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ABSTRACT. The manufacture of silver nanoparticles (AgNPs) can be synthesized by reducing silver ions Ag™ to Ag® by a
reductant. Nutmeg (Myristica fragrans) fruit extract has the potential as a natural reductant (bioreductant) that can donate
electrons to reduce Ag™ as a ligand and capping agent. This study aims to identify the potential of the bioactive compounds
in Myristica fragrans (Mf) extract for the green synthesis of AgNPs using several parameters, including total energy, HOMO-
LUMO, Fukui function, molecular electrostatic potential (MEP), global reactivity, and UV/Vis theoretical spectral analysis. The
method used is Density Functional Theory (DFT) with Becke-3-parameter Lee-Yang-Parr (B3LYP) hybrid functionals, using the
6-31G (d,p) basis set for hydrogen (H), carbon (C), oxygen (O) atoms, and the LanL2Dz for the silver (Ag) atom. The results
of the study indicate that single bioactive compounds eugenol, chalcone, carvacrol, and terpineol, as well as eugenol-Ag,
chalcone-Ag, carvacrol-Ag, and terpineol-Ag complexes, are good reducing agents in the process of reducing Ag* ions to
Ag® as AgNPs. In addition, these phen-Ag complexes show electron excitation at UV/Vis spectrophotometric simulation in
the 454-473 nm wavelength range. This study provides a theoretical understanding of Ag* reduction by bioactive compounds
in Mf extract for green synthesis of AgNPs, thereby providing a scientific basis for developing green methods for eco-friendly,

sustainable AgNP synthesis.
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INTRODUCTION

Silver nanoparticles (AgNPs) have attracted much
aftention because they have unique characteristics,
such as antibacterial (Girma et al., 2024), antioxidant
(Qubtia et al., 2024), antimicrobial (Shaban et al.,
2024), antiviral (Al-Radadi & Abu-Dief, 2024), optical
sensor (Liu et al., 2024), and high catalytic ability
(Baskaran et al., 2024). The characteristics of AgNPs
have been widely applied in various fields, including
biomedicine, sensors, photocatalysis (Padmavathi et
al., 2024), cosmetics, and agriculture (Rahmah &
Hartati, 2023). However, the synthesis of AgNPs still
generally relies on hazardous, environmentally
unfriendly materials. As an alternative, a green
synthesis approach has been developed in chemistry
and materials technology (Arain et al., 2024; Batish &
Rajput, 2023) by reducing hazardous chemicals using
natural materials, such as plant extracts containing
secondary metabolite compounds, as bioreductants
(Sururi et al., 2025). In addition, secondary metabolite
compounds can function as capping agents,
stabilizing and preventing the agglomeration of the
resulting nanoparticles (Khan et al., 2023; Wirwis &

Sadowski, 2023). The green synthesis is considered
safer, cheaper, and more sustainable (Batish & Rajput,
2023) than chemical synthesis (Chen et al., 2021).

The ability of bioreductors in the green synthesis of
AgNPs is based on the ability of secondary metabolite
compounds to reduce Ag*. These compounds, such as
phenolics, flavonoids, and alkaloids, generally contain
hydroxyl (-OH), carbonyl (-CO), carboxylate (-COQ),
and Amine (NH;) functional groups. Secondary
metabolites in natural material extracts can interact
with Ag* and form an electric double layer to stabilize
the particles (Khan et al., 2023). Green synthesis of
AgNPs begins with the breakdown of silver nitrate
(AgNQO3), which is reduced by phenolic compounds,
and changes in the group occur. At alkaline pH, the
formation of phenolic-Ag complexes (phen-Ag) can
accelerate particle growth (Thomas & Thalla, 2023).
During the reduction reaction, phenolic compounds
donate an electron, reducing Ag*™ to Ag® as AgNPs
(Heydari & Zaryabi, 2023).

