adsorption Energies and Interaction Types for Glucose on Fe:O4@Ag Nanoparticles

Parameter AEads AEads AGads Interaction Type
(kJ-mol™) (eV)
(kJ-mol™)
Glucose— —158.63 —1.64 —89.21 Predominantly weak hydrogen bonding
Fe;:04@Ag and physisorption

The weak noncovalent interactions between glucose and the Fe;O4@Ag surface are illustrated in

Fig. 16.
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Fig. 16. Reduced density gradient (RDG) plot showing regions of weak noncovalent interactions between
glucose and the Fe;O4@Ag core—shell surface. The isosurfaces indicate physical adsorption through weak

hydrogen-bond-like electrostatic contacts.

4.11. Band Gap, Chemical Descriptors, and Dipole Moment

Glucose adsorption induced measurable changes in the electronic properties of the Fes:Os@Ag
nanostructure as well. The band gap for the glucose-functionalized system was estimated to be
3.20 eV, with HOMO and LUMO energies of —0.19551 a.u. and —0.07474 a.u., respectively. This
is somewhat smaller than the bare FesOs«@Ag structure, whose band gap was 3.31 eV (Table 3)

[90].

This mild reduction in the band gap shows a soft rise in electronic activity and leads to the inference
that the system becomes moderately more prone to electronic excitation under ambient or visible-
light conditions. Even though a reduced band gap lowers total chemical inertness, it improves the
ability of light harvesting and facilitates faster interfacial charge transfer, which is favorable for

photocatalysis, sensing, and even prospective antimicrobial applications [91,92].

This implicit electronic transition also indicates that glucose adsorption imposes local orbital
interactions—presumably dipole orientation or weak hydrogen bonding—without disrupting the
core—shell structure. In addition, weak interactions can be utilized to enable orbital delocalization,

with the possibility of better electron—hole separation. Notably, these results indicate glucose's
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double role both as a green reducing agent in the synthesis and as an electronic modulator upon

adsorption, relevant for stable performance in aqueous and biomedical environments [93].

Table 3. Calculated electronic properties of the Fe:Os@Ag core—shell system before and after glucose

adsorption.
System HOMO (a.u.) | LUMO (a.u.) | Band Gap (eV) | Dipole Moment (D)
FesO4@Ag core-shell -0.20304 —0.08141 ~3.31 ~8.2
Fe;:04@Ag + Glucose —0.19250 —0.07834 3.20 13.5

Based on Pearson’s Hard—Soft Acid—Base (HSAB) theory, the calculated chemical hardness (n =
AE/2) was 1.65-1.60 eV, and the electronegativity (y = — (Enomo + ELumo)/2) was 3.8-3.7 eV and
softness (S= 1/m) was 0.61-0.62eV. These values suggest moderate reactivity and high
environmental stability—attributes that are essential for bio-interfacing and surface-controlled
catalysis [93]. Glucose adsorption thus slightly softens the electronic structure and increases the
permanent dipole (from ~8.2 D to ~13.5 D), consistent with the more polar surface inferred from

ESP and the experimental zeta potential.

To quantify the interaction between glucose and the Fe;Os@Ag surface, the adsorption energy
(E_ads) was evaluated using Gibbs free energies. The calculated value of —89.2 kJ-mol™! indicates
a thermodynamically favorable adsorption process, consistent with the experimentally reported
role of glucose as a stabilizing and capping agent. NBO analysis provides further insight into the
nature of this interaction, revealing LP(O) — LP*(Ag) donor—acceptor interactions with

stabilization energies ranging from 1.5 to 11 kcal-mol™. These values reflect weak-to-moderate
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orbital overlap between the hydroxyl groups of glucose and surface Ag atoms. In addition, BD(Fe—
0O) — LP*(Ag) contributions indicate shell-to-core metal-to-metal charge transfer, supporting an

adsorption mechanism with mixed physisorptive and coordinative character.

