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ABSTRACT

The primary goal of this study is to use the Drude model to analyze the influence of shape
and size on the plasmon resonance peak of gold nanoparticles and quality factor of gold
based on dielectric function. Depending on the shape of the gold nanoparticles, the effect will
either get worse or get better. The value of the dielectric function of gold nanoparticles shifts
away from or toward the bulk dielectric function as size rises, and vice versa. Significant
variation in plasmon resonance peak of gold was observed when the particle size becomes
smaller than 100 nm. The nanoparticles can be defined as particle having sizes between 1-100
nm in agreement with the definition reported in literature. The imaginary part of a gold
nanoparticle's dielectric function mostly depends on size, while the real part depends on the
frequency of the incident light. The greatest extinction occurs when the real part of the
dielectric function is equal to the dielectric function of the surrounding medium, while for
smaller nanoparticles, the resonance of the extinction cross-section is due to absorption.
Since, gold showed minimum quality factor in infrared regions while for silver showed
maximum in visible and near infrared. Therefore, Plasmon nanoparticles cause strong
electromagnetic fields to form on the particle surface, which amplifies all radiative
characteristics including absorption and scattering, used as key plasmonic application. When
the frequency of electromagnetic wave (EMW) coincides with the frequency of electron
oscillation, then the plasmon resonance peak would create. We have seen that, effect of shape
and size on the plasmon resonance of gold nanoparticles as well as all particle sizes of silver
showed higher quality factor compare to gold but in the future researcher will investigate the
environmental surrounding effect of nanoparticles and Compare the optical properties of both

gold and silver nanoparticles with different sizes after synthesized their nanoparticles.



1. INTRODUCTION

1.1. Back Ground of the study

Due to their tunable physico-chemical properties, such as melting point, electrical and
thermal conductivity, catalytic activity, light absorption, and scattering, which produce
enhanced performance over their bulk counterparts, nanoparticles and nanostructured
materials have gained prominence in technological advancements. According to the
international system of units, one nanometer (nm) equals 10° meters in length. They are
typically described as having a diameter that falls between 1nm and 100 nm'. Within this
range, nanoparticles' physical, chemical, and biological characteristics diverge significantly
from those of individual atoms or molecules. Because bulk materials should have one or two
constant physical properties regardless of their size, nanoparticle attributes typically deviate
significantly from those of the corresponding bulk material. However, size-dependent

characteristics are seen at the nanoscale?.

Due to electron confinement, which modifies both their electrical characteristics and the
characteristics of collective electronic excitation, such as resonance frequency, they have
optical properties that are distinct from bulk material®.Because of their high surface-to-
volume ratios, which cause an exponential rise in molecular reactivity, nanoscale materials
frequently have characteristics that are different from those of their bulk counterparts *.The
characterization, exploration, and application of nano-sized (1nm -100 nm) materials for the
advancement of science are described as plasmon resonance of gold nanoparticles *. Silver's
dielectric function is shown to be more strongly impacted by particle size in the visible

spectrum, whereas gold's is in the near infrared window.

Organic nanoparticles, which include carbon nanoparticles (fullerenes), and inorganic
nanoparticles, which include magnetic nanoparticles, noble metal nanoparticles (such gold
and silver), and semi-conductor nanoparticles, can be broadly divided into two categories
(like titanium oxide and zinc oxide). Inorganic nanoparticles, such as noble metal
nanoparticles (gold and silver), are gaining popularity because they offer excellent material
characteristics and functional diversity. The most frequent types of elements to create
metallic nanoparticles are gold (Au) and silver (Ag). Metal nanoparticles (MNPs) feature
unique optical, chemical, electrical, and magnetic properties that are different from bulk

materials of the same kind. These characteristics mostly depend on the nanoparticles' size,

1



shape, and composition. Regardless of size, bulk materials have physical characteristics that

are comparatively consistent.

The proportion of atoms at the surface relative to the total number of atoms in the bulk
material rises as the substance gets smaller. This could produce nanoparticles with
unexpected properties that are partially brought on by the surface. Metal nanoparticles'
Plasmon energies, which are highly influenced by their size, shape, and environment's
dielectric, can be used to gauge their optical characteristics *. The enormous surface-to-
volume ratio and discrete electronic energy states of materials at this scale give rise to the
distinctive features of nanomaterials. In the visible and near infrared (VIS-NIR) spectrum,
there is a lot of research on how gold (Au) interacts with electromagnetic waves. Au exhibits

VIS-NIR resonant interaction and has better biocompatibility than silver *.

Au is particularly well suited for medical purposes because of this. The surface plasmons
supported at the metal-dielectric contact are what cause the resonant interaction. A very
significant electric field augmentation at resonance results in intense light absorption and
scattering. In addition to sensing, surface-enhanced Raman spectroscopy, surface-enhanced
infrared absorption spectroscopy, enhanced nonlinear wave mixing plasmonic antenna,
optoelectronic devices, optical materials, solar cells, carbon reduction, and solar hydrogen,
many applications of surface plasmon resonance have been studied. Incident visual light can
activate localized surface plasmon resonance (LSPR) for Au metal nanoparticles. The size,
geometry, dielectric environment, and separation between adjacent nanoparticles all have a
significant impact on the LSPR. Gold and silver noble metal nanoparticles’ LSPR spectrum
properties have been thoroughly studied, and Mie theory has been used to derive the

extinction properties®.

The LSPR extinction peak for nanoparticles larger than 20 nm experiences a red shift with
size due to retardation effects and growing contributions from multipolar terms. The large
scattering component of extinction, or the radiative damping of the collective electronic
excitation, broadens the line width of the extinction for dimensions above 50 nm. In these
situations, the design and study of the LSPR of noble metal nanoparticles can be done using
the metal's determined bulk optical characteristics. The intrinsic size effects take on greater

significance and are responsible for the decrease in nanoparticle diameter below 30 nm.



1.2. Types of Nanoparticles

Organic, inorganic, and semiconductor nanoparticles are the three basic categories into which
nanoparticles can be divided. While some inorganic nanoparticles may include magnetic
nanoparticles, noble metal nanoparticles (like gold and silver), and semiconductor
nanoparticles, organic nanoparticles may contain carbon nanoparticles (fullerenes), (like
titanium dioxide and zinc oxide). Noble metal nanoparticles (gold and silver), which are
inorganic nanoparticles, are becoming more and more popular because they have great
material properties and a wide range of functional applications.. Inorganic particles have been
considered as prospective instruments for medical imaging as well as for treating diseases
due to their size, characteristics, and benefits over currently available chemical imaging
agents and medications. Due to their many useful properties, including their wide availability,
rich functionality, good compatibility, ability to deliver targeted drug delivery, and controlled

drug release, inorganic nanomaterial“s have been used extensively for cellular delivery®.

1.3. Fundamental of Plasmonics

Aplasma is a medium that contains an equal number of positive and negative charges, at least
one of which is mobile. The collective oscillations of free electrons (quanta of plasma
oscillations) in a metal's conduction band that occur when there is an external electric field
are known as plasmons. Plasmons are especially connected to substances that exhibit metallic
characteristics. Plasmonic waves are a type of surface-charge oscillation that starts when an
external electric field pushes surface particle charges toward one end of the spectrum. If the
electric field disappears, the new field that emerges will be contrary to the one that charge
massing originally produced that have free electrons. Consider a material of this type in
equilibrium, where the positive ions that are stationary stabilize the mobile negative charges
(cations). The “jellium model" in metals refers to this’.Now, altering these ideal
circumstances by adding an external electromagnetic field will result in an internal field and
an irregular charge distribution. Since they are simultaneously drawn back towards the
positive charges and we suppose they lack the energy to escape the electric field produced by
the nuclei, the negative charges will gain velocity from this field but end up bouncing about
the positive charge distribution. A plasmon is the name given to this oscillation of moving
electrons from the conduction band. The investigation of optical phenomena related to
electromagnetic response®.It is named after the electron density waves that travel along a
metal-dielectric contact and resemble the ripples on the surface of water when a stone is

thrown into it °.A developing discipline called plasmonics makes use of the metals' nanoscale
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characteristics. Metals behave like free electrons and can accommodate surface plasmons.
The optical phenomena known as surface plasmon resonance SPR has been known for more

than 150 years. Michael Faraday performed the first demonstration in 1857°.