In Indonesia, Mf has excellent potential as a
bioreductant in AgNP synthesis due to the availability
and abundance of secondary metabolites, such as

522


mailto:khusna.arif@khairun.ac.id

DFT-Based Study of Phenolic-Derived From Nutmeg

alkaloids, flavonoids, terpenoids, phenols, and
saponins  (Wirwis & Sadowski, 2023). Several
phenolic-derived compounds from Mf extract that
have bioactive properties and have been successfully
isolated are myristicin, safrole, eugenol, methyl
eugenol, methyl isoeugenol, and elemicin, which
exhibit many pharmacological activities (Elfia & Susilo,
2023). In addition, several bioactive compounds are
thought to have potential bioreductant properties
(Figure 1), such as eugenol (reported as a significant
component in clove extract used for nanoparticle
synthesis by Zouaoui et al. [2025]), chalcone,
carvacrol (Siegers et al., 2022), and terpineol
(Ashokkumar et al., 2022).

Phenolic derivative compounds in Figure 1 have
hydroxyl (-OH) and carbonyl (-CO) functional groups,
which can act as bioreductants (Shafi et al., 2025). The
methoxy (-OCHs;) and methyl (-CHs) groups can
stabilize Ag® as AgNPs through hydrogen-bond
interactions (Mikhailova, 2020). In previous studies, a
computational approach based on the Density
Functional Theory (DFT) method has been widely used
to evaluate the reactivity of molecules in complex
compounds and metals (Marni et al., 2022).

Several computational and experimental studies
have explored the role of plant-derived phenolic
compounds in reducing metal ions and stabilizing
metal nanoparticles. For instance, DFT-based
investigations on catechol (Huang et al., 2016; Usman
et al., 2021), quercetin (Aziz et al., 2025), and other
phenolic ligands have provided insights into electron
transfer mechanisms and the influence of functional
groups on Ag* reduction and nanoparticle nucleation
(Dutta et al., 2024; Trung et al., 2023). However,
despite the extensive phytochemical diversity of
Myristica fragrans, no comprehensive theoretical study
has vyet described how its major phenolic
constituents—such as eugenol, chalcone, carvacrol,
and terpineol—interact electronically with Ag* ions
during nanoparticle formation.

Therefore, this study was conducted theoretically
using DFT and TD-DFT to obtain more accurate
information on several phenolic derivative compounds
in the Mf extract for the green synthesis of AgNPs. The
analyzed parameters, which include the Fukui
function, molecular electrostatic potential (MEP),
global reactivity, and transition state analysis, serve as
descriptors to identify the potential of phenolic
compounds as bioreductant candidates in the green
synthesis of AgNPs.

The limitation of this study is that it is based solely
on several quantum chemical parameters of four
phenolic compounds, derived from computational
studies, to determine the potential of phenolic
compounds in the Mf fruit extract as bioreductors in
the green synthesis of AgNPs. Therefore, we
recommend that it be applied experimentally in the
laboratory in the future. The aim is to provide an
analysis of the effectiveness of phenolic compounds as
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reducing agents in the synthesis of AgNPs and to
support the theoretical results. In this theoretical study,
the interaction between individual phenolic molecules
and Ag* ions was modeled to represent the initial
reduction and nucleation stage of AgNP formation,
rather than the entire nanoparticle system. Therefore,
this study applies DFT and TD-DFT methods to
elucidate the electronic structure, charge-transfer
characteristics, and excitation behavior of these
compounds, aiming to provide a molecular-level
understanding of their potential role as natural
bioreductants in the green synthesis of AgNPs. This
study is expected to provide comprehensive insight into
the development of green synthesis of AgNP.

EXPERIMENTAL SECTION
Structure Preparation

The modeled compounds in this research were
phenolic compounds reported in previous research in
Mf extracts, such as eugenol (Mosallam et al., 2021),
chalcone, carvacrol (Siegers et al., 2022), and
terpineol (Ashokkumar et al.,, 2022). Then, the
complex structure with Ag atoms was modeled to
understand their chemical behavior. In this work, a
single Ag atom was used as a representative model to
simulate the initial interaction between Ag* ions and
phenolic ligands. This simplified approach allows
analysis of the fundamental charge-transfer
mechanism and the electronic behavior that precedes
the nucleation of silver nanoparticles. The validity of
this simplified model is supported by the consistency
between the calculated excitation wavelengths (454—
473 nm) and the experimental surface plasmon
resonance (SPR) range of AgNPs (400-500 nm). The
modeled compounds were constructed and optimized
by wusing the Becke-3-parameter Lee-Yang-Parr
(B3LYP) hybrid function using the 6-31G (d,p) basis set
for hydrogen (H), carbon (C), and oxygen (O) atoms
and LanL2Dz silver (Ag) atom through Gaussian 09W
software (Pranowo et al., 2018). The B3LYP functional
with the 6-31G(d,p)/LANL2DZ basis set was chosen
because it provides a reliable balance between
computational efficiency and accuracy for organic—
metal systems. This level of theory has been widely
validated in previous DFT and TD-DFT studies of
silver-ligand complexes, showing good agreement
with experimental results.