The cumulative effect of these orbital interactions leads to measurable perturbations in the
electronic structure of the nanoparticle, as evidenced by the redistribution of the frontier molecular
orbitals. Upon glucose adsorption, the HOMO, initially localized on the FesOa core, shifts toward
the Ag shell, while the LUMO+7 becomes concentrated at the Fe—Ag interface, facilitating a shell-
to-core metal-to-metal charge-transfer (MMCT) pathway. This electronic reorganization offers a
consistent theoretical interpretation of the experimentally observed red shift in the UV—Vis spectra,
indicating that glucose adsorption actively influences the electronic structure rather than

functioning as a purely passive surface species.

Table 4 shows a summary of adsorption energies, NBO interactions, and HOMO-LUMO changes.

Table 4. Theoretical Insights into Adsorption Energies, NBO Interactions, and HOMO-LUMO

Redistribution for Glucose on Fe;Os@Ag Nanocomposites

Parameter Value Interpretation

Thermodynamically favorable; glucose

Adsorption Energy (G) —89.2 kJ/mol
stabilizes the Ag shell
LP(O) — LP*(Ag) Weak-to-moderate orbital overlap; indicates
1.5-11 kcal/mol
E(2) physisorption with weak coordination
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BD(Fe-O) — LP*(Ag) Metal-to-metal charge transfer; facilitates
3.7-85 kcal/mol
E(2) shell-to-core (MMCT) pathway

Core-localized orbital before glucose

HOMO FesO4 core (pristine)
adsorption
Fe;04 core/interface Shell-to-core MMCT after glucose
LUMO+7
(after glucose) adsorption; aligns with UV—Vis red-shift
4.12. Optical Properties: TDDFT vs. Experimental UV—Vis

The UV-vis spectra of Fe304@Ag and Fe304@Ag-glucose were taken in H2O solution. The
optical properties of FesOs@Ag and glucose-functionalized FesO4@Ag nanoparticles have been
investigated with experimental UV—Vis spectroscopy and TDDFT simulation. CAM-B3LYP
functional combined with the polarizable continuum model (PCM) for aqueous solution was
employed to simulate experimental conditions. For the Fe;O4«@Ag core—shell structure, TDDFT
predicts a strong excitation at 453.70 nm (oscillator strength f=0.3117), dominated by HOMO-1
— LUMO and HOMO — LUMO+5 (ICT core—shell). Upon glucose adsorption, this band red-
shifts to 458.00 nm, dominated by HOMO — LUMO+7 (MMCT shell—core). The red-shift
matches the experimental shift from ~425 nm to ~435 nm (Table 5.). Red-shift is attributed to
orbital-level reorganization due to hydrogen bonding and electron redistribution at the Ag—glucose
interface. The dipole moment increase (Table 2.) further supports the formation of a polarized
MMCT channel, contributing to enhanced visible-light absorption and photocatalytic potential.

All DOS/PDOS plots reference the Fermi level (0 eV), use an energy window —20 to +5 eV, and
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include a legend for s/p/d contributions (Fe, O, Ag, C). The detailed PDOS decomposition of

HOMO, LUMO, and higher orbitals is summarized in Table Ss.

Table 5. Experimental and calculated maximum absorption wavelengths, key orbital transitions,

and their assignations.

Compound Amax- | Amax- | Molecular orbitals Assignation

exp/nm cale/nm

Fe;0,@Ag 425 [453 | HOMO — LUMO+5 (12%)HOMO-2 — LUMO | ICT (core —
(11%)HOMO-1 — LUMO+6 (9%)HOMO —s | shell)

LUMO (6%)HOMO — LUMO+4 (6%)

Fe;:04s@Ag+ | 435 458 HOMO — LUMO+7 (8%)HOMO — LUMO+5 | MMCT (shell
glucose (12%)HOMO-2 — LUMO (11%)HOMO-1 — | — core)

LUMO+6 (9%)

To better understand the electronic structure, TDOS and PDOS calculations were performed (Fig.
17.). In the pristine system, the TDOS shows a broad valence band from —18 eV to —5eV,
primarily composed of Fe 3d and O 2p orbitals, indicating strong Fe—O bonding [94]. The PDOS
reveals that Fe 3d dominates the valence band, while Ag 5s/5p states contribute near the Fermi
level and in the conduction band. This corresponds to the HOMO being localized on the FesOa
core and the LUMO on the Ag shell, consistent with a core—shell intramolecular charge transfer
(ICT) mechanism [95,96]. Upon glucose adsorption, new hybrid Ag—O(C) states emerge near the