1.3.1. Bulk Plasmon

The bulk metal will be neutral in an equilibrium condition because the protons' and electrons’

charges cancel each other out. The free electrons will oscillate longitudinally through the
metal when an external field is applied to it. The plasma frequency Wy, which is determined

by, is the frequency at which these oscillations take place™.

Where, n is the electrons density () and m are charge and mass of electron respectively and
&, IS the permittivity of free space. The mismatch between the longitudinal oscillation of free
electrons in metals and the transverse oscillation of light prevents the bulk plasmon from
being excited by a photon. Instead, bulk plasma can be excited using an electron

beam™?.Figure 1.1 is a diagram that shows bulk plasmons.

-
Bulk plasmon

Figure 1. 1: Schematic diagram illustrating bulk Plasmon®?.

1.3.2. Surface Plasmon Polarization

Localized surface plasmons (LSP), which propagate at the interface between metal and
dielectric, and surface plasmon polarization, which is localized at the metal nanoparticle, are
the two forms of surface plasmons that metal can support surface plasmon polarization™.
Only the contact of a metal and a dielectric (2D structure), such as a thin film, may support
this Plasmon mode (see Figure 1.2). Once generated, the SPP propagates for a short distance
between the thin metal and the dielectric medium before being absorbed by the metal or
dispersed in various directions. It is significant to remember that the momentum of the
incident light and the motion of the surface plasmon must coincide in order to excite the SPP.

In fact, a prism is frequently employed to control the motion of photon.



Figure 1. 2: Schematic diagrams illustrating surface plasmon polarization **

1.3.3. Localized Surface Plasmon (LSP)

This mode occurs in metal particles whose size is much lower than the wavelength of
incidence light (R << A). The kind of metal, nanoparticle sizes, shapes, and the dielectric of
the surrounding media are among the variables that affect the resonance frequency (location
of the LSPR absorption band).

Electric field

Figure 1. 3: Schematic diagram illustrating localized surface Plasmon’.

The electric field of the incident light creates an electric dipole in metal particles when they
are exposed to light. Since the charge distribution is dependent on the orientation of the
electric field, many surface electrons on the metal particles shift to one side, leaving a net
positive charge on the other. There is a strong absorption band in the visible portion of the
electromagnetic spectrum when the frequency of an electron's oscillation coincides with the
frequency of incident light (see figure 1.3). Silver and gold nanoparticles have localized
surface plasma, which can only two orders of magnitude enhance the electric field of incident
electromagnetic radiation near the NPs. The electric field of incident electromagnetic
radiation can be amplified by two orders of magnitude near the surfaces of silver and gold
NPs in the size range of 5nm -100 nm due to the presence of localized surface plasmon

resonance®,



1.4. Types of cluster-size effect

Cluster size effect is classified into intrinsic and extrinsic based on the radius(R) of the
nanoparticle. When R < 10nm, optical properties are independent of R, € = g(r) intrinsic but
not extrinsic and R = 10nm is dependent on the size of the nanoparticles which is extrinsic
size effect. For the very small metal clusters quantum-mechanical methods have to be
applied; depending on cluster size collective resonances as well as single electron excitations
may occur. The intrinsic size impact makes optical function and light emission caused by
bulk optical constants size independent. The electron energy level that was anticipated to be

defined is what causes the quantum effect (quantized). However, optical spectroscopy

. . . 7
provides more details on the cluster size effect .

1.5. Statement of the problem

Gold nanoparticles are used extensively in the scientific world. The enhanced field (near or
far field) produced at the resonance frequency is essential for the majority of noble
nanoparticle uses (plasmonic effect). The definition of nanoparticles according to their size
range and the dependence of the quality factor on the particle sizes provide the two biggest
difficulties in the research of the optical properties of metal nanoparticles. i.e The difficult
questions are: which metal and what optimum particle sizes can provide the greatest field
enhancement? These two issues will be the primary focus of this project's work: providing a
precise definition of noble metal nanoparticles and examining the impact of particle sizes and
shapes on the quality factor using experimental data on the dielectric constant of bulk metals
obtained by Johnson and Christy*.That is expected to answer the high points of these questions

and, to the greatest extent possible, guide experimental results.
1.6. Objective of the study

1.6.1. General objective of the study
To review the effect of shape and size on the plasmon resonance peak of gold
nanoparticles.

1.6.2. Specific objectives of the study

To describe the difference between the optical and bulk properties of gold
nanoparticles.

To review how the optical properties of gold nanoparticles depend on size, shape, and
dielectric function.

To describe the optical application of gold nanoparticles
6



2. REVIEW LITERATURE

2.1. Noble Metal Particles (Au, Ag and Cu)

Small nanoparticles of noble metals also exhibit an SPP. The noble metals show pronounced
deviations, since the contribution X'® of inter band transitions from the 4d (Ag), or 5d (Au)
electrons to the hybridized 5sp (Ag)and 6sp (Au) band has an enormous influence on the
positions of the plasmon polarizations. Therefore, even with a rough approximation, the SPP
resonances in noble metal nanoparticles cannot be viewed as free electron resonances; rather,
they are hybrid resonances brought about by the cooperative behavior of both the d electrons
and the conduction electrons™.By the close-lying interband transitions, the resonance at
wavelengths in the green visible spectral range is strongly quenched. The impact of interband
transitions is also readily discernible for Au nanoparticles. As a result, the resonance of the
TM dipole mode may be clearly seen even for tiny nanoparticles. The interband transitions
have a negligible impact on the SPP for Au nanoparticles. Despite the fact that interband
transitions are a part of the spectra at shorter wavelengths, the peak position of the SPP is
widely apart from the interband transitions, leading to a strong resonance. The Drude metals,
in general, exhibit the same properties as before when particle size increases: a rise in
resonances, a shift of peak structures to longer wavelengths, and a broadening of the color
due to peak position shifting as a result of the rise in TM mode contributions with particle
size. The dielectric function for the bulk can be divided into two terms: a free electron term
and an interband, or bound electron term, for noble metals (Au, Ag), where there is a
significant bound electron component™®. Since the dielectric function is written as:

€ (w, R) = € free-electrons (w) + € bound-electron (w).........2.1

2.2. Properties of gold nanoparticles

2.2.1. Optical properties of gold nanoparticles

Surface plasmon resonance in gold nanoparticles is the collective excitation of free electrons.
Au NPs in general can have peculiar or different properties as a result of the way light
interacts with their fine nanostructure. For example, gold nanoparticles exhibit very different
optical properties, such as color and brightness. Transparency: compared to bulk gold
materials in metallic nanoparticles, collective modes of motion of the electron gas can be
excited by incident light. The collective excitation of free electrons generates surface
plasmon resonance *°.Au NPs exhibit an intense absorption peak due to the surface plasmon

resonance. In specific-size AuNPs, electrons are limited to a specific vibration or plasmon
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resonance mode. This is because the specific oscillation or plasmon resonance is strongly
dependent on the size and shape of the gold nanoparticles. So nanoparticles of different sizes
have different colors. For instance, sphere-shaped 20 nm, 50 nm, and 90 nm Au NPs,
respectively, have an orange, red, and reddish brown color, while bulk gold has a white,
aluminum-like color, (see figure 2.1). Bulk gold has no specific oscillation mode that
corresponds to a specific absorption peak. Therefore, Au NPs have a characteristic optical
absorption spectrum in the UV-Vis region, which makes them differ in color from bulk
gold*’.

