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ABSTRACT

Optical properties of metallic nanoparticles and metallic nanocomposite

materials

Mohammed Najim Alsawafta, Ph.D.
Concordia University, 2012

The optical behaviour of both gold and silver nanoparticles has been studied in both
experimental and theoretical aspects. In the theoretical part of our thesis, to contribute to a better
understanding of particles of various shapes and configurations, the versatile Discrete Dipole
Approximation (DDA) has been employed to simulate in depth the absorption spectra of single
isolated oriented nanoparticles of different symmetry (nanocube, nanobar and nanoellipsoid).
The effect of the plasmonic coupling and the size of spherical particles assemblies on their
optical response have also been addressed. It was shown that the plasmonic coupling in the
interacting particles in close proximity configuration disturbs the homogenous distribution of
surface charges and results in splitting the plasmonic band into two bands. The excitations of two
different bands (longitudinal and transverse bands) have been also observed in the absorption
spectra of many fold symmetry particles. The diversity of the polarization factors along different
symmetry axis was established as the main key for observing several bands. Thus the
importance of particle shape and the different interesting possibilities offered by this single
factor has been well demonstrated in the DDA calculations performed while our treatment of
ensembles of nanospheres showed in detail the effect of interacting particles on the overall

optical properties of actual samples.

In the experimental part of this thesis, a first part is devoted to the study of the influence
of dielectric host material on the optical properties of gold nanoparticles. For this purpose, gold, -
poly(methyl methacrylate) (PMMA) and -gelatin nanocomposite materials have been prepared
by an in-situ method. Two reduction methods (photochemical and chemical) were used to reduce
the gold salt in the presence of the polymer matrix. Firstly, annealed and non annealed samples

were prepared by different photochemical methods (UV-, thermal-, and MW-irradiation). Gold-



poly(methyl methacrylate) nanocomposites were prepared by irradiating spin-coated films
containing the polymer and the gold precursor dissolved in acetone. The reduction of gold ions
resulted in the formation of gold that nucleated and grew within the polymer films. It was shown
that, depending on the energy source, gold nanoparticles with different shapes could be formed.
The nanocomposites prepared through the photochemical methods, showed a low sensitivity
toward the environment. However, by annealing the samples at temperatures well above the
glass transition temperature of the polymer, the response to dielectric environment appeared to
be enhanced significantly. The increased sensitivity of the annealed sample (increase the surface
particle density) was accounted for by the increased mobility of both polymer chains and gold
nanoparticles in the rubbery state of the material and the presence of the monomer. The results
showed that, by using adequate post-synthesis heat treatments, gold-polymer nanocomposites

could be used as plasmonic sensing platforms.

Secondly, gold—gelatin bionanocomposite films were prepared by the reduction of gold ions by
sodium borohydride in an aqueous solution. It was shown that both the solution and the films on
glass substrates contained entrapped hydrogen micro- and nanobubbles with diameters in the
range of 200 nm—3 pum. The composite films having micro- and nanobubble inclusions have been
found to be very stable. The optical properties of gold nanoparticles in the presence of gelatin
and hydrogen nanobubbles were measured and simulated by using the discrete dipole
approximation (DDA) method. The calculated localized surface plasmon resonance band was
found in agreement with the experimental band position only when the presence of hydrogen
bubbles around the gold nanoparticles was taken into account. The different morphological
features engendered by the presence of the bubbles in the film (gelatin receptacles for the
nanoparticles, gelatin hemispheres raised by the bubbles under the surface, cavities on the

surface of the film, etc) are potential candidates for many applications.
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CHAPTER ONE

Introduction

Due to the interaction of the incident electromagnetic radiation with metallic structures at
the nanometric-scale, an electronic oscillatory motion is induced. If the frequency of the incident
radiation matches the electronic oscillation frequency, a resonance occurs. Depending on the
dimensions of the resonator material, resonance fluctuations are categorized into two types,
namely, Surface Plasmon Resonance (SPR) [1-3] and Localized Surface Plasmon Resonance
(LSPR) [4-6]. LSPR is confined electronic oscillations that occur locally around a finite volume
of metallic structures, while the SPR occurs on the surface of metallic thin films of infinite

extent.

The importance of the metallic nanostructures originates from their ability to absorb and
scatter the incident light in both the visible and the infrared regions [7-8]. The tuning of their
optical response depends on their morphology [9-12], size [10-12], type of the metal [10-11,13]
and the surrounding medium [13]. Controlling the nanostructure morphology results in changing
the way the light can be polarized. The separation of the opposite charges along the polarization
axis is considered a unique way to control the characteristics (band position, band width and
intensity) of Plasmonic Mode (PM) [14], while the orientation of the nanoparticles in the
incident electric filed controls the type of the excited PM [15-19].

Although these most interesting properties have been the subject of many studies, there
are still areas that are not well understood and explored. This thesis aims at contributing in the
theoretical modeling of some types of nanoparticles using the Discrete Dipole Approximation
(DDA) method [20-22] and the experimental studies of novel polymer composite structures that

incorporate the plasmonic nanoparticles.



1.1 Background and thesis overview
1.1.1 Modeling of the absorption spectrum of metallic spherical nanoparticles arranged in

planar hexagonal arrays

Tailoring the optical properties of the metallic nanostructures of different sizes and
shapes is a desired aim for technological applications. The application of the metallic
nanostructures requires the deposition of a close-packed assembly of particles of different
shapes, sizes and configurations. Therefore, understanding the optical response of an isolated
oriented individual particle is the main key for tuning the optical properties of large clusters.
Simulation of the optical response of the metallic nanoparticles is considered as the first step to
achieve this goal. Many computational tools have emerged to model the optical properties of
metallic nanostructures [23-25]. Based on the analytical solution of Maxwell’s equations, the
DDA method is one of the well-known and reliable computational tools for simulating the
optical properties of nanostructures. It can be used for an isolated particle and for assemblies of
particles of different sizes and shapes embedded in a complex dielectric medium. DDA has also
been used to study the plasmon-coupling effect on the optical response of interacting metallic

nanoparticles, arranged in various dimensional arrays [17, 26].