Fermi level, shifting the HOMO onto the Ag shell and introducing unoccupied Fe-centered states
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Density-of-states

(LUMO+7) in the conduction band. These changes are consistent with a shell-core metal-to-

metal charge transfer (MMCT), as observed in the molecular orbital analysis [97,98]. The

appearance of new states near the Fermi level and the subtle modifications in the DOS reflect weak

physisorption interactions and minor changes in surface conductivity [99].
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Fig. 17. Energy axis referenced to the Fermi level (0 eV). (a) DOS of pristine FesOs@Ag core—
shell. (b) DOS of glucose-adsorbed FesOs@Ag core—shell. (¢) TDOS of pristine Fes:O4@Ag core—
shell. (d) TDOS of glucose-adsorbed Fe:O4@Ag core—shell. (¢) PDOS decomposition into s (red),
p (blue), and d (purple) orbitals for Fe, Ag, O, and C atoms, highlighting changes in orbital

contributions and hybridization near the Fermi level upon glucose adsorption.

Notably, the spatial distribution of frontier orbitals suggests a charge-separated configuration, with
the HOMO localized on FesOs and the LUMO delocalized on Ag. This core-to-shell orbital
alignment confirms the presence of an ICT mechanism, consistent with the optical red-shift and
supporting the potential for reactive oxygen species (ROS) generation. The observed frontier
orbital separation is a key indicator of enhanced electron—hole pair dynamics, further contributing
to photocatalytic and biosensing applications. Such intramolecular ICT mechanisms have been
linked to efficient reactive oxygen species (ROS) generation in related Ag-based and FesOas-based
nanostructures, as supported by previous studies [100,101]. Our band-gap reduction (~0.11 eV),
dipole increase (+5.3 D), and exothermic adsorption (—0.92 eV to —1.64 eV across corrections)

fall within ranges reported for carbohydrate—Ag and Fe:Os@Ag systems, where 0.08-0.15 eV gap
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changes and 5—15 nm spectral shifts are typical. Unlike previous reports that considered only Ag—
glucose or Fe;O4 surfaces separately, the present core—shell model reveals Fe-centered LUMO+7

states that enable the MMCT channel unique to the FesOs@Ag—glucose interface.

The red shift predicted by TDDFT calculations is in good agreement with the experimental UV—
Vis spectra, supporting the proposed charge-transfer mechanism. Specifically, the observed
spectral change after glucose functionalization can be linked to the relocation of the HOMO from
the FesOa core to the Ag shell, along with the emergence of shell-to-core metal-to-metal charge
transfer. These results indicate that glucose adsorption influences the electronic structure of the

Fe;Os@Ag system, rather than acting solely as a passive surface species.

4.13. Analyzing the results of the ANOVA table and checking the answer

According to the data in Table 6. and Fig. 18., the ANOVA results for the mass of silver

nanoparticles (Mass of shell@Ag) is as follows:

Table 6. The answer of the ANOVA table regarding the input variables

Source of Variance | Sum of Squares | Degrees of Freedom | F p-value
(Sours) (SS) (df)

Extract Volume 3.98 x 103 2 0.484 0.648
AgNOs 0.060 2 7.30 x 10*° | 7.51 x 102
Error (Residual) 1.64x 1032 4 - -
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Log of Sum of Squares (SS) Log of F-values Log of p-values
[ —

Extract Volume AgNO3 Error (Residual) Extract Volume AgNO3 Extract Volume AgNO3

Fig. 18. The answer of the ANOVA table regarding the input variables

The volume of extract does not significantly influence the mass of silver nanoparticles (Mass of
shell@Ag) (p-value = 0.648). This indicates that variations in extract volume have little impact on
this parameter. In contrast, the amount of AgNOs exhibits a highly significant effect on the mass
of silver nanoparticles, with a p-value close to zero (p-value = 7.51x107%). This has a strong
influence on this factor. Therefore, while the amount of AgNOs markedly affects the mass of silver

nanoparticles, the extract volume has no significant effect.