Figure 2. 1: The size dependent colors of optical properties of gold nanoparticle”.

Gold nanoparticles absorb and scatter light with extraordinary efficiency. Their strong
interaction with light occurs because the conduction electrons on the metal surface undergo a
collective oscillation when they are excited by light at specific wavelengths. This oscillation
is known as a surface plasmon resonance (SPR), and it causes the absorption and scattering
intensities of gold nanoparticles to be higher than those of identically sized non-plasmonic
nanoparticles *8.The electric field associated with incident light interacts with the metal
nanoparticle and produces an electric dipole where surface electrons move to one side of the
nanoparticles, leaving the positive charge on the other side, as shown in figure 2.2. Gold
nanoparticles' absorption and scattering properties can be tuned by controlling the particle

size, shape, and the local refractive index near the particle surface.

Electron
cloud

Figure 2. 2: Formation of surface plasmon resonance by collective oscillation of free

18
electrons .



2.2.2. Effect of Size on Optical Properties

The optical properties of spherical gold nanoparticles are highly dependent on the
nanoparticle diameter. The extinction spectra of 15nm sizes of gold nanoparticles at identical
mass concentrations (0.02 mg/mL) are displayed in Figure 2.3, as shown below. Smaller
nanospheres primarily absorb light and have peaks near 520 nm, while larger spheres exhibit
increased scattering and have peaks that broaden significantly and shift towards longer
wavelengths (known as red-shifting). Larger spheres scatter more light both because they
have larger optical cross sections and also because their albedo (a ratio of scattering to total
extinction) increases with size'®. Gold nanoparticles are often used as bio-imaging tags in
dark field microscopy techniques, where the scattering from individual nanoparticles with

diameters larger than 40nm-50 nm can be observed.

Optical Density (cm")

600
Wavelength (nm)

Figure 2. 3: Extinction (the sum of scattering and absorption) spectra of gold nanoparticles
with diameters ranging from 15nm-100 nm at mass concentrations of 0.0ng/mIlg.

2.2.2.1 The Unique Features of Noble Metal Nanoparticles (NM NPs)
Noble metal nanoparticles (NM NPs) have many unique features that make them attractive
for the development of advanced nanobiosensors for POC testing.

i. Intriguing Properties:- NM NPs offer multiple signal transduction principles for POC
testing of detecting signal such as plasmonic, optical, photothermal, colorimetric,
electrochemical, surface-enhanced Raman scattering (SERS), and fluorescent. For instance,
Au NPs of 40 nm in diameter offer much stronger colorimetric signal than dyes, because their
absorption cross-section is five orders larger than ordinary organic dyes™.

ii. Tunable Physicochemical Parameters:-The properties of NM NPs can be tailored and
optimized by controlling their physicochemical parameters (Figure 2.4) such as size, shape,

internal structure, crystallinity, and elemental composition. Plasmonic property of 50 nm Au


https://nanocomposix.com/kb/general/useful-terminology#extinction

nanospheres display a major localized surface plasmon resonance (LSPR) peak at ~525 nm,

while the major LSPR peak of 50 nm x 10 nm Au nanorods is located at ~825 nm>*,

o 0o @ O

shape
'— -—_

o T— '
OD sphere 1D rod 2D plate 3D cube
Internal structure Crystallinity

\.) C} A

solid hollow single-

crystal polycrystal

Composition (e.g., 2 elements)

- D

core-shell dimer alloy

Figure 2.4. Schematics showing the physicochemical parameters of NM NPs that controlled
by size and shape to enhance EM wave™.

2.2.3. Effect of Local Refractive Index on Optical Properties

Gold nanoparticle optical properties also depend on the refractive index near the nanoparticle
surface. As the refractive index near the nanoparticle surface increases, the nanoparticle
extinction spectrum shifts to longer wavelengths (known as "red-shifting™). Practically, this
means that the nanoparticle extinction peak location will shift to shorter wavelengths (blue-
shift) if the particles are transferred from water (n = 1.33) to air (n = 1.00) or shift to longer
wavelengths if the particles are transferred to oil (n = 1.5). The figure (2.5) below displays
the calculated extinction spectrum of a 50 nm gold nanosphere as the local refractive index is
increased. The extinction peak shifts over 40 nm from the green to the red portion of the
spectrum as the refractive index rises from 1.00 to 1.60. When embedded in high-index

materials, the extinction cross section is substantially increased?.
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Figure 2. 5: The extinction spectra of 50 nm gold nanospheres in air, water, and silica®.

The wavelength range of the nanoparticles alters as the refractive index of the medium rises.
Agueous nanoparticles can also be coated with non-conducting shells like silica (n = 1.5),
bio-molecular (n = 1.4, 1.45), or aluminum oxide (n = 1.58, 1.68) to change the extinction

peak in a similar manner.

2.2.4. Effect of Aggregation on Optical Properties

The optical properties of gold nanoparticles change when particles aggregate and the
conduction electrons near each particle surface become delocalized and are shared amongst
neighboring particles. When this occurs, the surface plasmon resonance shifts to lower
energies, causing the absorption and scattering peaks to redshift to longer wavelengths. UV-
visible spectroscopy can be used as a simple and reliable method for monitoring the stability
of nanoparticle solutions. As the particles destabilize, the original extinction peak will
decrease in intensity (due to the depletion of stable nanoparticles), and often the peak will
broaden or a secondary peak will form at longer wavelengths (due to the formation of
aggregates). The extinction spectrum of 12 nm functionalized NanoXact gold that has
carboxy (-COOH) groups on the surface is monitored as the solution pH is changed from 6.5
to 3. Figure 2.6 shows that as the solution becomes more acidic, the carboxy group is
protonated and the zeta potential is reduced, resulting in destabilized nanoparticles that
aggregate. The rapid change in the extinction spectrum as the pH is decreased clearly
demonstrates that the nanoparticles are agglomerating. A similar signal is observed in

solutions where un functionalized nanoparticles destabilize and aggregate 2'.UV-visible
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spectroscopy can be used as a characterization technique that provides information on

whether the nanoparticle solution has destabilized over time.
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Figure 2. 6: Extinction of spectrums of 33nm gold nanoparticles undergoing aggregation21.

Un aggregated gold nanoparticles will have a yellow color in solution. If the particles
aggregate, the solution will appear gray. Drude nanoparticles are aggregated and, in nearly all

cases, cannot be re-dispersed as individual particles.