Due to the high symmetry order of spherical nanoparticles, their optical response exhibits
only a single dipolar PM (isotropic optical behaviour) [27-28]. The anisotropic optical response
of the spherical nanoparticles is observed as they are brought in contact with other particles. The
optical response of metallic clusters can be controlled by the metal type [29-31], interparticle
distance [26, 31], polarization state of the incident radiation [29-30] and the relative orientation

in the incident field [29-31].

The absorption spectra of both gold and silver ultrafine particles (size = 5 nm) arranged
in a 2D hexagonal array have been studied theoretically by using DDA [26, 31]. The target
consisted of 81 identical spherical particles. The effect of the interparticle spacing on the
plasmonic coupling between the interacting particles has been investigated [26, 31]. The
simulation results showed that the anisotropic/isotropic optical aspects can be controlled by the

ratio of particles spacing to the size of the target unit cell (single spherical particle). Another



theoretical study by using the DDA method revealed that the optical response of those metallic
nanoparticles can be dramatically changed when the nanoparticles are arranged in a 3D
hexagonal configuration [30]. The size of the array was controlled by the number of hexagonal
layers used to generate the 3D target. Each layer consisted of a constant number of interacting
spherical particles (61 particles). The result of simulations showed that the anisotropic optical
response of metallic target composed of one layer turned to be an isotropic when the target is
composed of many layers. In the previously motioned studies, the nanoparticles were arranged in
either a 2D array of monolayer or a 3D array of many layers, in both cases, the number of
nanoparticles was fixed in each layer. The anisotropic/isotropic optical properties of the metallic
nanoparticles arranged in an array of monolayer can be effectively tuned by the changing the
planar extension of the array. As well, the planar extension of the array is of great importance for

many fields because of the possibility of miniaturization of devices for different applications.

The current work aims at demonstrating the effect of the target size on the optical
properties of the ultrafine gold and silver nanoparticles arranged in both 2D hexagonal
configurations of different sizes. DDA is employed to model the absorption spectra of the target
under consideration. We adopted the hexagonal configuration to construct our target as this
configuration is sufficiently general and close to common experimental situations. The size of
the target under investigation is controlled by the number of the interacting particles. The
smallest hexagonal target consisting of 7 spherical particles, and then the target size is

augmented gradually to 127 particles.

1.1.2 Modeling of the absorption spectrum of metallic nanoparticles with many symmetry

axes

Changing the morphology of the spherical nanoparticle resulted in changing the
symmetry order, which has a dramatic effect on the distribution of the polarization charges over
the surface area of the nanostructures. The redistribution of these charges results in tuning the
frequency and the type of the excited PM, namely, the Transverse Mode (TM), the Longitudinal
Mode (LM), and the high-order multipole resonance modes [32-34]. Updated nanofabrication



techniques are indeed able to produce well-defined nanoparticles of different shapes such as
nanocubes [35], nanobars [36] and nanoellipsoids [37]. These nanoparticles are synthesized in
different size distributions and even an ordered 2D array of different configurations [37-38].
Metallic particles of different morphologies have attracted a considerable attention because of
many fundamental and practical considerations. First, the synthesis of controlled-shape particles
has motivated experimental works for understanding both the shape-dependent optical properties
and the growth mechanism of the metallic nanocrystals. Second, their distinguished optical
features make them strong candidates for desirable applications in bio-labs [39-40], photovoltaic

industry [41-42] and Surface Enhanced Raman Scattering (SERS) [43-44].

Many-fold symmetry nanoparticles (e.g rod-like shapes, ellipsoidal, triangular,
cubic,...etc) exhibit most interesting selective absorption features in the visible and near infrared
ranges. Their morphologies exhibit different polarization factors along each symmetry axis. This
results in a change of the electrostatic interaction between the polarization charges and hence
different plasmonic frequencies. The plain cylinder and hemi-spherical capped cylinder are used
to approximate the nanorod shape. These morphologies have a uniform circular cross-sectional
area which ensures the uniform distribution of the polarization charges over the particle surface
area. The rod-like shapes have been extensively studied theoretically and experimentally. Two
major results were found, first, the possibility to excite both LM and TM simultaneously [45-47].
Second, the band position of the LM is linearly red shifted with the nanorod length, while the

change in the resonance wavelength of the TM is less pronounced with the nanorod size [45-47].

Among other interesting rod-like shapes, there are nanobars and nanoellipsoids. Both
shapes have a non uniform cross-section of distinct symmetry axes compared to the circular
cross-section of the nanorods (plain cylinder and hemi-spherical capped cylinder). The
nanocubes are considered as preliminary seeds for the synthesis of the nanobar by stretching the
former along one of its axes. In the same way, the nanoellipsoidal particles are generated by
stretching, either a spheroidal plate-like particle vertically or a spherical particle along two
orthogonal directions with different stretching lengths. The variety of cross—sectional areas of
both nanobar and nanoellipsoid particles may introduce a unique way to tune their optical aspects

in both the visible and UV spectral regions. The spatial distribution of the surface induced dipole



moments on a non uniform surface (nanoparticles of different symmetry axes) results in altering
the coulombic restoring force between the polarization charges. This, in turn, yields to a change
in the characteristics of the TM and it could even result in its splitting into several bands. Indeed,
in a remarkable experiment, Kalkbrenner et al. [48] succeeded in rotating a single gold
ellipsoidal nanoparticle attached to the tip of a glass fibre mounted on a stage of a Scanning
Near-field Optical Microscope (SNOM). Due to the three-fold symmetry of the gold ellipsoidal
particle, three PMs were observed individually at a distinct combination of the polarization angle
and the rotation angle of the tip in the incident light. The size and orientation of these particles in
the incident electric filed under certain type of light polarization is the key for observing

different PMs.

The effect of the orientation of nanorod/nanoellipsoid particles in both the lab and the
target frames on the excitation of the desired PM has not yet been investigated in detail. To better
evaluate the optical behaviour of these particles of this specific and quite interesting shapes, the
current work aims at studying in a comprehensive way, the optical properties of an oriented
isolated nanobar/nanoellipsoidal particle both for the cases of gold and silver . It would thus be
of great interest to find whether there exist combinations of the rotation and orientation angles
that would allow the simultaneous excitation of all PMs. To this end, the effect of different
parameters on the optical response of gold and silver nanoparticles is discussed. The parameters
include the orientation of the target in both the lab and the target frames and the sensitivity of the
band position of the PM to the length distribution of each principal axis. To achieve this goal, the
DDA is employed to calculate the absorption efficiency for both types of nanoparticles.

