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ABSTRACT: This study explores the optical properties of gold (Au) nanoparticles (NPs) using COMSOL Multiphysics
simulation software, focusing on how these properties depend on particle geometry, surrounding environment, and temperature.
A comprehensive range of nanoparticle shapes—including nanospheres, nanorods, core/shell structures, nanocubes,
icosahedral shapes, and nanopeanuts—were analyzed, each with varying sizes and placed in different environments such as
air, water, and silica glass. Temperature effects were studied from room temperature to 1200K, allowing for an in-depth
understanding of thermal influences on optical behavior. The dielectric function of the gold nanoparticles was constructed as
a function of both particle size and temperature to accurately account for their impact on optical responses. The study
specifically investigated absorption, scattering, and extinction cross-sections for these nanoparticles, comparing the simulation
results with existing literature. A strong agreement was observed between the modeled data and previously reported findings,
validating the approach. The simulations provide key insights into the size- and temperature-dependent shifts in localized
surface plasmon resonance (LSPR), crucial for applications in fields such as biomedicine, thermal therapy, and imaging. These
findings are particularly useful in designing gold nanoparticles with tailored optical properties for targeted applications,
including drug delivery and diagnostic imaging. This work represents a holistic approach to modeling the optical properties of
gold nanoparticles, addressing both geometrical and environmental influences as well as thermal effects, providing a valuable
tool for future nanoparticle-based technologies.
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1. INTRODUCTION These properties make gold highly durable, contributing to

the longevity of gold artifacts and products [1-4]. However,
Gold (Au) has been one of the most sought-after materials by in recent decades, with advances in nanotechnology, gold has
humankind for thousands of years, admired for its distinctive ~ gained a new level of significance due to the unique

properties such as luster, malleability, and chemical inertness.  properties that emerge when it is reduced to the nanoscale.
Gold nanoparticles (Au NPs), specifically, exhibit a wide
! Russian-Armenian University, Yerevan 0051, Armenia. range of novel physical, chemical, and optical behaviors,
2 Institute of Chemical Physics National Academy of Science, which have transformed gold nanoparticle research into an
I important and distinct subdiscipline within nanoscience
3 Peter the Great St. Petersburg Polytechnic University, St. Petersburg P U p W .
195251, Russia. The study of Au NPs focuses on understanding how
their properties—particularly optical ones—change with
* Author to whom correspondence should be addressed: variations in particle size, shape, and surrounding
tigran.sargsian@rau.am (T. A. Sargsian) environment. One of the most notable phenomena in this
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regard is localized surface plasmon resonance (LSPR), where
conduction electrons in Au NPs oscillate in response to
incident light at specific wavelengths, leading to strong
absorption and scattering [5]. This plasmonic behavior is
highly sensitive to the nanoparticle’s size and shape, as well
as its dielectric environment, making Au NPs highly tunable
for specific applications.

Au NPs have been found to convert incident light energy
into heat efficiently, a property with substantial biomedical
potential. This capability has been harnessed in techniques
such as photothermal therapy, where the heat generated by
Au NPs can be used to ablate cancerous tissues [6-9]. In
addition to this therapeutic application, gold nanoparticles are
valuable in diagnostic imaging. Their ability to enhance X-
ray absorption has been shown to improve imaging contrast,
aiding in more accurate diagnostics [10-12]. Moreover, Au
NPs hold promise for use in drug delivery systems, where
their biocompatibility and functionalizability allow them to
serve as carriers for drugs, genes, and other therapeutic
agents [13-17]. The versatility of Au NPs extends beyond
medicine into fields like catalysis, electronics, and
environmental science [18-20].

Given these wide-ranging applications, it is crucial to
have a detailed theoretical understanding of the factors that
influence the optical properties of Au NPs. While several
studies have been conducted in this area, they tend to focus
on a singular aspect: either the effect of the nanoparticle’s
geometry on optical properties [21, 22] or the role of
temperature in influencing these properties [23-25]. Changes
in geometry, for instance, affect the wavelength of LSPR and
alter the scattering and absorption cross-sections of the
particles. Meanwhile, temperature affects the dielectric
function of gold, shifting the resonance frequency of Au NPs
and impacting their optical efficiency. Only a small number
of studies have examined both of these factors together [26,
27], leaving a gap in the literature.