2.2.5. Effect of shape on optical properties

Gold nanoparticles come in a variety of shapes, including spheres, hexagons, cubes, rods,
and triangular NPs. The SPR wavelengths for the four different types of nanoparticles sphere,
hexagon, cube, and rod are 522 nm, 540 nm, 544 nm, and 562 nm, respectively. Particle form
also affects the SPR band width and amplitude; the spherical NP has the lowest amplitude
while the nanorod has the highest. The peak in the structure is connected to the longitudinal
mode, which is caused by electron oscillation along the longer dimension of the nanorod.
During the EMW excitation, positive and negative charges dissociate from one another,
producing an electric dipole moment. The longer particle has a greater electric dipole
moment. The maximum values for cubic, spherical, and rod NPs are 532, 544, and 628,
respectively % Investigating how NP form impacts optical properties is interesting given that
the longitudinal and edge SPR modes dominate for rods. Therefore, for rods with diameters
of 12 and 36 nm and an aspect ratio (L/D), the CSs for absorption and scattering per NP
volume are determined. The accumulation of surface charges on the particle corners is
responsible for the reddening of resonance peaks in non-spherical forms. As a result of the
distribution of charges on these corners, there is an increase in surface polarization, which
reduces the restoring force for the dipole oscillation, shifts the plasmon resonance peak to the

right, and results in the emergence of higher modes %.Typical optical microscopes can easily
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detect Rayleigh scattering in gold nanoparticles down to around 20 nm, which is inherently
weaker than that from silver. Light-scattering optical pictures were taken of gold
nanoparticles mounted on glass substrates that had been cleaned with piranha solution. The
same light scattering color is present in each area for a specific ensemble of particles that
have the same size and shape. The scattering of spherical gold particles is seen to be green for
spheres with a diameter of 23 nm and yellow for spheres with a diameter of 70 nm. The
plasma band red shifted from 522 nm to 539 nm **as particle diameter increased from 23 nm
to 70 nm. The visible plasma bands on the rods with an aspect ratio of 4.4 (length 626 nm,
width 143 nm) are at 520 nm and 800 nm. There is a plasma band with a maximum at 540 nm
that has hexagonal and cubic shapes. These findings are in line with those of Mock et.al®.
Similar to this, for gold nanoparticles with hexagonal and cubic profiles, the color of light
scattering changes from yellow to orange-red, respectively (Shatz et al)®®. Red light is found
to be scattered from the nanorod's long axis, while green light is seen to be scattered from the
nanorod's short wave length?’. The unique shape-dependent Plasmon resonance of gold

nanoparticles, spanning the whole visible spectrum, is highlighted in this effort.

2.3. Optical Material Functions of Bulk Metals

Free electrons are used to identify metals, and the conduction electrons alone are responsible
for optical characteristics. These metals have partially filled conduction bands and fully filled
valence bands. The dielectric function describes their linear response to electromagnetic
radiation. Free-electron metals like alkalis are governed by transitions inside the conduction
band, whereas other metals are governed by interband transitions from lower-lying bands into
the conduction band or from the conduction band into higher unoccupied levels. Because of
the strange ways that light interacts with their thin nanostructure, AuNPs in general can
exhibit odd features. For instance, compared to bulk gold materials in metallic nanoparticles,
Au NPs exhibit considerably different optical characteristics, such as hue and transparency.
Incident light can excite the electron gas' collective modes of motion. Surface plasmon
resonance is created by the collective excitation of free electrons®®. Surface plasmon
resonance causes Au NPs to have a strong absorption peak. Electrons are restricted to a
certain vibration or plasmon resonance mode in specific-size AuNPs. This is due to the fact
that the size and form of the gold nanoparticles have a significant impact on the specific
oscillation (plasmon resonance). However, there is no distinct oscillation mode that

correlates to a particular absorption peak in the bulk characteristics of gold NPs. Thus, Au
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NPs differ in color from the bulk characteristics of gold because they have a distinctive

optical absorption spectrum in the UV-infrared visible region®.

2.3.1. Free-Electron Optical Response

The Drude-Lorentz-Sommerfeld model provides a straightforward method for studying the
optical characteristics of free-electron metals. According to this approach, it is possible to
determine a metal particle's behavior by first examining how external influences affect a
single free conduction electron. The macroscopic response then results from multiplying the
single electron’s influence by the total number of electrons. Therefore, it can be said that the

Drude-Lorentz-Sommerfeld model has the strongest coupling response™.

2.3.2. Inter band Transitions and Core Effects in Realistic Metals

We have only dealt with the conduction electrons up until this point. But every other electron
in the core levels, deeper levels also contributes to the dielectric function. In actuality, the
effect of electrons travelling through interband transitions offers a complex additive
contribution, X"®=X;"® + ix,”® to the susceptibility, whereas the imaginary part X,*®
describing the direct energy dissipation, becomes large only for frequencies where inter band
transitions occur, the real part is also important for smaller frequencies. Sometimes this real

part X1 '®is replaced by an averaged frequency independent value®.

2.3.3. Extrinsic Size Effects of the Optical Properties

Upon a disturbance, the optical characteristics shared by the electrons are all acting
coherently and in phase. Without local field adjustments, the external forces are contained to
the electric component of the applied electromagnetic field. An external electric field's effect
on a free electron with mass () and charge (e):E = Eqe™ is described by the equation of
drift motion superimposed on the motion of the electrons in the field-free case. To extend the
model to bound electrons, one would add a linear restoring force determining the frequency
of the oscillating electron®”. The dipole moment p =  and polarization P = np, where n
denotes the number of electron density or electrons per unit volume. For simplicity, we
consider isotropic media where polarization (p) is parallel to the electric field (E). The

polarization P is defined to be related to the dielectric function ( ) by the formula: =1+

— and to the complex index of refraction by n + ik = v . Introducing the polarization

ability, given by P = n E, we also have:

€-l=— Oivviiiiiiiiiiiiiiiieen(2.2)
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Thus, the dielectric function € (wW) = (W) + (w) of a system of n free electrons per unit

volume, e.g. conduction electrons of alkali metals, can be written as:

€ (w)=1- =l— —— ... (2.3)
Where, wp = V— s the Drude plasma frequency. The relaxation constant ' can be
related to the electron mean free path (L) by ' =—, where VF is the Fermi velocity. For w>>

r the real and imaginary part of € (w) for free-electron metals can be written as:

@) T1-—, S e, (2.4)

Equation (2.3) illustrates that w equals the plasma frequency w, for €1 (w) = 0. It is also called
the plasmon frequency. It is common to express the dielectric function € (w) in terms of the
electric susceptibility chi (x) to give g(w) = 1+ where denotes the free-electron
Drude-Sommerfeld susceptibility. A coupling of the free electrons to the ion core can be
described by introducing an effective mass (mef), also called optical mass, instead of the
electron mass (me), of the conduction electrons, which is in turn alters up. Intrinsic size effect
which also called quantum size effect is occurred in very small size less than 5 nm (often
called cluster) where the energy level become discrete and therefore, electrons will have high
possibility to transfers between these levels. As a particle size increases the spacing between

energy level decreases and continuous band is formed which is called extrinsic size effect®,

2.4. Mie Theory

The theoretical component was completed in the 20th century by Mie Gustav®**.When metal
nanoparticles are exposed to electromagnetic radiation, the electrons within these NPs
oscillate, converting the energy of the incident radiation into thermal energy in the absorption
process. Alternatively, these electrons can be accelerated, allowing them to radiate energy in
a scattering process. Gustav Mie made a suggestion in 1908 for one of the key ideas
governing the interaction of metal nanoparticles with electromagnetic radiation. In order to
roughly estimate the size of the gold nanoparticles, he recommended that his general solution
for scattering and absorption from single, isolated spheres be based on Maxwell's equations.
The fact that the theoretical work of both Lorenz and Mie has been extensively discussed in
later works on classical electrodynamics® as well as in a number of monographs on light
scattering®® illustrates the relevance of this work the best. However, the original Mie theory is
limited to plane wave scattering by an isotropic, homogeneous sphere in an embedding
medium without absorption. It has a wide range of uses in solid-state physics, physical
15



chemistry, engineering, and astronomy, from nanoparticles to millimeter-sized droplets in the
atmosphere. Alkali and noble metals exhibit selective optical extinction bands in the visible
and infrared spectral range due to the Mie resonance, which typically heavily depends on the
cluster width. The theoretical component was completed by Mie Gustav in the 20th century®’.
Particles are understood as spherical plasmon polarities for large particles and collective
electron excitations for small clusters. The predictions of the Mie theory for metal clusters
that exhibit cluster size effects in the optical spectra are outlined below. This results in the
definition of a pertinent parameter or direct relationship that can be compared to an
experiment and theoretical models for the size dependencies of the dielectric functions. If
particles are supposed to be spherical objects, widely spread (the average distance is

substantially larger than their radius), their cross section is stated as:

[ ]
Where is the spherical particles volume, and and = denoted the
permittivity of the medium and dielectric function of the particle respectively. The dipole
resonance frequency is determined by the condition provided. Is not
too large and does not vary much near the resonance frequency. This cross section has a

resonance peak whose position w1 is dependent on the dielectric functions. Within the Dude-

Lorentz-Somerfield free electron model®® is given by:
E( )= l—— 2.6
T e 2.8
Where A attributed to scattering
process ( - for gold, s the velocity of the bulk scattering ( ), s the
Fermi velocity ( m/s) 11, D is diameter of the nanoparticle.