4.14. Implications for Antibacterial and Photonic Applications

FesOs(@Ag nanocomposites demonstrated excellent photocatalytic performance in the degradation
of methyl orange dye under UV irradiation (Fig. 19). At an initial concentration of 5 ppm, a
degradation efficiency of 83.9% was achieved after 180 minutes, whereas at 10 ppm the efficiency
slightly decreased to 71.8%, likely due to limited active sites and reduced light penetration. The
enhanced photocatalytic activity is attributed to the electron-trapping ability and surface plasmon
resonance effect of silver nanoparticles, which facilitate charge separation and promote the

generation of reactive oxygen species (ROS).
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Fig. 19. Photocatalytic degradation of methyl orange by FesOs@Ag nanocomposites under UV irradiation

at initial concentrations of 5 ppm and 10 ppm, showing higher efficiency at lower dye concentration.

In addition to their photocatalytic capability, Fe:Os@Ag nanocomposites exhibited significant
antibacterial activity against both Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus (Fig. 20.). Disk diffusion assays revealed distinct inhibition zones, some
of which were comparable to those of the reference antibiotics (ceftazidime for E. coli and
chloramphenicol for S. aureus), confirming the broad-spectrum antibacterial potential of these
nanocomposites. The variation in inhibition intensity among different formulations indicates that
structural or compositional features influence antimicrobial efficacy. The strong antibacterial
effects are likely enhanced by increased dipole moment and surface polarity, which promote
electrostatic interactions with bacterial membranes, as well as by visible-light-driven ICT/MMCT
transitions that facilitate ROS generation. Although ROS formation was not directly measured
here, literature reports support the plausibility of this pathway via Ag-mediated O2/*O. activation

and FesOs-mediated Fe?*/Fe** cycling leading to *OH generation [102—104].
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Fig. 20. Disk diffusion assay showing the antibacterial activity of FesOs@Ag nanocomposites against E.

coli and S. aureus.

4.15. Limitations and Method Choice

The present study employs a cluster model of the FesO+@Ag core—shell system. While this allows
for detailed orbital and interaction analysis at reasonable computational cost, it does not fully

capture long-range periodic effects [105]. Future work using periodic DFT could provide further

37



validation. The CAM-B3LYP functional was chosen for its reliable performance in describing

charge-transfer excitations in hybrid metal—organic systems [106].

Conclusion

In this study, we successfully employed a cost-effective and environmentally friendly green
synthesis method to fabricate FesOs@Ag core—shell nanocomposites using an aqueous Alcea
extract. Through optimization using various extract concentrations, we identified a promising
sample with the smallest size (96.55 nm) and highest surface charge (—27.2 mV), which confirmed
its good colloidal stability. Comprehensive experimental analyses, including DLS, SEM, EDX,
XRD, and FT-IR, validated the successful formation of the core-shell structure. Complementing
these experimental findings, our theoretical results provided detailed insights into the electronic
behavior of the glucose-functionalized nanocomposites. TDDFT calculations revealed that glucose
adsorption modifies the electronic structure by decreasing the HOMO-LUMO gap to 3.20 eV,
enhancing the dipole moment to 13.5 D, and inducing crucial charge-transfer transitions. These
findings successfully explain the experimentally observed red-shift in the absorption spectra and
confirm the presence of interfacial charge transfer (ICT) mechanisms. The strong agreement
between our theoretical predictions and experimental data supports the reliability of the CAM-
B3LYP/PCM approach in modeling these hybrid nanostructures in aqueous environments.
Overall, this combined experimental and theoretical approach highlights the effectiveness of bio-
based surface functionalization in tuning the optical and electronic properties of nanocomposites.
By bridging the gap between macroscopic observations and molecular-level insights, we
demonstrated the potential of these materials for applications in biosensing, optoelectronics, and
antimicrobial fields. As a future direction, we recommend further investigating the synthesis of

these nanoparticles using the co-precipitation method with Alcea aqueous extract to explore its full
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potential. In addition to demonstrating the stabilizing effect of glucose, this study provides a
detailed view of how green capping agents can influence interfacial charge transfer and the
electronic structure in core—shell nanocomposites. Such insights may assist in the rational design

of next-generation green nanomaterials with tailored optical, catalytic, and antibacterial properties.

-The authors received no financial support for the research, authorship, and publication of this

article.
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