This study seeks to bridge that gap by providing a more
holistic understanding of how both geometry and temperature
jointly affect the optical behavior of gold nanoparticles. By
merging these two dimensions of investigation, we aim to
develop a theoretical framework that offers insight into the
size- and temperature-dependent shifts in plasmon resonance.
This approach could lead to more accurate modeling and
optimization of Au NP-based technologies for applications
ranging from photothermal therapy to sensing and imaging.

Moreover, advancements in computational tools have
made it easier to simulate and predict the behavior of such
complex systems. COMSOL Multiphysics simulation
software, for instance, has proven to be a powerful tool in
modeling the optical properties of Au NPs [28]. COMSOL
allows for precise simulations of particle geometry, dielectric
environment, and temperature, thereby enabling the
prediction of absorption, scattering, and extinction cross-
sections for nanoparticles of different shapes and sizes. The
software provides a versatile platform for conducting
parametric studies that would be difficult or time-consuming
to carry out experimentally.

In this work, we use COMSOL Multiphysics to model a

variety of gold nanoparticle shapes—nanospheres, nanorods,
nanocubes, core/shell structures, icosahedral shapes, and
nanopeanuts—while systematically varying their sizes,
surrounding environments (air, water, silica glass), and
temperature (from room temperature to 1200K). The
dielectric function of Au nanoparticles is constructed as a
function of both size and temperature to account for the full
range of optical responses. The primary focus of this study is
on key optical properties, including plasmon resonance,
absorption, scattering, and extinction cross-sections, and how
they change under the influence of geometry and temperature.

2. THEORETICAL MODEL

Herein, we provide a brief overview of the theoretical model
applied to this study. Under the irradiation of metallic NPs by
light, the oscillating electromagnetic field forces conduction
electrons to shift from their initial positions and oscillate
coherently. On the other hand, the Coulomb attraction
between electrons and nuclei tends to bring shifted electrons
back. The arising phenomena of plasma oscillations, which
are confined in a NP with a size smaller than the wavelength
of light, are called LSPR. Frequency of those oscillations is
highly dependent on the density of electrons, geometry of
NPs and the refractive index of the environment.

The abovementioned sheds light on why LSPR shows
dependence on temperature. A number of factors, such as
thermal expansion of NPs, different scattering processes, the
dependence on temperature of the dielectric permittivity of
NPs and host medium, etc., affect LSPR to a greater or lesser
degree. For example, the temperature dependence of the
dielectric permittivity of host medium has small impact in the
case of silica host, as discussed and shown in Ref. [23].

Talking about other factors affecting LSPR, for the
linear sizes of NPs R(T) after thermal volume expansion, one
can write:

R(T)=R,(1+A(T)AT)” (1)

where Ry is the linear size of NP at room temperature
To=293.15K, B(T) is the thermal expansion coefficient and
AT 1is the change in temperature. In its turn, the dependence
of the thermal expansion coefficient on temperature is given
by:

3 192 pk,
AlT)= rd(16p —7k,T)

)

where p=0.4759%V, ¢=15.83nm" and r0=0.30242nm are
parameters of Morse potential, used to describe the potential
of interatomic interaction in gold [23, 29]:
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U (r) _ p(e-2¢(r‘r0) _ ze—¢(r—r0)) (3)

and kg is the Boltzmann constant.

Further theoretical investigation describing the
plasmonic properties of NPs is primarily concerned with
selecting an appropriate dielectric function for NPs. For
sufficiently large NP sizes relative to the mean free path of
electrons (which is approximately 42 nm for gold [30]), the
bulk dielectric function as a local response generally
produces results that are in accordance with experiments [22,
31]. This approach, however, faces difficulties while
describing optical properties of small NPs with sizes
comparable to the mean free path. For these purposes, in their
work [22], Karimi et al. have proposed a phenomenological
modification of the Drude dielectric model to account for
quantum constrains of electron oscillations in the NPs with
small sizes. They have introduced a size-dependent plasma
frequency in the dielectric function for describing optical
properties of small NPs, which will be brought here further.

Drude has given the dielectric function model for metals
based on only intraband transition ep [32, 33]. It was later
modified by Lorentz, who has considered the contribution
from bound electrons, denoted here as interband transition
(IB) &ib. Hence, Drude-Lorentz dielectric function of metal,
due to both intraband and interband transitions is given by
[34]:

e(@RT)=¢6,(0,RT)+¢, (0, RT) 4)

Temperature-dependent dielectric function due to intraband
transition ep(w,R,T) is given by [35]:

oy (R,T)

RT)=1-——"——F—
& (@ ) o’ +iy(RT)w

()

where op(R,T) is plasma frequency, y(R,T) is damping
parameter [36].