2.5. Mathematical formulations

2.5.1. Drude Model

A brief overview of the theoretical Drude and Lorentz model for metals' frequency-dependent
complex permittivity is given. Free electrons in metals interact with an external field at a

specific frequency according to the Drude model®. Free electrons which are unattached to
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any atom and are capable of moving freely without the need for restoring force, are abundant
in metals. A harmonic electric field's time dependency is described by: E(r,t)= exEce™", since
Driving force: e Ey = -eEqe™  and Damping force: -me v = -m. — , where is the
damping rate which is related to the electron mean free path due to scattering events, where
me and e are the effective mass and the electric charge of the free electrons respectively and

x is the electron displacement and the velocity. The Drude model for free electron gas reads

as:
—+ — T € 2.9
XA = A e, 2.10
Substituting eq. (2.6) into eq. (2.5), leads to:
A= — — 211
Then
X=— — e 2,12

This is the equation of drift-motion super imposed on the motion of the electrons in the field-

free case. The resonant macroscopic polarization of the medium is introduced as:

P:('Nex) =— E......213

For isotropic material, the dielectric displacement is given by:
D= +P= 2.14
Combining eq. (2.9) and eqg. (2.10) yields the solution which gives the relative complex

permittivity of metals,

Where 0, = V— s the plasma frequency and N is the number of free electrons per unit

volume. Thus the real and imaginary parts of the dielectric constant are given by:

S e 207

The complex refractive index can be defined from the relative permittivity — and the relative
permeability  of the material by:
n=y = HK o 2.18

17



The real part  represents the phase velocity of the light in the vacuum. The imaginary part
.K" indicates the absorption in the material. When the frequency is below metals retain
the metallic character ). A negative real part of the permittivity leads to a strong
imaginary part of the refractive index. For large frequencies which are close to :
W thus the damping factor I is negligible, Eq. (2.11) can be simplified to:

1 () 2.19
To relate €4(w) and €,(w) with wave length, we use ™

p =—, Where C is the speed of light and is plasma wave length,
=—and r =-, where is relaxation time given by

=—, here isrelaxation wave lengthand r = —

Now, the substitution value yields;

E1A) =1-— 2.20
EA)=1-— 2.21
=+ = (n+ik)? .o 2.22
From equation (18), we get *****
= 2K e, 2.23
=Z20K o 2.24
Which, is defines the dielectric function of un damped free electron plasma. When

the frequency is above  the permittivity is positive. A light wave with is reflected when

) and transmitted if w

2.5.2. Lorentz Model

In the infrared regime, the Drude model provides remarkably accurate results for the optical
characteristics of metals; however, in the visible region, it must be supplemented by the
behavior of bound electrons. For instance, as predicted by the Drude-Sommerfeld theory®,
for gold, at a wave length shorter than 650 nm, the measured imaginary part of the dielectric
function increases much more strongly. This is so that electrons from lower-lying bands can
be encouraged to move into the conduction band by photons of higher energy. The Lorentz

dipole oscillator model, on the other hand, explains how the electrons attached to atoms

interact with an outside field at a particular frequency. i.e & =1+x = 1+ — IS
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Lorenz model. The oscillating electric field drives the electrons respective to its nucleus atom

in harmonic motion.

2.6. Properties of Noble metal nanoparticles

2.6.1. Chemical Properties of Au NPs

Chemical characteristics include the surface chemistry of nanomaterials, such as zeta
potential and photocatalytic capabilities, as well as their elemental makeup. The type of
electron mobility in a substance affects its chemical composition. Too many different NPs
with a wide variety of chemical properties contribute®’. Here, we go over each type of
nanoparticle's chemical characteristics separately.

2.6.2. Electrical Properties of Au NPs

The filling ratio of the linked and vacant areas determines the electrical conductivity of the
agglomerated metallic particles or the deposited nanoscale thin films. The particles can be
separated separately at low filling factors. By simply tunneling between localized insulating
states that suggest a high resistivity at low temperatures, the mechanism of conductivity on
the thin layer can be comprehensively examined. The sample starts to show current
conduction when the filling factor is high enough for the particles to group into clusters and
at least one conducting channel is connected from one side to the other. The aggregation
factor A, which measures how linked and discrete the particles are to one another, will
depend on the particle size, the filling factor f, and the resistivity (p, f, and A). Conduction
electrons are vulnerable to grain boundary scattering because potential barriers typically exist
between particle borders*.

2.6.3. Magnetic properties of Au NPs

The large surface area to volume ratio results in a substantial proportion of atoms (those at
the surface which have a different local environment) having a different magnetic coupling
with neighboring atoms, leading to differing magnetic properties. Ferromagnetic particles
become unstable when the particle size reduces below a certain size, since the surface energy
provides a sufficient energy for domains to spontaneously switch to polarization directions.
As a result, ferromagnetic become paramagnetic. However, nanometer sized ferromagnetic
turned to paramagnetic behaves differently from the conventional paramagnetic and is
referred to as super paramagnetic. Magnetic Au NPs are used in a range of applications,
including, color imaging, bio processing, refrigeration as well as high storage density

magnetic memory media®.
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2.6.4. Mechanical properties of Au NPs

Many of the mechanical properties of Au NPs (including the hardness, elastic modulus,
fracture toughness, scratch resistance and fatigue strength) are different from the bulk gold
materials. Defects are usually absent in either metallic nanoparticles because dislocations are
basically unstable or mobile. An enhancement of mechanical properties of Au NPs relative to
bulk gold can result due to structural perfection of the nano-sized Au NPs. The small size of
the Au NPs either renders them free of internal structural imperfections such as dislocations,
micro twins, and impurity precipitates or the few defects or impurities present cannot
multiply sufficiently to cause mechanical failure. The imperfections within the nano
dimension are highly energetic and will migrate to the surface to relax themselves under
annealing, purifying the material and leaving perfect material structures inside the Au NPs.
Moreover, the external surfaces of Au NPs also have less or free of defects compared to bulk
materials, serving to enhance the mechanical properties of Au NPs. The enhanced new
mechanical properties of the Au NPs enable new & advanced potential applications. Among
many of the novel mechanical properties of Au NPs of nano materials high hardness has been
observed for Au NPs*.

2.7. Characterization Techniques

The theory underlying the instrumentation and characterization methods utilized for data
collecting is presented in this section. The characterization methods include atomic force
microscopy (AFM), transmission electron microscopy (TEM), dynamic light scattering
(DLS), and ultraviolet-visible (UV-visible) spectroscopy. The following sections provide
background information on each technique:

2.7.1. Ultraviolet-visible spectroscopy

A reasonably simple and efficient method for characterizing both organic and inorganic
materials is ultraviolet-visible spectroscopy. It works by promoting the molecule from its
ground state to an excited state through the process of photon absorption. Therefore, it is the
best method for figuring out a material's band gap and other electronic properties. Due to the
fact that the optical properties of nanoparticles are sensitive to their size, shape,
concentration, and environment, UV-vis spectroscopy is a commonly used technique for the
analysis of noble metal nanoparticles. Noble metal nanoparticles will scatter light as well as
absorb it. As a result, the sample's measured signal accurately depicts their extinction spectra,

which are the total of their absorption and scattering. Based on this, UV-visible spectroscopy
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A= 2.24

Where, o is the light's intensity upon impact at a specific wavelength, and | is the light's
intensity following passage through a sample (transmitted light intensity). The Beer-Lambert
law is frequently employed to calculate the concentration of a sample in a quantitative

manner®.