The geometry optimization was performed in the
gas phase without applying any implicit solvent model.
The default Gaussian convergence criteria were
employed, ensuring the energy gradient and
displacement thresholds were below 107¢ Hartree and
1073 A, respectively. Dispersion correction (Grimme's
D3) was not applied, as the primary purpose of this
study was to compare the relative reactivity trends
among phenolic derivatives rather than to obtain
highly accurate absolute interaction energies. This step
aims to get the optimized structure corresponding to
the ground-state minimum energy in the ground state.
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Figure 1. Examples of bioactive compounds acting as reductants

Quantum-Chemical Properties

Quantum-chemical properties were calculated
using the Fukui function, MEP, and global reactivity.
The calculated quantum parameters, including the
HOMO-LUMO gap, Fukui functions, MEP, and global
reactivity indices, were used to evaluate the electron-
donating ability, reactive sites, and overall charge-
transfer tendency of the compounds toward Ag* ions.
These descriptors collectively provide theoretical
insight into the reduction mechanism and stability of
AgNP formation. Fukui function analysis to identify
molecular sites that can interact as electrophilic (#)
and nucleophilic (%£7), which can be calculated using
equations (Egn. 1) and (Egn. 2).

(fx) = QN) - Q(N-1) (1)
(f¥) = QUN) = QN+1) (2)
Afx = fx" = fx (3)

The partial charge of each atom (x) in the molecule
is expressed in the variable Q, where Q(N) represents
the neutral molecule, Q,N-1) the cation, and
Q«N+1) the anion (Sakr et al., 2022). The Af, (Egn. 3)
is an indicator of determining the electrophilic and
nucleophilic properties of an atom. The Af, > 0 is
electrophilic, and Af, < 0 is nucleophilic. MEP was
analyzed through the gap energy from the difference
between HOMO and LUMO (Egn. 4). The HOMO, as
the highest occupied molecular orbital, and the
LUMO, as the lowest unoccupied molecular orbital,
can serve as key references for studying molecular
reactivity (Ojha et al., 2023). Several global reactivity
descriptor parameters, such as electronegativity/x
(Egn. 5), chemical hardness/n (Eqn. 6), chemical
potential/u (Egn. 7), global softness/s (Eqn. 8), and
electrophilicity index/w (Eqn. 9), can be calculated
using the following equation (Abdjan et al., 2023):

AEG = Enomo — Eiomo (4)
x = _i(EHOMO — Etomo) (5)
n= %(EHOMO — Etomo) (6)
H= 1—x (7)
s =5 (8)
w= W/ (9)

Transition State Analysis
Transition-state analysis was performed using TD-
DFT with the B3LYP hybrid functional and the LanL2DZ

basis set for each complex. The parameters described
are wavelength (nm), energy gap (eV), oscillator
strength (fo), orbital contribution (%), and transition
type. The analyzed parameters in this step aim to
understand the electron behavior when it has been
promoted to a higher energy level compared to the
ground state.

RESULTS AND DISCUSSION

The bioactive compounds of Mf extract, eugenol,
carvacrol, chalcone, terpineol, and eugenol-Ag,
chalcone-Ag,  carvacrol-Ag, and  terpineol-Ag
complexes were modeled in 3D (Figure 2) and
optimized for total energy (Et), HOMO-LUMO, and
dipole moment.