The size dependency for the plasma frequency term is
also taken into account. The latter mainly concerns to the
intraband transitions, which is reasonable since the intraband
term originates from the electron oscillations in outer levels
and the surface scattering effects in small regime should
mostly affect these oscillations. Based on the 1/R dependence
of the plasmonic peak for small NPs given in nonlocal theory
[37], a similar 1/R functionality for the size dependence is
considered [22]:

b J_ 1 ©)
R(T)) Ji+B(T)AT

where 0po=9.08¢V is the bulk plasmon frequency and the last
multiplier originates from the change in the density of the free

ah(RjT):aho[a+

electrons in NP due to thermal expansion [23]. The
parameters a and b can be obtained from the fitting and they
relate to the free electron density inside the NP and to the
scattering of the electrons from the NP surface, respectively.
For small NPs, Karimi et al. in Ref. [22] have proposed the
following parameters: a=1.01 and b=0.088nm.

The damping constant y(R,T) is determined by electron-
electron, electron-phonon, and electron-defect processes,
where the last term usually includes the scattering on grain
boundaries, impurities, dislocations, and so on [38]. In the
absence of scattering, this parameter is equal to zero. Due to
negligible  contribution  from damping due to
electron—electron scattering as it is mostly frequency
dependent, the major contribution of damping is from
electron—phonon scattering and electron—surface scattering
[25]. For the latter two one can write:

9T _a
TSI idz
, € -1
]/e—ph (T):J/O 0Ty _a (7)
s ¢ 2°dz
TO J. z
o -1
\Y%
RT)=A—=X 8
7e—5( ) R(T) ( )

Y(RT) =7 (T)+7.(RT) 9)

where v0=0.072eV is the damping constant at room
temperature, 0=165.15K is Debye temperature for gold,
A=0.6 is surface scattering parameter and vi=1.29-10°m/s is
the Fermi velocity for gold.

As interband transition energy is very high compared to
vibrational energy, it has minimal or no effect on plasmon
absorption with temperature gip(®,R,T)= €ip(®,R) [39]. Also,
size dependency of interband term can be neglected as the
interband transitions take place from the inner states of the
NP [22, 30, 34, 40]. Thus, dielectric function due to interband
transition e&p(w) is considered temperature and size-
independent and is given by [23]:

a)§0
& (@) = & (@) = 1‘;;:3;7;
0

where value of pu(®) for gold is taken from the work done
by Johnson and Christy [41].
Finally, the total dielectric function can be written as:

(10)

2 (R, T
e(0,RT) =gy (@) + Za)"_o - 260‘?( ) (11)
o’ +iyw o +iy(RT)o
while for the LSPR frequency in the case of

Im[e]<< | Re[e]+2&m | one can write [23, 25]:
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o (RT)

= — S (RT

(12)

Here &ii=Re[ein] is the real part of interband dielectric
function, which is slightly dependent on NP size and incident
light frequency in the considered region, en is the dielectric
permittivity of host medium.

2. SIMULATION MODEL

Herein, we will describe the modeling procedure of Au NPs
with the help of COMSOL Multiphysics simulation software
for the further analysis of their optical properties. In
electromagnetic wave scattering problems, the total wave
decomposes into the incident and scattered wave components.
Important physical quantities can be obtained from the
scattered fields. One of the important properties is the cross
section, which can be defined as the net rate at which
electromagnetic energy crosses the surface of an imaginary

sphere centered at the particle, divided by the incident

irradiation (Pin). To quantify the rate of the electromagnetic

energy absorbed (Waps) and scattered (Wsea) by the particle,
the absorption (oabs) and scattering (osca) Cross sections are

defined as [42]:

Wb

_ _abs 13
7, )

W

_ _sca 14
O-sca F)I ( )

The extinction cross-section Geyi, in turn, is simply the sum of
the absorption and scattering cross sections. The total
absorbed energy is derived by integrating the energy loss over
the volume of the particle. The scattered energy is derived by
integrating the Poynting vector over an imaginary sphere
around the particle.