1.1.3 Effect of the physical host material on the optical properties of gold-polymer

nanocomposite materials

The influence of the refractive index of an embedding material on the resonance
wavelength of the metal-LSPR can be very important. Thus for the experimental part, we will
study in detail the effect of the physical environment on the optical properties of metallic

nanoparticles.



In colloid science, metal particles are usually prepared in a mixture of solvents and other
chemicals (e.g. reducing and stabilizing agents). The relative concentrations and diversity of the
chemical structures of the reactants may lead to a non homogenous surrounding. Because of their
small size (high surface energy), the particles tend to aggregate and form large clusters. To
prevent the aggregation/agglomeration processes, metallic suspensions are prepared in the
presence of a polymer matrix to form hybrid materials known as metal-polymer
nanocomposites. Incorporating metallic nanoparticles in non-absorbing materials provides
important information on the host medium-dependent chemical and physical properties of the
metallic nanostructures [49-61]. The generated novel functions lead to a wide range of

interesting applications [51-53].

There are two types of polymers used to prepare nanocomposite materials, synthetic and
biomaterial-based polymers. Basically, the polymer is used as a stabilizing/capping agent to
prevent the natural aggregation process of the metallic nanoparticles and, in some cases, can be
used as a reducing agent as well [54-55]. One of the most interesting synthetic polymers is
Poly(methyl methacrylate) PMMA. Because of its high transparency, thermoplasticity and a
relatively low glass-transition temperature, it is suitable for lower post-synthesis heat treatments

[56].

In general, to prepare gold nanocomposite films, the samples are prepared in a common
polar solvent for both the polymer and the gold precursor and then the gold salt is reduced in the
presence of the polymer by using photochemical methods ( Microwave- ,UV-irradiation and
thermal-methods). Both the UV- and thermal-methods have been used to prepare gold
nanocomposite films by using acetone as a solvent, while, microwave-assisted reactions have
been carried out and studied only in solutions by using water because of its high dipole moment
and high value of dielectric loss [62-63]. In the current work, MW-assisted synthesis of Au-
PMMA material is carried out by using the acetone as a solvent. The optical properties of the
nanocomposites are compared to that of nanocomposites prepared by the other photochemical

methods.



The adopted reduction processes affect the shape, size and surface distributions of the
gold nanoparticles and hence their sensing capabilities of the surrounding materials. The strong
interactions between the chain segments of the polymer and nanoparticles contribute to the
improvement the mechanical properties of the film but, at the same time, they may decrease the
mobility of the particles and interfere with the interaction with the surrounding medium.
Therefore, it is important to introduce a method to increase the population of the surface particles
and therefore, enhance the sensing capability of the metallic nanocomposite materials. In the
current work, we also explore several promising ways to increase the mobility of gold
nanoparticles in order to increase their surface particle density and thus, make them accessible to

the surrounding environment.

More recently, a new class of composites, called bio-nanocomposites (BNC), has
emerged. In this case, natural polymers such as chitosan, gelatin, polysaccharides and starch, are
used as a host material for the metallic nanoparticles [64-66]. Among the advantageous
properties of natural polymers are biocompatibility, biodegradability and non-toxicity for the
environment. The interest in the gelatin as an embedding material is based on the low cost,
stability, the ability of cross-linking and the possibility for the material to be modified
chemically. It has been used for a long time in food processing, pharmaceutical industry, medical

applications and preparation of colloidal drug delivery systems based on nanoparticles.

Gelatin-BNCs with gold nanoparticles were prepared by using gelatin, sodium citrate and
ascorbic acid as reducing/stabilizing agents. One of the versatile inorganic reducing agent used in
preparation of the metallic suspension is sodium borohydride (NaBH4). To the best of our
knowledge, no experimental work has been reported on the preparation of gold-Gelatin-BNCs
using sodium borohydride as a reducing agent. Sodium borohydride is considered as a source of
hydrogen gas (H,) when it dissolves in water. It is expected that the presence of the H, gas in the
surrounding medium of the gold particles would change the effective refractive index of the
medium and hence, the characteristics of the Au-LSPR. The hydrogen gas in the form of
nanobubbles has been used as templates to form hollow gold nanoparticles [67] and core-shell

nanoparticles [68].



It is therefore of great interest to investigate the effect of the NaBH,4 concentration (the
H, gas concentration) on the optical properties and the stability of the gold particles. We attempt
to develop structures where the gold nanoparticles are directly associated with hydrogen gas
domains. The interfacial bubbles which are very close to the film surface are expected to be
unstable and to explode during the drying process. The cavities left behind the exploded bubbles

can be used to trap the metallic particles and hence increase their stability.

1.2 Structure of the thesis

A brief description of each chapter is given below

Chapter 2 demonstrates the physical origin of the electronic oscillations over a finite
volume of the metallic structure at the nanometric scale. Depending on the surface spatial
distribution of the polarization charges, the classification of the electronic oscillations into SPR
and LSPR is presented. The validity of the adopted free-electron model to mathematically
describe the origin of the plasmon resonance is addressed in terms of both the interband and
intraband transitions. In the subsequent sections, the tunability of the nanoparticles optical
response through the size, morphology, relative particle orientation in the incident light,

dielectric function of both the metal particles and the surrounding material is discussed in detail.

The DDA method, as a computational tool to calculate the optical aspects of metallic
nanostructures is presented in chapter 3. The mathematical formulations of the electromagnetic
scattering problem are defined in terms of the particle polarizability, the local field and number
of the polarizable points needed to describe the target geometry. The validity and limitations of
DDA are discussed. The outputs of the DDA method are briefly discussed in the subsequent

subsection.