Complex compounds of Ag and phenolic-derived
compounds as electron donors were constructed by
coordination covalent bonds, where ligands of
phenolic-derived compounds donate free electron
pairs to Ag™ to form stable molecules and are claimed
as AgNP (Handayani et al., 2021). In the complexes
of phen-Ag for eugenol, chalcone, carvacrol, and
terpineol, electrons are donated from the hydroxyl
functional group (-OH). Meanwhile, the Ag™ ion has
unfilled orbitals that can accept electrons. Reduction
mechanism scheme of complex compounds eugenol-
Ag, chalcone-Ag, carvacrol-Ag, and terpineol-Ag, as
shown in the chemical reactions (1) to (4).

CioH120; + Ag* 23 [CioH1O-Ag] + H* (1)

CioH140 + Ag* - [CioH130-Ag] + H* (2)

C15H1QO + Ag+ d [C15H1QO-Ag] + H* (3)

CioH150 + Ag* & [CioHi7O-Ag] + HY (4)
Geometry Optimization

The optimized geometries of the molecular
structures of single phenolic-derived and complex
compounds have total energies, as shown in Table 1.
In green synthesis of AgNPs, total energy is an
important factor in determining the optimal structure
based on the lowest energy state (Evita et al., 2022).
The compounds with higher total energy are more
unstable and easier to interact with other atoms.
Meanwhile, in the formation of complex compounds,
the total energy decreases or remains low, indicating
that this compound has interactions in the complex
that have stronger interatomic attractions, weaker
interatomic repulsions, and a more stable complex
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conformation (Silfadani et al., 2022). The HOMO
energy shows the donating electrons’ ability, while the
LUMO energy as the acceptor electrons (Rakhman, et
al., 2020).

According to Table 1, carvacrol and terpineol have
higher total energy and are relatively unstable. In
contrast, eugenol and chalcone are more stable

Siti Nabila, et al.

because they have lower total energies and readily
donate electrons to Ag* ions to form AgNPs. It can also
be seen based on the HOMO-LUMO energy (Figure
3), where the chalcone compound has a high HOMO
energy so that electrons are excited to the LUMO
orbital and can form a stable chalcone-Ag complex.

Chalcone

Chalcone-Ag

Terpineol Terpineol-Ag

Figure 2. 3D image of phenolic-derived compounds and phen-Ag complexes

Table 1. Geometry optimization data: total energy, HOMO, LUMO, and dipole moment

Compounds Total energy Ervomo Eumo Dipole moment
P (keal/mol) (eV) (eV) (D)
Eugenol -338.004 -5.7250  0.0604 22.108
Chalcone -410.093 -6.3212  -2.1116 3.0039
Carvacrol -291.636 -5.7263  0.2391 1.4213
Terpineol -293.139 -5.9772  1.1058 1.5311
Eugenol-Ag -429.072 -4.8101 -3.6928 6.8093
Chalcone-Ag -502.189 -5.8474 -3.1638 4.9158
Carvacrol-Ag -382.668 -4.9728 -3.5766 5.4619
Terpineol-Ag -384.165 -5.8071 -3.0912 3.6400
HOMO LUMO HOMO LUMO
3 2 $ «
L - S ) N
Eugenol Eugenol-Ag
oy pden @ W
A0, ‘ ’o 29 ,Q*,:J,:; ,:f;‘, ,a‘j:'
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> > d ba s
*ﬂ:”g vof,. N/ R R
E: o @
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sQ" \.Cg "6. | &
e & 590 ¢
Terpineol Terpineol-Ag

Figure 3. Visualization of energy HOMO-LUMO bioactive and complex compounds
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Complexes of eugenol-Ag and chalcone-Ag are
also characterized by a decrease in the total energy
from their single compounds. The decrease in total
energy indicates an increase in AgNP stability.
Meanwhile, the eugenol-Ag complex has a higher
HOMO energy than others, facilitating easier electron
excitation to the LUMO and a faster reduction to
produce AgNP. It has also been reported that the
higher the HOMO energy, the stronger the organic
molecules are attached to metal ions as a complex
(Rakhman, Saraha, et al., 2020).