As it was stated, the environment and models of Au NPs
have been constructed in the COMSOL Multiphysics
simulation software. In the current work spherical, nanoshell,
nanorod, cubical, icosahedral and nanopeanut geometries
have been considered in either air, water or silica
environment. The Electromagnetic Waves, Frequency
Domain (marked in the program as emw) interface of Radio
Frequency (marked in the program as RF) [43] physics was

chosen for the modeling of Au NPs and calculations of their
optical properties.

Fig. 1. The modeled geometry for the icosahedron-shaped NPs with 100 nm side length.
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Fig. 2. The generated mesh for the icosahedron-shaped NPs with 100 nm side length.

Figure 1 presents the modeled geometry of an icosahedron-
shaped nanoparticle (NP) with a side length of 100 nm. The
geometry consists of three main components: the gold
nanoparticle (Au NP) at the center, a 500 nm thick layer of
surrounding material, and an additional 500 nm thick Perfectly
Matched Layer (PML) which functions as an absorber for all
outgoing wave energy. The purpose of the PML is to ensure
that reflections or scattering at the boundaries do not interfere
with the simulation, allowing for accurate analysis of the
optical properties of the nanoparticle.

The electric field in the simulation is polarized along the z-
axis, following the expression E,=Eq-exp(-ikonmx), where ko is
the wave number in free space and n, represents the refractive
index of the host medium. This polarized electric field
interacts with the icosahedral nanoparticle, enabling the study
of how the NP affects the behavior of the field.

Figure 2 illustrates the mesh generated for the icosahedron-
shaped NP. A Free Tetrahedral mesh is employed within the
region of interest, offering a flexible and adaptive approach to
solving the electromagnetic field distribution. The mesh
elements have a maximum size of 1/10th of the particle size
and a minimum size of 1/40th. This ensures that the mesh
resolution is fine enough to capture important physical details
while maintaining computational efficiency.

The material properties of gold were sourced from the
COMSOL Multiphysics Material Library, which provides
extensive data for various materials based on their mechanical,
optical, thermal, and electrical characteristics. The material
properties are described as a function of some variable, for
example, temperature or frequency. Further, one can also add
his own entries for given material based on new data [44]. As

presented in Figure 3, the optical properties of gold were
derived from experimental data and simulations, with four key
references used to represent bulk gold: Johnson and Christy
(1972) [41], Rakic et al. (1998) [45], Olmon et al. (2012) [46],
and Babar and Weaver (2015) [47]. Despite slight variations
in the results, the qualitative differences were insignificant,
making the Johnson and Christy parameters the preferred
choice for the simulations, as they are widely accepted and
frequently cited in the literature.

4. RESULTS AND DISCUSSION

Let us now start the discussion of the obtained results.

First, let us bring the behavior of the dielectric functions
from temperature. Figure 4 presents the real part of dielectric
permittivity as function from incident light energy for two
sizes of NPs: 11nm (a, ¢) and 80nm (b, d) and at two different
temperatures: room temperature (a, b) and 1200K (c, d). One
can see that real parts of dielectric functions are close to the
ones from Johnson and Christy’s work when the NP size is
comparable or larger than the mean free path of electrons and
at close to room temperatures. This is quiet expected, as with
the increase in NP sizes one gets closer to the bulk limit
considered in the abovementioned work. When heating NPs,
the difference between dielectric functions start to increase,
especially for small NPs. In Figure 4a, experimental data from
Ref. [48] is also presented and one can see that obtained results
are very close to the latter.

Further, Figure 5 presents the dependencies for the
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imaginary part of dielectric permittivity for the same sizes and
at same temperatures as in Figure 4. Again, dielectric functions
are close to the ones from Johnson and Christy’s work when
the NP size is comparable or larger than the mean free path of
electrons and at close to room temperatures. However,
imaginary parts differ from bulk ones especially at long
wavelength range, which is due to the size-sensitive intraband
contributions. Despite the overall similar behavior, there is
also some quantitative mismatch between experimental results
from Ref. [48] and obtained results.

Thermal expansion of a gold NP from room temperature
to 1200 K was also examined. Figure 6 presents the thermal
expansion of a gold NP in the range of temperatures from room
to 1200K. One can see that increase in approximately 900K
leads to 3.14% expansion in the linear sizes of NPs. Recall that
the thermal expansion coefficient for silica glass is more than
an order lower than that of gold in the discussed range of
temperatures and therefore the temperature effect on the host
media will be neglected.