In chapter 4, the absorption spectra of both single gold and silver spherical particles are
calculated and compared to that of spherical particles arranged 2D planar array of a hexagonal
configuration. The effect of the array size (the number of the interacting particles) on particles
optical properties is investigated as well. This chapter also sheds light on the possibility of the

simultaneous excitation of different plasmonic bands (LM and TM), by a unique combination of



Euler angles. In multi-fold symmetry particle configuration, this is achieved by controlling the

particle size, shape and the orientation angle in both the lab and the target frames.

The influence of the embedding material (PMMA) on the optical properties of gold
particles is discussed in chapter 5. The gold salt is photochemically reduced in the presence of
the polymer matrix to form gold-nanocomposite films. The reduction process of the gold ions
that occurs via three different methods: UV-irradiation, thermal-reduction, and MW-irradiation is
described. The effect of the heat treatment on the particles’ surface populations and, hence, their
sensitivity towared the dielectric medium is investigated for samples synthesized by the three
different methods. The sensitivity of the nanocomposite film to the host medium will be tested
by monitoring the change in the band position gold-LSPR per unit refractive index. The

sensitivity capability of both annealed and non-annealed samples will be compared.

The study of the optical and the morphological properties of gold—gelatin nanocomposite
film prepared by using sodium borohydride as a reducing agent of the gold salt is the main scope
of chapter 6. The reaction between the gold salt and the reducing agent results in gold
nanoparticles and the formation of hydrogen domains of different spatial distributions. The
surface features of the stable/unstable hydrogen bubbles and the formation of the gas
nanoindents are discussed in terms of the surface tension and the Laplace pressure. The effect of
hydrogen gas on the absorption spectrum of gold nanoparticles is studied and then compared to

that calculated by DDA for different gold/ borohydride molar ratios.

The conclusions of the main theoretical and experimental findings of the current work are

summarized, along with the most interesting observations in chapter 7.



CHAPTER TWO

Localized surface plasmonic resonance of metallic nanoparticles

In the introduction, a basic knowledge of plasmon resonance phenomenon is introduced.
The main features of the thesis, the novelty of the current work and how it relates to the
previously published studies in the same domain have also been presented. In the present
chapter, more details about Localized Surface Plasmon Resonance (LSPR) modes are introduced
and then compared to the Surface Plasmon Resonance (SPR). The validity of the adopted
theoretical model (free electron model) to describe mathematically the resonance phenomenon is
addressed in detail. The tunability of the optical properties of metallic nanoparticles is also
discussed in terms of several parameters (size, shape, host material, plasmonic coupling effect
...etc). This chapter aims at setting the theoretical foundation of the optical properties of the
metallic nanoparticles by describing both the interband and intraband electronic transitions,
starting with Clausius-Mossotti relation and the derivation of the dielectric function in the free

electron gas model.

2.1 Nanoscale materials versus bulk materials

The transition metallic particles at the nano-metric scale have attracted considerable
attention due to the unique electrical, optical, chemical and magnetic properties as compared to
their bulk counterparts [69-70]. Noble-metal nanoparticles of a size smaller than the wavelength
of the incident radiation can effectively scatter and selectively absorb light at a certain
wavelength in the visible and near-infrared regions. The fascinating optical properties of the
metallic nanostructures originate from the coupling between the electronic plasma and the
incident light which results in an electronic oscillatory motion at the interface of metal/dielectric

surface.

The nanoparticles are considered as a connecting bridge between the material of large

scale (bulk) and the atomic structure. The optical, chemical and physical properties of bulk
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material are invariant with the size, while those properties in nanometric scale show significant
size dependency. The term of nanoparticle includes normally a cluster of hundreds of thousands
of atoms of a total size that doesn’t exceed 100 nm [70]. One of the interesting features of the
reduced size particles is that the optical transition is shifted to the visible region as compared to
the transitions in the near infrared region in the case of the bulk materials [69-71]. This
distinctive behavior of smaller particles originates from the high surface atoms density relative to
the interior atoms. In the finite extent system, the energy level density is high and the energy

difference between the electronic states increases as the size of the particle decreases [ 72-73].

2.2 Basic idea of the plasmonic resonance

The atoms consist of a positive core surrounded by an electron cloud. Due to the
interaction of the atoms with the incident radiation, the electrons in the conduction band are
shifted as a result of the force exerted by the external electric field. As the opposite charges are
separated, the electric dipoles are induced as shown in Figure 1. The columbic interaction
between the electrons and the protons acts as a restoring force which leads to electronic

oscillations. These electronic collective oscillations are called plasmons [1-6.74].

Positive charge Free electron

o Nanoparticle
distribution cloud

Incident radiation -

AN

Figure 1: Schematic representation of the plasmon resonance. The electron cloud is shifted
relative to the positive background due to the interaction with the incident radiation. The
electronic collective oscillations are called plasmons.
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2.3 Types of electron resonance

The electronic fluctuations are classified into SPR [1-3] and LSPR [4-6] according to the
spatial distribution of the negative charges. In the former case, the alternating negative/positive
charges along the metal surface generate a propagating electronic density wave in a direction
parallel to the metal/dielectric interface as illustrated in Figure 2.a. The propagating length
depends on the dielectric function of the metal and the wavelength of the exciting radiation [75].
The free-space light source is unable to excite the SPR, because of the mismatch in the
momentum between the incident light and the SPR [76-77]. The excitation of the SPR requires
an additional momentum which can be achieved by, either using the idea of the total internal
reflection [78], or periodic corrugations in the metallic surface [79-80]. The frequency of the

SPR is lower than the one for the bulk material when the air-metal interface is considered [81].

(a) (b)

Figure 2: (a) SPR, the arrows indicate the electric field lines due the distribution of the
polarization charge. (b) LSPR, the surface charges are locally oscillated around the metal
nanoparticles. Figure is reproduced from reference 4.
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If the electronic fluctuations occur locally around the nanoparticle as shown in Figure 2.b., the
corresponding surface oscillation is called LSPR. In LSPR, the induced dipoles change their
direction in the external field every half period, which forms a non-propagating oscillations
mode. The confined electronic oscillations in the LSPR enhance the local field distribution at the
surface of the nanostructures. That makes them a strong candidate in several potential technical
applications such as the Surface-Enhanced Raman Scattering (SERS) [43-44], nanoantennas
[82], optical waveguides [83-84], solar energy conversion technologies [41-42] and bio-sensing

[39-40].