Where € is the molar extinction coefficient, C is the concentration of the absorbing sample,
and L is the path length through the sample. The schematic illustration of the Beer-Lambert
law is given in Figure 2.7. According to equations 2.24 and 2.25, the Beer-Lambert law
implies a linear relationship between the absorbance and the concentration of an absorbing

sample under constant conditions of the path length and the incident wavelength of the light.

Figure 2.7: Schematic diagram illustrating Beer-Lambert law™.

2.7.2. Transmission electron microscopy

Using an electron beam, the TEM microscopy technique produces high-resolution images of
tiny samples. It offers a method for characterizing the nanoparticles’ shape, size, and
distribution. Figure 2.8, which depicts the key elements of the vacuum system, is a simplified
TEM setup. The electrons are emitted from the emission source, also referred to as the
"electron gun," and they move down a column before being condensed by the condenser lens
into an extremely thin beam. The specimen on the specimen holder is illuminated by the
electron beam. Some of the electrons scatter and leave the beam, depending on the density of

the substance there. The objective lens focuses the transmitted electrons to create an image,
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which they then pass through. A phosphor screen or a charge-coupled device (CCD) detects
the picture*®.Most of the contrast shown in the image can be attributed to variations in

density.

Condenser
lens

Specimen grid

Objective lens

Projective lens

CCD surface or
phosphor screen

Figure 2.8: Schematic diagram of a simplified TEM system46.

2.7.3. Atomic force microscopy

An AFM is a type of scanning microscope that can see fine features down to the nanoscale. A
basic AFM system looks like Figure 2.9 and consists of a cantilever with a laser beam
deflector and a sharp tip at its free end. When the tip is brought close to the sample surface,
forces operating between it and the surface of the sample cause the cantilever to bend. A laser
spot is reflected off the back of the cantilever and onto a position-sensitive photo detector. As
the tip scans across the surface, the cantilever flexes to accommodate variations in
topography, moving the laser point. Touch, non-contact, and tapping modes are the three
primary ways that AFM can be used. It utilizes the contact mode*’is performed with the tip in
gentle contact with the surface of a sample. In this mode, the tip either scans at a constant
height above the surface or scans with a constant force by keeping a constant deflection. In
contrast to contact mode, non-contact mode is performed with the tip oscillated near the
surface of a sample. The distance between the tip and the surface is on the order of tens to
hundreds of Angstroms. In this mode, the cantilever is oscillated near its resonance frequency
with amplitude less than 10nm. The detection scheme is based on analyzing changes in the

resonance frequency or oscillation amplitude of the cantilever.
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Tapping mode is an approach that maps topography by intermittently contacting the surface
with an oscillating tip. In this mode, the cantilever is driven to oscillate up and down at or
near its resonance frequency with amplitude greater than 10 nm. When the tip comes close to
the surface, the oscillation amplitude reduces due to the forces acting between the tip and the
sample. A feedback system monitors the changes in the amplitude and ensures that the
amplitude is maintained constant during a scan. A topography image is obtained by
monitoring the force required keeping the oscillation amplitude constant. The choice of
operation modes depends on the sample and its environment. Tapping mode is usually used
for imaging nanoparticles that are loosely bound to the substrate as it eliminates the lateral
force applied by the tip that may damage the sample, which is common in contact mode.
Compared with non-contact mode, tapping mode provides higher resolution as shown below
in the figure 2.9.

Photodetector

Laser Beam

Cantilever

Surface
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Figure 2. 9: Schematic diagram illustrating a typical AFM set-up47.

2.7.4. Dynamic light scattering

DLS, often referred to as PCS (photon correlation spectroscopy), is a method for determining
the size of particles floating in liquids. As a result of sporadic collisions with the solvent
molecules everywhere around them, particles in suspensions move in a Brownian manner.
Particles diffuse through the solvent as a result. By illuminating the particles with a laser
beam and examining the time-dependent fluctuations in the intensity of scattered light from

the particles, the DLS system determines Brownian motion and correlates it to the size of the
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particles. The examination of intensity variations using the autocorrelation function yields the
translational diffusion coefficient. The Stokes-Einstein equation is then used to determine a

particle's size from its translational diffusion coefficient*®.

where, dy is the hydrodynamic diameter of the particle, k is the Boltzmann constant, T is the
absolute temperature, n is the viscosity of the solvent and D is the translational diffusion
coefficient. The hydrodynamic diameter is the diameter of a sphere with the same diffusion
coefficient measured in the suspension. It is apparent that small particles move quickly while

larger particles move more slowly.
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3. METHODOLOGY

3.1. Material and Method

3.1.1. Data Source

Experimental data about the effect of shape and size on the plasmon resonance peak position
of gold nanoparticle has been taken from previously published articles such as journals and
Mie plot, a free software.

i. Journals: In the mathematical equations used for the computational work, the parameter
values were taken from journals. For instance, the information regarding the real and
imaginary components of gold's refractive index was taken from a journal article by Johnson
and Christyll.

ii. Mie plot software: this program was used to determine the extinction cross-section of a

single gold nanoparticle with a specific size (R) implanted in water®.

3.1.2. Method

First, the dielectric functions of both the bulk and the nanoparticles were theoretically
generated using the Drude model in order to examine the impact of shape and size on the
optical properties of gold nanoparticles. The Drude model's prediction of the dielectric
function of bulk gold was compared to the outcomes of the experiments. In the
experimentally collected data from Johnson and Christyll, the dielectric function was
theoretically connected to both the real and imaginary parts of the refractive index. The
change in the real and imaginary parts of the dielectric function as well as the refractive index
of the nanoparticles were evaluated as functions of size after the formulation of optical

density as a function of size. The shift in the band's position, height, and width.

3.1.2.1. Model

The optical characteristics of NP suspended in a dielectric media are modeled using the finite
element method (FEM). A perfectly matched layer (PML) acts as an absorber layer in the
outer domain of the modeling environment when the model solves the Helmholtz equations
for EMWs. The thickness of the PML must be at least equal to half of the EMW wavelength
in the dielectric media (Ao/2n, where n is the dielectric refractive index). The same distance of

Ao/2n must be considered between the PML and the NP*°. The model is first validated by

comparing the results with those obtained using Mie theory for two small and large Nano
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spheres with radii of 10 and 100 nm. The absorption and the scattering CSs are obtained from

equations:

Where,
= f 3.2
:J' :—J— { ...3.3

are absorbed power in the NP and scattered power, respectively. The integration of absorbed
and scattered power are performed on the overall volume of the particle of  and on the
particle surface of Sc. J, E, H, S, and n represent current density, electric field, magnetic field,

Pointing"s vector, and the particle surface normal vector respectively.
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Figure 3. 1: Comparing the results obtained using simulation by FEM method with those
calculated by using Mie theory for the small and large spherical49’50.

As a result, the absorption cross-section of two radii of 10 nm and 100 nm for Mie is a solid
line while the same cross-section for FEM is broken. We need to use the FEM for non-
spherical nanoparticles such nanorods, cubes, and triangles while also using the Mie plot for

spherical nanoparticles.