The dipole moment describes the distribution of
molecular charges in the green synthesis of AgNP and
affects the ability of phenolic compounds to interact
with metal surfaces (Akrom, 2022). The dipole
moment is determined by the distance between the
centers of the positive and negative charges,
indicating an uneven distribution of charge in the
molecule. High dipole moments exhibit greater polar
character, with reactive negative charges that can
aftract metal cations via coordination bonds.
Therefore, compounds with high dipole moments tend
to be reactive in the AgNP form process (Putro et al.,
2024). In Table 1, eugenol and chalcone are more
polar and exhibit higher dipole moments with uneven
charge distributions, so they can interact with Ag*™ and
reduce to Ag® to form stable AgNPs.

Chemical Quantum Parameters

The nature of the electronic structure and reactivity
tendencies of bioactive compounds, as reflected in
Fukui functions, MEPs, and global reactivity, needs to
be reviewed to explain the green synthesis of AgNPs
theoretically. Global reactivity shows the ability of a
molecule to interact both as an electrophile and a
nucleophile, which can be determined by several
parameters such as energy gap (4E,), electronegativity
(x), chemical potential (1), global hardness (n), global
softness (s), and electrophilic index (w), which are
presented in Table 2.

In Table 2, AE, informs a molecule that experiences
electron excitation to a higher orbital. The small AE,
easily electron excitation from the HOMO to the
LUMO energy levels. Conversely, the large AE,g
indicates that electron excitation does not occur, and

the compounds are stable (Agustina & Kasmui, 2021).
In complex formation, a decreasing AE, indicates a
strong interaction between bioactive compounds and
metal ions, which is important information for AgNP
formation (Hussain et al., 2020). Chalcone shows the
smallest AE, (Table 2) compared to other compounds.
Therefore, chalcone compounds are highly reactive
because electrons are readily excited from the HOMO
to the LUMO, and they are effective for AgNP
formation, suggesting that their m-conjugated systems
enable effective electron delocalization, thereby
enhancing their reducing ability. This finding is also
consistent with the high electronegativity value
observed for the chalcone-Ag complex, indicating an
increased tendency to attract and transfer electrons
toward Ag* ions. The eugenol-Ag, chalcone-Ag, and
carvacrol-Ag  compound complexes showed a
significant AE, decrease after binding Ag™* ions, thus
confirming the formation of AgNP. The
electronegativity of chalcone increases upon
complexation with Ag+, indicating that it acts as an
electron donor to Ag* ions. High electronegativity
suggests that electrons are transferred towards the
metal surface (Raj et al., 2020). However, in complex
compounds, enhanced electronegativity indicates
greater ability to stabilize negative charges, thereby
reducing Ag* ions to AgNPs.

Furthermore, the reduction ability can be explained
in terms of molecular orbital interactions. The HOMO
orbitals of phenolic derivatives, primarily localized on
oxygen atoms and T-bonded aromatic regions, serve
as the main electron donors. Upon coordination with
Ag*, these HOMO orbitals overlap with the vacant
orbitals of Ag, promoting charge transfer and
stabilization through the formation of Ag-O bonds.
This charge-transfer mechanism aligns with the results
of the Fukui function and MEP analyses, which both
highlight the oxygen atoms of hydroxyl and carbonyl
groups as dominant nucleophilic sites with high
electron density. The red regions in the MEP maps
(Figure 4) correspond to these donor sites, confirming
that the electron-rich oxygen atoms are responsible for
Ag* reduction. Therefore, the observed decrease in
AE, and the increase in electronegativity upon complex

Table 2. Energy gap, electronegativity, global hardness, global softness, chemical

potential, and electrophilic index

Compounds Parameters

AEg (x) (D) () (s) (@)
Eugenol 5.7854  2.8322  -2.8322 2.8927  1.4463 1.3865
Chalcone 42096 4.2164 -4.2164 2.1048 1.0524 4.2232
Carvacrol 5.9655 2.7435 -2.7435 2.9827 1.4913 1.2617
Terpineol 7.0831 2.4356  -2.4356 3.5415 1.7707 0.8375
Eugenol-Ag 1.1173  4.2515 -4.2515 0.5586 0.2793 16.1776
Chalcone-Ag  2.6835  4.5056 -4.5056 1.3417 0.6708 7.5648
Carvacrol-Ag  1.3962  4.2747  -4.2747 0.6981 0.3490 13.0880
Terpineol-Ag  2.7159  4.4491 -4.4491 1.3579 0.6789 7.2885
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Table 3. Fukui function of bioactive compounds