2.4 LSPR modes of sub-wavelength noble metallic nanoparticles

Metallic nanoparticles suspended in water-based dispersion mediums are known as
colloidal solutions. Faraday [85] was the first who studied the optical properties of the gold
suspensions. The gold nanoparticles have been synthesized by reducing a gold salt (gold
chloride) by phosphorus. No advanced means were available to identify the morphology of the
gold nanoparticles or to measure their size distributions. Early, in the nineteenth century, Mie
explained the origin of the gold colloids’ red color. He studied the effect of the size and the
dielectric function of the host medium on the optical response of a single spherical nanoparticle.
Mie’s theory [86] provides the exact solution of the Maxwell’s equations for the light interaction
with an isotropic spherical nanoparticle surrounded by a non-absorbing homogenous medium.
Knowing the great effect of the structural parameters of the metallic nanoparticles on their
optical response, the researchers have tried to develop both theoretical and experimental

techniques for better understanding their plasmonic characteristics.

The quasi-static approximation [87-88] is the lowest-order approach to describe the
interaction between the light and particles with a size smaller than the incident wavelength. In
this approximation, the spatial field variation is considered constant over the particle surface, so
the interaction problem can be approximated as a particle in an electrostatic field. In the frame of
the quasi-static approximation, the Clausius-Mossotti relation is used to describe the molecular

polarizability (o) of the metallic nanoparticles of spherical shape
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o=V, [T’"] 1
m
Where V is volume of the spherical particle and €, €, &y are the dielectric functions of vacuum,
metal and medium, respectively. In the real metal, the imaginary part (&) of the dielectric
function is varying slowly with the frequency, so the real part (g;) is mainly contributed to the
dielectric function (¢ = g;) [89]. The value of &, determines the resonance frequency of the LSPR

while &; indicates the amount of the light being absorbed in the medium [89]. The resonance

occurs when the polarizability is maximum which can be deduced from the last equation to be
£ +2&, =0 2

For the condition to be fulfilled, €, should be negative; this is satisfied by metals [90-91]. The

absorption (Cups) and scattering (Cge,) cross-sections [88] are given in terms of the dipolar

polarizability
€, =kIm(a)=4zka® Im| ="
aos & +2ep
3
K* 2 8 ?
T4 6| €—¢€
67 3 E+2ey

Where Im refers to the imaginary component and k is the wave vector propagating in the metal

which relates to the wave vector (ko) in the free space by k =k og;ln/?

For sub-wavelength fine metallic nanoparticles, the extinction (= absorption + scattering) cross-

section is mainly dominated by the absorption cross-section [46, 92].

2.5 Free electron gas model: Drude’s theory

In the general case of the real bulk metals, the dielectric function consists of two

contributions accounting for the interband and intraband electron transitions. That involves the
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bound and the free electrons, respectively [91, 93]. The contribution of the intraband transition
can be described by using the Drude free electron model [91, 94]. The equation of the motion of
free electrons of an effective mass (m) and charge (e) in a sinusoidal electric field (E(t)) of

angular frequency (w), can be expressed as

0’ x dx —iwt 4
m—-+my,—+kx=eE(t)=FE.e
atz 7/0 dt () 0

The second term describes the damping force that arises from the collisions between the
electrons where v, is the damping constant. The third force term indicates the spring-like
restoring force which arises from the shift of the negative charges relative to the positive nuclei
(induced dipole moments). In the case of the good conductors (free electron gas), the spring

constant yields to zero. The solution of the previous second order differential equation is given
by
eEOe_th 5

m(iwy, +w?)

X =

Considering that N is the polarization charges per unit volume (free electron density), the

polarization per unit volume (P) is
2 —IWt
e'Eye 6

m(iwy, +w’)

P=Nex=N

It’s straightforward to derive ¢ for the metallic particles as a function of the incident angular
frequency [90, 95], € is given by

w

E=¢& +ig, =1-———— 7
W Hiy,w

Where w, (= [37N e ) is the plasma angular frequency of the bulk metal. It is clear that the
m
plasma frequency depends only on the free electrons density of the metal and it is independent on
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the particle size. Table 1 summarizes the electronic density of three selected noble metals and

their corresponding plasma frequencies. The plasma frequency of both gold and silver is

comparable while the one for the copper is higher.

Element N (10%/cm’) w, (10'° Hz)
Gold 5.90 [96] 1.40 [96]
Silver 5.86 [96] 1.39 [96]

Copper 8.47 [96] 1.64 [96]

Table 1: Electronic density and the plasma frequency of gold, silver and copper.

From equation 7, the real and the imaginary parts can be written as

2 2
. Wp _ Wp]/ 8
& =1- 2 2 0 En T 2 2
w75 ww™ +75)
In the high frequency regime (w; << w’), & and & can be approximated, as follows
2 2
_1 Wp _ Wp7/0 9
e =1- 2 En = 3
w w

2
w

In terms of the w),, the resonance condition becomes 1 ——%-+2&, =0, which gives
w

W , where W, 1s the angular frequency of the LSPR. In the case of air as the

W, g = —F——
LSPR ’2gm +1

embedding material Wy, = wp/(3)1/2 .

The dependency of the spectral features of the metallic nanoparticles on the structural
parameters is not shown in the last equation. In spite of comparable plasma frequencies of both
the gold and the silver, the corresponding LSPR frequency of a spherical nanoparticle of a size of
around 50 nm occurs at 530 nm and 420 nm for gold and silver respectively [94,97]. Such
deviation originates from the additional contribution to the dielectric function from the interband
electronic transitions. The effect of the bound electrons on the LSPR frequency is not considered

in the free gas model and, therefore, that model can’t be applied to calculate the resonance
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wavelength of the metallic nanoparticles except at low frequency regimes. To account for that
contribution, an additional term should be added to include the electronic transition from d level

to the dielectric permittivity. The € described in equation 9 becomes [91]

w 10

e=1- L+,

W’ +iy,w
Where ¥, (= x1v1 %20 ) 1s the complex interband susceptibility, the Wyspr becomes [91]

w = Yo 11

L J2¢&, + 1, +1

The sensitivity (S) of the band position of the Plasmonic Mode (PM) to the dielectric function of

the host medium is given by
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Figure 3: Contribution from free and bound electrons to the (a) real part and the (b) imaginary
part of the gold bulk dielectric function, the calculated values are the summation of both
contributions. The experimental dielectric function has been extracted from Johnson and Christy

[98]. The figure is reproduced from reference 93.