3.2. Quality Factor (Q)

The quality factor (Q) is a measurement of the amplification of the field surrounding
nanoparticles. In both the visible and NIR spectrums, Au has a quality factor that is less than
10 for all sizes. Near the inter band transition area (2.5 eV), Au NPs display LSPR at 530 nm
(2.3 eV)®. When the size is shrunk to the nanoscale, there is a dramatic alteration in the
dielectric function (optical characteristics) in both Ag and gold. However, the dielectric

function is well matched to the bulk value at particle sizes greater than 100 nm. As a function
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of wavelength, gold has a high quality factor in the infrared region for diameters greater than

15 nm. Au would therefore only be a wise choice.

Q:—/ ........................... 34

Where, and are the real and imaginary parts of the metal dielectric function
respectively, while s the frequency of the light. So, in the NIR, Au and Cu show a high

quality factor.

3.3. Particle Size Measurement via UV-Vis Spectra Using Mie Theory

According to surveys of the literature, we could determine the size of gold nanoparticles by
applying the following formulas, which were based on the Mie theory: Due to more collisions
with the particle barrier for small particles, the free electron contribution's damping constant

increases and is expressed as follows:

Where A attributed to scattering process

is 0.8 or (A =0.8 for gold) and s the velocity of bulk scattering (for gold 1.1x ) and
is the Fermi velocity ( for gold is 1.4x  m/s) and y is width from UV-visible. We

converted value given in to using the following equation.

Where C=speed of light (3x  m/s)

From the above two equations we can formulate the following formula and calculate the

particle size
Where, = the Fermi velocity, for gold 1.4x m/s, = width of the peak, = the velocity
of bulk scattering for gold 1.1x , A = attributed to scattering process is 0.8 for gold.

The process we utilized to examine the spectra is depicted in Figure 3.2. The size distribution
of nanoparticles is directly connected to full width at half its maximum. In order to measure

the homogeneity of the nanoparticles, we calculate the full width at half maximum (FWHM)
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and divide it by the absorbance. This illustrates, in part, how the band width is impacted by

the concentration of nanoparticles.
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Figure 3. 2: The syntheses of gold nanoparticles by wavelength give us the calculated
extinction spectrum of the Au nanoparticlesSz.

As shown in the figure 3.2, the maximum absorbance (A) obtained at An= 525nm was
3.79E-15cm? and at half maximum absorbance at the same wavelength was 1.895E-15cm?.
So the spectral band width or full width at half maximum (FWHM) is 102nm.Then the ratio

of FWHM to peak absorption is 26.913.
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4. RESULT AND DISCUSSION

4.1. Data from Published Papers

4.1.1 Dielectric Function of Bulk gold

The bound electron contribution that corresponds to the bulk and the free electron
contribution that was size-corrected by the damping constant make up the real (1) and
imaginary (2) parts of the dielectric function, respectively. The Drude model was used to

analyze the relationship between the bulk gold's dielectric function and wavelength, and
experimental data from Johnson and Christyll‘ were used. Plotting the real and imaginary
components of the dielectric function of gold using equations (2.23) and (2.24), the following
values were derived from refer'’, Figure 4.1 shows a plot of the real and imaginary

components of gold's dielectric function as a function of wavelength for both bulk particles

and nanoparticles of various sizes. The value of the relaxation wavelength and the plasma

wavelength were calculated and they are = 9.4x10* nm and = 1449 nm. The
quantitative value of figure 4.1a, was calculated, by using, €;(A) =1-— and ¢&,(A) =1- —

to get real part and imaginary part respectively.
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Figure 4. 1: The dielectric function of bulk Au as a function of wavelength using (a) Drude

model and experimentally obtained data from Johnson and Christy (b)“.

The real part was calculated by: = -  =0.85-189.89=-189.04
= 0.314-125.66=-125.346
= 0.185-90.63=-90.445
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The imaginary part also calculated as ~ =2nk = 2x0.92x13.78 = 25.3552
= 2x0.56x11.21=12.5552
= 2x0.43x9.52 = 8.1872

The value refractive index (n) and coefficient of extinction has listed in the appendix at the
end of the project work. Figure 4.1b was drawn based on the value of real and imaginary part
corresponding the appendix data, that experimental value taken from Johnson and Christy.
The complex refractive index, which is distinct from the normal refractive index and was also
known as the extinction coefficient because it defines the phase velocity of the wave in the
metal, can be used to explain both the real and imaginary components of the refractive index.
Figure 4.1a depicts the decay of the wave in the metals as a function of wave length. The
imaginary component was nearly constant while the real part declined. However, the real part
in figure 4.1b remained constant while the imaginary part shrank as a function of wavelength.
Changes in size and form cause a considerable shift in both the real and imaginary refractive

indices.

4.1.2. Effect of Size

To investigate the effect of size on the optical properties, the Au NPs radii were varied from
10nm to 100nm. Table-1, lists the value of the size of the nanoparticle, the peak wavelength,
the plasma frequency and the natural frequency for gold nanoparticles. The absorption CS
bandwidth increases, and a redshift displacement is observed in the SPR wavelength when
size increases. Not only but also, with the increasing of the gold NPs sizes, the electric
dipoles moment of power increase 37 On the other hand, with increasing the particle size, its
volume increases, and therefore absorption CS per volume particle decreases. These two
contradictory size effects can very well explain the behaviors of the absorption CS per
particle volume*. The experimental refractive indices of medium (heptane) for 434nm,
486nm, 589nm and 656nm were used to calculate values for other wavelengths with Sell
Meier“s dispersion equation .An increase in the relative permittivity of the dielectric medium
results was decreased to the electron oscillation of the restoring force. Therefore, plasmon
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resonance wave length shifts towards longer wavelength. Figure 4.2 is plot of the size of the

gold nanoparticle versus maximum wave length for gold nanoparticles.

Table 4. 1: Size of gold nanoparticles, peak wave length, Plasmon frequency and natural or
bulk Plasmon frequency.

Size(2R)nm Peak SPR wave | Plasmon freq.( p)eV | Natural freq.( )eV
length (nm)
10 520 3.623 3.294
20 524 3.595 3.294
30 526 3.582 3.294
40 530 3.555 3.294
50 535 3.522 3.294
60 540 3.489 3.294
70 546 3.444 3.294
80 553 3.407 3.294
90 568 3.346 3.294
100 572 3.294 3.294

As a function of wave length, plasmon frequency, and natural frequency, the size of gold
nanoparticles changed almost continuously. Because the scattering cross section was
inversely proportional to the absorption cross section, when the particle size of the gold
nanoparticles was raised, the scattering CS per NP volume likewise increased (see Figure-
4.2). These properties were connected to the higher particle size's stronger electric dipole

moment and electric multi-poles.
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Figure 4. 2: Shows the various sizes of gold nanoparticles, plasmon frequency and natural

frequency, as a function of wave Iength24‘37.
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We can observe that the maximum position of wavelength was lightly shifted to lower wave
lengths when the band gap energy was increased from its bulk value. We know that the radius
of spherical gold nanoparticles is directly proportional to the wave length of the nanoparticle.
The bulk plasmon frequency decreases as the wave length becomes longer, and the
electromagnetic wave energy is small (see figure 4.3). When the incident EMW frequency
was matched to this oscillation, a resonance may occur, which is known as surface plasmon
resonance (SPR). i.e., the value of plasmon frequency and natural frequency is almost similar
when the values of plasmon and natural frequency exactly meet at a point and the value of
plasmon resonance frequency and natural frequency are the same and have a large amplitude.
When we look at the relationship between the sizes and the bulk frequency, the graph in
Figure 4.3 shows a decreased function while the natural frequency remains constant. So the
plasmon resonance occurred when the two lines were mixed exactly at a radius of 100 nm.
The common points of natural frequency with radii and bulk frequency with radii,

respectively, are represented by the red and black dots respectively.
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Figure 4. 3: The change in bulk Plasmon frequency and natural frequency of gold
nanoparticle as a function radius of particIeZ4’37.