Figure 7 presents the absorption cross-sections for a gold
nanosphere with 40nm diameter in either air, water or silica
glass host media. One can see that with an increase in
refractive index of host media the absorption peak red-shifts
in accordance with Eq. (12). Besides, the increase of ny, leads
to the enlargement of the absorption cross-sections [26]. The
shifts in the LSPR peak positions of gold NPs depending on
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the surrounding medium makes them simple and effective
tools for environmental sensing.
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Fig. 3. Comparison of the absorption cross-section for
material parameters from Johnson and Christy (1972) [41],
Rakic et al. (1998) [45], Olmon et al. (2012) [46], Babar and
Weaver (2015) [47].
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Fig. 4. Real parts of dielectric permittivity for NP with linear size of 11 nm (a, ¢) and 80 nm (b, d) at To (a, b) and 1200 K (c,

d), respectively.
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Figure 8 (a) depicts the absorption cross-section for a
20nm nanosphere in silica glass at wide range of temperatures
starting from room temperature up to 1200K. It can be seen

that with increase in temperature LSPR frequency red-shifts,
which is mainly due to the NP’s volume expansion.
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Fig. 7. Absorption cross-section for nanosphere with diameter
D =40 nm in air, water or silica glass host.
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Fig. 8. (a) Absorption cross-section for nanosphere with diameter D =20 nm in silica glass at different temperatures. (b) LSPR
frequency over temperature for different diameters of spherical NPs: 20 nm (circle), 40 nm (triangle), 80 nm (rthombus).

The latter is more clearly depicted in Figure 8(b), which
represents the simulated LSPR frequencies for different
diameters of nanospheres at different temperatures. The same
temperature range as in previous subfigure was considered.
The LSPR frequency red-shifts with an increase in NP size or
with an increase in temperature. One can also see that the
corresponding absorption curves broaden, which can be
explained by the increase of the scattering and damping effects

[23].
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——///"
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520 540 560
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480 500

Fig. 9. Absorption efficiencies for nanosphere (D=20, 40, 80
nm) in water. Inset: electric field norm for the nanosphere of

80 nm diameter at 540 nm wavelength.

The size dependence of the LSPR curves is primarily
shown in Figure 9, which represents the absorption efficiency
for nanospheres with 20nm, 40nm and 80nm diameters. It can
be seen that there is a broadening of the absorption curves and
a red-shift of the plasmon resonance wavelength from 520 nm
to 543nm, as it was shown by Jain et al. in Ref. [19] and has
been observed in the measured optical spectra [38, 48, 49].
The inset represents electric field norm distribution over the
central xz plane of the nanosphere with 40nm radius at close
to resonance wavelength of 540nm.
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Fig. 10. Absorption, scattering and extinction efficiencies for
gold nanorods with different sizes (R=3.1 and R = 4.6, when
refi=11.43 nm) in water. Inset: electric field norm for the same
nanorods at 710 nm and 875 nm wavelengths, respectively.
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105 nm, R,=90 nm in water. Inset: electric field norm for the same nanoshells at 625 nm and 680 nm wavelengths, respectively.

Let us recall that incident electromagnetic wave travels
along the x axis and is polarized along the z axis. The
penetration depth, calculated with I'' = (2n/A)Im[n(A)] [44],
where n(A) is the refractive index at wavelength A, gives values
of 1 around 30nm in the considered range of wavelengths.
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Fig. 12. Normalized scattering of gold nanocube (d = 100 nm)
in air. Inset: electric field norm for the nanocube at 575 nm
wavelength.

In Figure 10, the absorption, scattering and extinction
efficiencies for a nanorod placed in the water are presented.
Similar to Jain et al., the gold nanorod was constructed here
with the help of a cylinder capped with two hemispheres. Two
parameters are used to characterize the nanorod: effective

radius, given by rer= (3V/4m)'%, where V is the volume of the

nanorod, and aspect ratio R, which is the ratio of the nanorod
dimension along the long axis to the one along the short axis.
In the current discussion, a nanorod with effective radius reg=
11.43 nm and aspect ratios R = 3.1 and R = 4.6 is considered.
The incident electromagnetic field is polarized along the long
axis of the nanorod. It can be seen, that compared to the case
of nanospheres the plasmon resonance peak here moves closer
to the near-infrared region, which, with further tuning of the
effective radius and aspect ratio, can make nanorods extremely
useful for biomedical applications, particularly.
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Fig. 13. Normalized scattering of icosahedron-shaped gold NP
(d = 100 nm) in air. Inset: electric field norm for the
icosahedron at 580 nm wavelength.
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orientations of nanopeanuts at 750 nm (1.65 eV) and 520 nm (2.38 eV), respectively.