17



because yy-Au > y,-Ag, silver is more sensitive to the physical surrounding environment than
gold. Figure 3 compares the contribution from the free and bound electrons to both the real and
the imaginary parts of the dielectric function. The calculated values are compared to the

experimental ones.

In the framework of the free electron model, the band width (I") of the plasmonic band is
equal to yo [91]. To obtain the correct expression for I in a real metal, the effect of the bound

electronic transitions should be taken into consideration. The value of I' for the noble metal is

given by [91]
2;(2wp
13
1+ y, +2¢ «/1+2g
r:7/0 1+( X] m) m
7o

2.6 Tunability of the LSPR properties

The unique optical properties of the metallic nanoparticles depend strongly on the
structural parameters (size and shape), type of the metal and the dielectric function of the
surrounding material where they are embedded. Other parameters that have a dramatic effect on
their optical response are the coupling between the plasmonic resonances in nearby structures,
the orientation of the particles relative to the incident radiation and the polarization state of the
incident light. By tuning these variables, the optical properties of LSPR modes can be varied
over the entire UV-Visible spectral regions. All these factors are addressed in detail in the

subsequent subsections.

2.6.1 Dependence on the nanostructure size

2.6.1.1 Size effect on the plasmon oscillations

The use of the metallic nanostructure in the technical applications requires shape- and

size-controlled synthesis techniques. The resonance frequency is a strong function of the particle
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size such that the latter controls the spatial distribution of the polarization charges over the
surface and the negative/positive charges separation as well. In the quasi-static approximation,
the observed LSPR modes are attributed to the excitation of the dipolar resonance modes. As the
size increases, the resonance wavelength the observed plasmon band increases due to the
decrease in the restoring force between the opposite charges [94, 99-101]. Multipolar LSPR
come into play as the nanoparticle size increases and the absorption spectra originate from the
contribution of both dipolar and multipolar modes [88,101]. The general resonance condition

[88] of theses modes is given by

e, A+1 14

-

m

Where [ is the order of the resonance mode and it takes the values 1,2,...... The lowest order
refers to the dipole excitation while the second order refers to the quadruple contribution and so
on. The multipolar oscillations occur at higher energy compared with the dipolar one [88, 101].
The contribution of the higher order modes to the plasmon resonance affects its coherence phase
due to the inhomogeneous charges distribution which results in broadening of the plasmon band

[88, 94,101].
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Figure 4: (a) Absorption spectrum corresponding to gold colloidal solution of different sizes, (b)
linear variation of the peak position with the particle size. Figure is reproduced from reference

94.
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Surface roughness, shape distortion and the scattering process effectively contribute to the
plasmonic band broadening [102]. Due to radiation remission of the larger particles, the
extinction cross section has mainly contributions from the scattering properties [71]. The change
in the phase between the incident and the scattered radiation (phase retardation effect) due to the
depolarization of the driven charges across the nanoparticle results in an additional red shift of
the dipolar resonance band [94]. Figure 4.a shows the UV-Visible absorption spectra of gold
colloidal solution of different particle sizes [94]. It is clear that the band position of the gold-

LSPR mode is linearly red shifted with the particle diameter as shown in Figure 4.b.

2.6.1.2 Size-corrected dielectric function

In the classical theory of the free electron gas, the yo (the damping constant) is given by

the reciprocal of the relaxation time (zy)

}/0:—: + + 15

which counts for the electron-electron (1), electron-phonon (t.pn) and electron-defect (te.q)
relaxation times [94, 103]. The conduction electrons in the nanometer-sized metallic particles
encounter an additional scattering process because their size becomes less or comparable to their

mean-free-path (the intrinsic size effect) [94,103-105]. The scattering process results in a
reduced mean-free-path according to (7)™ =(z,)" +(z,)”", where (z,) is the relaxation time of

the additional damping term. The latter relaxation time is given by ~ gvy/a where vy, a and g are
the Fermi velocity, the particle effective radius and dimensionless parameter, respectively. The
g-value is about unity [103]. According to the previous discussion, the dielectric function of the
bulk metal should be modified to take into account the damping terms. The size-corrected

dielectric function for the nanoparticle (&,) is expressed as follows

2 2
We We 16

ww+i(1/7,)) ww+i(l/ 1))

E,(W) =&, (W) =
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2.6.2 Dependence on the dielectric function of the host material

The LSPR mode maxima of the metallic nanostructure are sensitive to the nature of the
surrounding material. The adsorbances of the chemical molecules (chemical ligands) on the
nanoparticle surface alter the surface charges distribution of the nanoparticles and hence their
optical properties [106-107]. On the other hand, the deposition of the colloidal solutions on the
solid substrate perturbs the electron density and redistributes the surface charge over both the
nanoparticle and the supporting substrate. The nanoparticles-substrate electric filed is no longer

homogenous which results in excitation of higher order PMs [108-109].
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Figure 5 : (a) Sensitivity of the LSPR to the refractive index of the surrounding medium for a
gold spherical nanoparticle of size of 50 nm , black (in air),red (in water), green (in pentanol,
n=1.41) and blue (in gelatine ,n=1.5). (b) Band position of the LSPR mode is linearly red shifted

with the refractive index of the host medium.

The band position of the PM is red shifted linearly in a dense medium as compared to the one in
the vacuum. Increasing the value of the dielectric function of the surrounding adjusts the
resonance condition, results in lowering the restoring force (the columbic interaction) and hence
the resonance occurs at lower frequency [107, 110 ]. Figure 5 shows the effect of the surrounding
environment on the band position of the absorption spectrum of a gold spherical nanoparticle of

size of 50 nm and the corresponding linear variation of the resonance wavelength.
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2.6.3 Dependence on the orientation of the particles in the incident light

The relative orientation of the nanoparticle in the incident electric field determine the
induction of the electric dipoles along different symmetry axes and hence, the type of the excited
LSPR mode (LM and TM) [18-19]. For the spherical nanoparticles, the type of the incident light
has no effect on the type of the excited LSPR mode due to their high order symmetry. In the
many fold symmetry particles such as like-rod shapes, the incident light can be polarized in

different directions.