Compounds Position i fx Afx
Eugenol 1-O 0.33 0.38 -0.05
2-0O 0.46 0.32 0.14
Chalcone 16=0 -0.09 0.09 -0.18
Carvacrol 11-O -0.16 0.07 -0.23
Terpineol 1-O -0.11 0.11 -0.22

Note: The calculation was performed for the oxygen atom for
each group function of the modelled compound.

formation can be attributed to enhanced orbital
interaction and electron delocalization  between
phenolic ligands and Ag* ions. These synergistic
effects rationalize the efficient bioreduction of
eugenol, chalcone, and carvacrol, supporting the
proposed theoretical mechanism of AgNP formation.

The global hardness represents the resistance of
molecules to electron transfer, while global softness
indicates their ability to accept charges. The low global
hardness and high global softness indicate that the
molecule was more reactive and easier to interact with
the metal ions (Akrom & Sutojo, 2023). The lowest
global hardness is shown in 2.1048 eV by chalcone,
while the highest global softness is in 1.7707 eV by
terpineol. The eugenol-Ag has the lowest global
hardness of 0.5586 eV, indicating that electron
transfer from bioactive compounds to Ag™ ions in the
AgNP form is easy.

Fukui function analysis shows the active site of a
molecule that can inferact as a nucleophile (£*) and
an electrophile (£). Meanwhile, the A# indicates the
electrophilic and nucleophilic characteristics. If 44> 0
is electrophilic and A4 < 0 is nucleophilic, as
presented in Table 3.

Table 3 presents the position of atoms in bioactive
molecules as nucleophiles or electron donors,
including eugenol (OH and OCHj3), chalcone (C=0),
carvacrol (OH), and terpineol (OH). Donor atoms will
reduce Ag* to form AgNP. Overall, hydroxyl and
ketone groups in each modeled structure indicate a
nucleophilic site. In contrast, the methoxy group is
indicated as an electrophilic site. These findings

indicate that the higher site possibility will interact with
AgNPs. Briefly, the hydroxyl group may contribute
more to the formation of the phenolic-Ag complex.
This result is also supported by the MEP surface
visualization (Figure 4). It can describe molecular size,
electronegativity, shape, and atomic charge density
(Dhifet et al., 2025). The MEP simulations allow the
electrostatic potential of a molecule to be shown with
a color gradient, as shown in Figure 4. Red indicates
negative, which is nucleophilic, blue indicates positive,
which is electrophilic, and green indicates neutral.
Furthermore, Figure 4 shows a high electron density
or negative charge around the donor oxygen atom
(red-orange) (Chatteriee et al., 2024), while the
electron acceptor region is around Ag (blue). MEP
confirms the complex formation with O-Ag
interactions on each phenolic derivative group in
forming AgNP. According to the data, the correlation
of Fukui function and MEP parameters shows a good
correlation that describes the hydroxyl group as a
nucleophilic site and holds the primary site interaction
with the Ag atom.
Transition State Analysis

The energy gap is correlated with the UV/Vis
spectrum ond can be simulated wusing TD-
DFT/B3LYP/LanL2DZ, as shown in Figure 5. The UV-
Vis spectrum shows the interaction of molecules with
electromagnetic waves in the UV/Vis area and driving
electronic transitions in the HOMO and LUMO levels.
The simulation UV/Vis spectrum parameters, including
wavelength (nm), energy gap (eV), oscillator strength
(fo), and transition type, are presented in Table 4.