4.1.3. Effect of shape

The absorption and scattering CSs are compared for various shapes of gold nanoparticles,
such as spheres, hexagons, cubes, rods, and triangular Au NPs, to examined the form effect of
NPs on the optical properties refers to the Plasmon resonance peak of the shape, color, and
dimension of the wave length that was utilized to determine the aspect ratio of the different
gold nanoparticles in Table 2. As a result, the rod's aspect ratio (L/D) and diameters of 12 and

36 nm are used to calculate the absorption and scattering coefficients (CSs) per volume of
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NP. The SPR wavelengths for the four different types of nanoparticles sphere, hexagon, cube,
and rod are 522 nm, 540 nm, 544 nm, and 562 nm, respectively. Particle form also affects the
SPR amplitude and bandwidth. i.e the spherical nanoparticle has the lowest amplitude while
the nanorod form has the largest.

Table 4. 2: The Plasmon resonance peak wave length of shape-dependent, color and the
dimension of SPR of various Gold nanoparticles.

Geometry | Peak Size(2R)nm | Color Aspect ratio | Dimension(nm)
(Shape) position(nm) R= (l/w)

Sphere 522 23 Green - R=10

Sphere 539 70 Yellow - R=70
Hexagon | 540 - Yellow - -

Cube 544 - Orange-red | 1 L=w=h=10
Equilatera | 556 - Brown 3 L=30, h=10

| triangle

Rode 562 Pale green | 4.4 D=14, L=62

As geometry and structure alters, gold nanoparticles’ wave length also changes. However,
because there are no edges on the sphere, in Table -2, various hues and dimensions relate to
the geometry (or shape) of gold nanoparticles as opposed to wave length. Its optical
characteristics converge to those of a sphere as the number of particle edges increases. Figure
4.4 illustrates how a shoulder shape can be seen in the absorption cross section spectra and
tiny scattering spectra for triangular prisms and rod gold nanoparticles. Different particle
sizes and geometries influence the wave length of gold nanoparticles. At this shoulder or
peak position, the lowest frequency and highest wavelength were located®. From figure 4.4,

the dot point on the plot line shows the peak position that the plasmon resonance of gold

nanoparticles created or produced as a function of the geometry.
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Figure 4. 4: The wave length of gold nanoparticles as the function of different particle shapes
geometry49.

The plasmon resonance of gold nanoparticles were affected by aspect ratio. Therefore, we
calculate the aspect ratio based on the data from table -2, which was listed in the above. As

the result aspect ratio,b R = — = —. By using this equation, aspect ratio of cube,

equilateral triangle and rod were 1, 3 and 4.4 respectively49.

4.2. Data from Mie plot
The results for various sizes of gold nanoparticles were obtained using the Mie Plot program.
Here, we have estimated the radius of the gold nanoparticles using the data from published
journals. Cross section scattering has a far lower effect on very small particles than cross
section absorption or the Mie-Cabs. In light of the fact that we were aware that the extinction
cross-section, = , Is the sum of the absorption and scattering cross sections. Figure 4.5
shows the expression of the UV-Vis spectra of gold nanoparticles using the Mie plot, where
IS the scattering coefficient, is the extinction coefficient, and Cabs is the absorption

coefficient®,
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Figure 4. 5: Analyses of UV-Vis spectra of gold nanoparticles by using Mie plotsz.

As we have observed the graph from figure 4.5, UV-Vis was plot using Mie plot, when the
radius of gold nanoparticles is 15nm then their peak is moves to 522.8nm wavelengths, if the
radius of gold nanoparticles is 20nm then the peak moves 524.5nm wavelengths and also the
radius of gold nanoparticles is 25nm then the peak moves 526nm. In general, when the size of
gold nanoparticles is increase, then the peak moves to longer wavelengths and becomes
broader. The three spectra peak indicated, as the size of nanoparticle increased when the
wave length also increase until it was reached the maximum wave length started from a
certain value. But, after the spectra was reached the maximum wave length, the oscillation of
the nanoparticle returns to down from the equilibrium position as, we have seen in
oscilloscope in the experimental physics course. The figure 4.5 shows a single pulse of the
particle oscillation. By using equation 2.8, it was possible to calculate the particle size of gold
nanoparticles using the absorption band width from the Mie plot spectra. We have taken the
band width as a sample 102nm, 202 nm and 302 nm for the three spectra in figure 4.5. The

2,11

value of the constant was taken from the refer” " as: A=0.8, =102nm, =1.1x10%s?

=2.78x10%s? then the size was for 102nm, 202 nm and 302 nm

Therefore, as the size of nanoparticle increase the wave length also increase which was direct
proportional to each other.
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5. CONCLUSSION AND RECOMMENDATION

In this project work, the effect of the particle sizes and shape on plasmon resonance peak and
quality factor of gold were investigated. Significant variation in plasmon resonance peak of
gold was observed when the particle size becomes smaller than 100 nm. Therefore, it can be
concluded that the nanoparticles can be defined as particle having sizes between 1-100 nm in
agreement with the definition reported in literature. The real part of a gold nanoparticle's
dielectric function varies mostly as a result of variations in light frequency, while the
imaginary part varies as a result of variations in size. When the frequency of electromagnetic
wave (EMW) coincides with the frequency of electron oscillation, then the plasmon
resonance peak would create. For obtained results, gold showed minimum quality factor in
infrared regions while for silver showed maximum in visible and near infrared. This is very
important results which can be used as key in plasmonic applications. So all particle sizes of
silver showed higher quality factor compare to gold. This indicates that silver can produce
strong field around nanoparticles (electric field enhancement) that the silver was best choiced

for plasmonic applications in both visible and near infrared regions.

5.1. Recommendation

We have seen left the effect of shape and size on the plasmon resonance of gold nanoparticles

in the future researcher will investigate the environmental surrounding effect of

nanoparticles. Not only this but also, in the future the researcher will concern about:
Compare the optical properties of both gold and silver nanoparticles with different
sizes after synthesized their nanoparticles.

Taking different noble metal into the study of effect of plasmon resonance peak.
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APPENDEX

Table-1. The Optical constant of gold nanoparticles taken from Johnson and Christy.

Ev n k eV n k
0.64 0.92 13.78 3.74 1.48 1.883
0.77 0.56 11.21 3.87 1.54 1.898
0.89 0.43 9.519 3.99 1.53 1.893
1.02 0.35 8.145 4.12 1.53 1.889
1.14 0.27 7.150 4.24 1.49 1.878
1.26 0.22 6.350 4.36 1.47 1.869
1.39 0.17 5.663 4.49 1.43 1.847
1.51 0.16 5.083 4.61 1.38 1.803
1.64 0.14 4.542 4,74 1.35 1.749
1.76 0.13 4.103 4.86 1.33 1.688
1.88 0.14 3.697 4.98 1.33 1.631
2.01 0.21 3.272 5.11 1.32 1.577
2.13 0.29 2.863 5.23 1.32 1.536
2.26 0.43 2.455 5.36 1.30 1.497
2.38 0.62 2.081 5.48 1.31 1.460
2.5 1.04 1.833 5.60 1.30 1.427
2.63 1.31 1.849 5.73 1.30 1.387
2.75 1.38 1.914 5.85 1.30 1.350
2.88 1.45 1.948 5.98 1.30 1.304
3.00 1.46 1.958 6.10 1.33 1.277
3.12 1.47 1.952 6.22 1.33 1.251
3.25 1.46 1.933 6.35 1.34 1.226
3.37 1.48 1.895 6.47 1.32 1.203
3.50 1.50 1.866 6.60 1.28 1.188
3.62 1.48 1.871
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