—_
(o]

IME=="

(e») —_ — —
oo o N ~
L L L L

[—
™

A (arb.unit)
o
(o]

o
~
1

o
N
1

o
o

400 500 600 700
Wavelength (nm)

Figure 6: Dependency of the excited type of LSPR mode on the orientation of the gold nanorod

of aspect ratio of 3 (the black arrow indicates the direction of incident electric field (E).

Due to the length distribution of the symmetry axes, different polarization factors are observed
and hence many PM can be simultaneously excited. In like-rod shape particles, the LM mode is
accompanied with the electronic oscillation along the longer axis while the TM mode determines
the charge oscillations along the shorter axes as shown in Figure 6. Depending on the incident
angle, the electric field of p-type light (the electric field is parallel to the plane of incidence)

might have two components along and perpendicular to the main axis of two old symmetry
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nanoparticles. The s-type light (the electric field is perpendicular to the plane of incidence) has

one component along the shorter axis leading to the excitation of only the TM.

Figure 6 shows the absorption spectra of plain cylinder (approximated shape for the nanorod) at
different orientation relative to the incident electric field of the p-polarized light. When the

electric field is oriented perfectly along one of the main axes, a single PM is observed.

2.6.4 Dependence on the morphology of the nanoparticle

The recent advances in the nanofabrication techniques allow the synthesis of well-defined
nanoparticles of different shapes and sizes. This capability enables tailoring the optical properties
of the nanoparticles over a wide optical range. One of the interesting features in the optical
response of the metallic nanostructures is the variation of their optical characteristics with shape.
Variations in their morphology results in changing the distribution and the separation of the

surface charges and hence the optical response of the nanoparticles [18-19, 111].
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Figure 7: Optical spectra for different gold nanoparticle morphologies. (a) Sphere of size of 20
nm, and a nanorod of length of 60 nm and width of 20 nm. (b) Effect of the sharper edges on the

optical response of a single silver triangle; figure is reproduced from reference 112.
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The excited plasmonic band is combined with the ways that the particles can be polarized (the
particle symmetry axis) [18-19,111-112]. The absorption spectrum of a gold nanoparticle of
spherical shape (diameter = 20nm) exhibits one plasmonic band which is attributed to the dipole
oscillation in the visible region, while the corresponding spectrum of the like-shape nanorod
(length =60 nm, width = 20 nm) shows two resonance bands (TM and LM) as shown in Figure
7.a. The high intense band corresponds to the LM, while the other band corresponds to the TM
mode. The accumulation of the surface charges on the sharper corners of the particles yields to a
red shift in the plasmonic band as compared to the observed band of a rounded particle [112] as

shown in Figure 7.b.

2.6.5 Effect of the coupling in the nearby nanoparticle

The optical properties of the plasmonic nanoparticles clusters are determined by the
optical response of the individual nanoparticle and the coupling between the LSPR modes of
nearby particles. Depending on the particles separation, the electromagnetic coupling between
the PMs is classified into the near-field and the far-field interactions [113-114]. The strong
enhancement of the local field originates from the effect of near-field coupling. When the
interparticle separation is larger than the incident wavelength, the far-field interaction is

dominant.

The electromagnetic coupling between the interacting particles changes the characteristic
of their dipolar resonance. The band position of the extinction spectrum of closely spaced
nanoparticles is shifted as compared to the one for the isolated particle. The type of the shift
depends on the polarization state of the incident radiation. W. Rechberger [115] investigated the
effect of the interparticle separation of gold nanoparticles pairs on their extinction spectrum. A
distinguished red shift is observed as the separation is decreased for the incident polarization
parallel to the connected axis, while a less pronounced blue shift is found for the orthogonal
polarization. The anisotropy in their extinction spectra for different polarization direction can be

explained in terms of the attractive and repulsive forces between the induced dipoles.
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The effect of the particle separation on the dipolar plasmonic coupling of gold
nanoparticles arranged in 1D and 2D close-packed array has been studied experimentally [115-
117]. The extinction spectra of the particles array reveal the excitation of both the TM and LM.
Similar observations have been found theoretically by employing the DDA to simulate the

optical response of ultrafine metallic spherical nanoparticles arranged in hexagonal array [18-19,
26].

2.7 Conclusions

This chapter has highlighted the physical origin, the characteristics, and the excitation
condition of the LSPR. The fundamental spectroscopic properties of LSPR have been also
discussed. The effect of size, shape, plasmonic coupling, incident angle and dielectric function of
the host surrounding medium on the optical response of the metallic nanoparticles has been
demonstrated. Due to the high sensitivity of LSPR modes to the dielectric constant of the
surrounding material, metallic nanoparticles are a strong candidate in sensing application. The
change in the adsorbed molecules on the particles surface is monitored by the band position of

the metal-LSPR. The resonance wavelength is red shifted linearly with the refractive index.
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CHAPTER THREE

Discrete dipole approximation

In the previous chapter, the theoretical background of the resonance phenomenon that
occurs locally around particles of finite volume is presented. The optical properties of metallic
nanoparticles are also addressed in terms of many parameters (size, shape, type of material,
etc). Tailoring the optical properties of the metallic nanostructures of different size and shape is a
desired aim for specific applications. Many computational tools have emerged to model the
optical properties of these nanostructures. Based on the analytical solution of Maxwell’s
equation, the Discrete Dipole Approximation (DDA) is a particularly powerful technique to
calculate the absorption and scattering cross-sections of nanostructures of arbitrary shape,
structure, and composition. In the current chapter, DDA is introduced as a computational tool to
model the optical cross-section of the metallic nanoparticles. The basic idea, the mathematical
treatment and validity of the adopted method are addressed in detail. The criteria and the

applications of DDA are discussed in the subsequent two sections.