97 3 5 ?
f- Nk 5o ol -4 Y
29 - 52 " )
e *% 7l ‘9 9
a‘ “‘ e 3 L 9 ° 5 I,
s d
J & 3 35 i ) ‘ 5
Esose-2 650588 Bz o.57680 Bharse2 5,378 6162 o |
Eugenol Eugenol-Ag Carvacrol Carvacrol-Ag
) 22
e ‘ T 0 o2
3 TP T 9 oL 3 e e
2,9 ) ) > 39 e
29 a2 0%’ | ‘,ﬁh & -
SOy D ow A e 15 d s % 89
AT SN
— I ¥ 9 2
Bsie2 725788 Ess0e-2 3.58088 [ 469788 Fase2 8.93508
Chalcone Chalcone-Ag Terpineol Terpineol-Ag

Figure 4. MEP surface analysis of phenolic-derived and complexes
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Figure 5. UV/Vis spectra of complexes phen-Ag

Table 4. The excitation energy, oscillator strength, band gap, and transition

Complexes Excitation Band gap Oscillator Transition
energy (nm)  energy (Ev) strength (#)

Eugenol-Ag 465 1.1173 0.0001 n — m*

Chalcone-Ag 460 2.6835 0.0946 m— *

Carvacrol-Ag 454 1.3962 0.1316 m— *

Terpineol-Ag 473 2.7159 0.1607 n — o*

Experimentally, the formation of AgNPs shows a
peak in the visible spectrum at 400-500 nm (Rana &
Chowdhury, 2020), a unique characteristic of SPR
materials (Juma et al., 2024; Kaur et al., 2020). Three
phenolic derivative compounds from Mf extract
showed SPR peaks, emphasizing the role of eugenol,
carvacrol, and terpineol as bioreductors in the green
synthesis of AgNP.

Table 4 shows the results of SPR peak identification
on three eugenol-Ag complex compounds at 465 nm,
chalcone-Ag at 460 nm, carvacrol-Ag at 454 nm, and
terpineol-Ag at 473 nm, with £, respectively, 1-104,
9.4-102, 1.3-107, and 1.6:10"", which are in good
agreement with this experimental SPR range. This
correspondence confirms that the simulated electronic
transitions are responsible for the characteristic
plasmonic behavior of AgNPs, indicating the
successful theoretical modeling of Ag* reduction into
metallic Ag®.

In the UV/Vis spectrum, # corresponds to the
absorption intensity (Dhifet et al., 2025). The
absorption of the resulting complex is caused by the
transition of the ™ bond orbital (HOMO) to m* (LUMO)

for chalcone-Ag and carvacrol-Ag complexes. In
addition, there are also n to ™ and n to o* transitions
originating from nonbonding electron pairs for the
eugenol-Ag and terpineol-Ag complexes. These
transitions correspond to ligand-to-metal charge
transfer (LMCT) processes, which play a crucial role in
initiating the reduction of Ag* to Ag°.

Overall, the TD-DFT results demonstrate that both

types of ftransiions—m—m* and n—oT*/n—0o*—
contribute  cooperatively to the bioreduction
mechanism. The m—m* transitions promote

delocalized charge movement across the aromatic
system, while n—7m*/n—0* transitions enable electron
transfer from oxygen donors to Ag*. These electronic
excitations not only explain the calculated absorption
in the SPR region but also rationalize the theoretical
mechanism of AgNP stabilization and growth in the
green synthesis process.

CONCLUSIONS

Bioactive compounds of Mf extract, eugenol,
chalcone, carvacrol, and terpineol, as well as eugenol-
Ag, chalcone-Ag, carvacrol-Ag, and terpineol-Ag
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complexes, have been successfully studied
theoretically by DFT and TD-DFT using several
parameters such as Fukui function, MEP, global
reactivity, and UV/Vis spectrum in green synthesis of
AgNP. The results of the Fukui function study show that
eugenol, chalcone, carvacrol, and terpineol have the
potential as bioreductors in green synthesis of AgNP,
due to the presence of oxygen and hydroxyl groups as
candidate electiron donors. The MEP showed that
eugenol-Ag, chalcone-Ag, carvacrol-Ag, and
terpineol-Ag were successfully mapped as complexes
with dynamic electron transfer at the oxygen atom on
the hydroxyl group. Meanwhile, the UV/Vis spectra
study provides information on electronic excitation in
the HOMO-LUMO orbitals of eugenol-Ag, chalcone-
Ag, carvacrol-Ag, and terpineol-Ag through the
formation of SPR peaks, a unique characteristic of
AgNPs, which show a wavelength peak in the 400-500
nm range.
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