Figure 11 presents the absorption, scattering and
extinction efficiencies for silica/gold nanoshell in the water.
Nanoshell is described by two radii: total radius R; and shell
radius R». Yet again, it can be seen that the plasmon resonance
peak is highly sensitive to core/shell dimensions: it has
moved to the near-infrared region and can be tuned by
changing the core/shell dimensions. Those results are also in
agreement with the ones obtained by Jain ef al. in Ref. [19],
while the latter are not brought here in order to avoid overload
on the Figure.

In Figure 12 and 13, our modeled results for the
normalized scattering of Au cube and icosahedron both with
d=100 nm side length placed in air are being compared with
the experimental data from Ref. [50]. The close values
obtained for the LSPR wavelengths of these two geometries
confirm the findings of Ringe et al. that the plasmon length
can act as a very important property for describing the size
effects of Au NPs, regardless of their shape. Recall that
plasmon length is a size parameter, which can be defined for
dipolar plasmons equal to the distance between regions of
opposite charges created by the electron oscillations.

Figure 14 illustrates the normalized absorption spectrum
of gold nanopeanuts with an outer radius (r) of 5 nm and an
inner radius (rin) of 3 nm embedded in a silica matrix. The
plot shows how the absorption characteristics of these gold
nanopeanuts vary across different wavelengths. As the shape
and size of these nanoparticles are asymmetrical (peanut-
like), the absorption behavior is significantly influenced by
the aspect ratio and the orientation of the nanopeanut in
relation to the incident light. The inset of the figure provides
a visualization of the electric field distribution around the
nanopeanuts at two different wavelengths: 750 nm
(corresponding to an energy of 1.65 eV) and 520 nm
(corresponding to an energy of 2.38 eV). These specific

wavelengths are chosen because they correspond to key
plasmonic resonances, with 750 nm representing the longer
wavelength resonance and 520 nm representing the shorter
one [51]. This behavior underpins the potential use of gold
nanopeanuts in applications requiring precise control of light-
matter interactions, such as in plasmonic sensors or
nanophotonic devices.

5. CONCLUSION

In this study, we have developed a comprehensive theoretical
model to investigate the localized surface plasmon resonance
(LSPR) in gold nanoparticles (Au NPs), accounting for both
size and temperature effects. Using the COMSOL
Multiphysics simulation software, we modeled a variety of
nanoparticle geometries, including nanospheres, nanorods,
core/shell  structures, nanocubes, icosahedral, and
nanopeanut shapes, in different environments (air, water, and
silica glass) across a broad temperature range. The dielectric
function was formulated as a function of both nanoparticle
size and temperature, which allowed for an accurate
simulation of the optical properties of Au NPs. The results
demonstrate a clear red-shift in the LSPR frequency as both
nanoparticle size and temperature increase. This shift is
crucial for applications where precise control of optical
resonance is required. Additionally, the absorption, scattering,
and extinction cross-sections were calculated for the different
nanoparticle geometries, confirming that each shape exhibits
distinct optical behaviors. These variations in optical
properties provide valuable insight into the tunability of Au
NPs, which is highly relevant for their application in fields
like photothermal therapy, sensing, and medical imaging.
Furthermore, the simulation results were compared with
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existing literature, showing good agreement and validating
the accuracy of our approach. By manipulating nanoparticle
size, shape, and environmental conditions, we can achieve
targeted control over the optical properties of Au NPs. This
tunability is especially beneficial for designing nanoparticles
for specific biomedical applications, where factors like
biocompatibility and precise light-matter interactions are
critical. In conclusion, this work provides a robust theoretical
and computational framework for understanding and
optimizing the optical properties of Au NPs, paving the way
for their further development in various scientific and
technological applications. The insights gained from this
study can guide the design of gold-based nanomaterials with
tailored plasmonic characteristics for use in areas such as
diagnostics, drug delivery, catalysis, and environmental
sensing. Future studies could explore additional factors such
as the effects of different solvents, surrounding materials, and
more complex nanoparticle architectures to further refine this
model and broaden its applicability.
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