3.1 Basic ideas of DDA

The optical properties of an isolated nanospherical metallic particle embedded in a
homogenous surrounding medium are well described by Mie’s theory [86]. It was the first theory
that allowed the calculation of the optical cross-sections of an isotropic spherical metallic
nanoparticle. The exact solution of the Maxwell’s equation for specific geometries is known, in
particular, in the case of a spherical particle, infinite cylinder, and spheroid [118]. Since the exact
solution is limited to certain particle shapes, for other morphologies, an approximated solution is
often required. Many computational tools have emerged to model the optical response of those
nanostructures such as the T-matrix method [119], the Modified Long-Wave Approximation

(MLWA) [88], the Finite-Difference Time-Domain method (FDTD) [120] and the DDA.

Among all those, the DDA is considered as one of the most useful and reliable

techniques used to calculate the optical cross-sections of the metallic nanostructure of different
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shapes, structures, and compositions embedded in an isotropic/anisotropic host material with a
complex dielectric function. As compared to other methods, the DDA calculation is less time
consuming and it needs less computational resources. As well, the DDA is more flexible
regarding the particle shapes and structures. The DDA can be used to calculate the optical
properties of metallic nanoparticles near to a flat surface which is very close to configurations of
particles produced by nanofabrication techniques. DDA is used effectively for an isolated
nanoparticle and for a cluster of particles arranged in a two and three dimensional array in
different configurations. The basic idea of the DDA was first introduced to calculate the molar
reflection and extinction coefficients of an aggregate system build up from monomer units [121-
122]. The retardation effect was not included in the first application of the DDA. Later, the
retardation effect was introduced in the DDA to study the optical properties of non-spherical
dielectric grains [123]. B. T. Draine employed the DDA to study the optical response of the
interstellar graphite grains [124]. He improved the formalism of the method by incorporating a

correction for radiative reactions and anisotropic dielectric functions.

In DDA, the polarization charges of the metallic nanoparticles are redistributed as a
response of the incident electromagnetic field. Therefore, the electron cloud is shifted relative to
the positive core, resulting in an induced electric dipole moment. Based on the interaction
between the induced dipoles, the optical response of the metallic nanostructures can be
calculated. The target of interest is represented by a three-dimensional array of N dipoles. The
induced dipoles are sitting on a periodic square lattice of side length (d) which represents the
dipole separation. To provide an accurate description of the target’s geometry, a large number of
the dipoles is required to mimic properly the structural parameters of the nanostructures. The
description of the actual volume (V) of the target solid material depends on the number of
dipoles and the size of the square unit lattice (d*). The size of the target is also characterized by
an equal volume sphere of effective radius acr = (4v/31)"” . For the sake of accuracy, a large
number of dipoles (typically N >10%) is required to provide an accurate description of the

target’s geometry.
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Finite array of polarizable points

Figure 8: The object is represented by a finite array of polarizable points which are setting on a
square lattice of side d (the inter-dipole spacing). The target can be represented as well by a
sphere of effective radius of equal volume.

If we equate the volume given by these methods, we obtain the inter-dipole spacing in terms of

the effective radius and number of the dipoles.
d = a. (4n/3N)"? 17

DDA method can handle different geometries, sizes, and composites (anisotropic and isotropic).
The chosen size of the nanostructure is limited because of the huge number of the dipoles needed

to mimic the structure of the nanoparticles which is governed by the available memory.

3.2 Mathematical description of DDA

Consider an incident plan wave with its electric field vector is given as

E, (r) = E,expli(wi —kx)] 18

Where E and k are the amplitude and the wave vector of the incident radiation, respectively. As
stated earlier, the induced dipoles are located on a cubic lattice. The index j = /,...,N runs over
the polarizable points in the Target Unit Cell (TUC). The corresponding oscillating dipole

moment at each site ( P;) moment located at positions 7; is
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_ 19
Pr=a;0L,,,(1)
Where q; is the dipole polarizability given by Clausius-Mossotti (or Lorentz-Lorenz) relation

Az g, +2

a.

J 20

where £ is the dielectric function of the metallic material. The total electric field at each lattice
site has contributions from both the external electric field and the electric field for the other

dipoles located in the same particle ( £

sr.; )- For an isolated particle the electric field vector can

be written as

E =E, +E

ext,j self ,j

=E, exp(i[wt—kx)—ZAﬁOPi 21

i#]

Where 4;; 1S the square matrix of order 3N. If we substitute equation 21 is substituted in

equation 19, we have

A'eP=F 22

Where A’ is 3N x 3N matrix built from Aji and E and P are 3N-dimensional vectors. Equation 21
represents a particular system of 3N complicated linear equations. The Complex-Conjugate
Gradient (CCG) method is employed to solve that linear system. The Fast Fourier Transform
(FFT) is employed to solve the matrix-vector multiplications involved in the iteration method
(CCG). The optical properties can be calculated once the polarization is obtained from the

solution of the last 3N complex linear equations.
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3.3 What does DDA calculate?

The desired outputs of the DDA are the extinction, absorption and scattering cross-sections (C)
of the nanostructure, normalized to its geometrical cross section (ma’ey) which yields the
corresponding efficiencies Q = C/ ma’sr. The calculated cross-sections are related directly to the

oscillating dipole moment and they are given by

1- Absorption cross-section (Cjps)

4k
B[

Coui 203 [ o 'y ) -2k ] 2
j=1

Where =* is the complex conjugate.

2- Extinction cross-section (Cex)

drk & \
Cext : 2 ZIm(Einc,j .])j) 24

ol J=1

3- Scattering cross-section (Cge,) :

Csca = Cext - Cabs 25

3.4 Application and validity of DDA

There are two validity criteria of DDA, the first criterion is |m|kd <1, where m and k are

the complex function of the refractive index and the wave number of the incident radiation,

respectively. By using the equation (17), the first criterion reads as

N2> §7z(|m|kaeﬁ,)3 26
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The target with a large value of refractive index or a large value of ka.y will require a large value

N to represent the target properly.

One of the fundamental requirements in the modeling is that the inter-dipole separation
should be smaller than the incident wavelength and any other structural parameters in the target
under investigation. That represents the second criterion. Smaller inter-dipole spacing
corresponds to a large value of N, so the target can be described properly. In general, DDA can
be applied successfully when the modulus of the refractive index is less than 3 (jm| < 3). In the
case of a large dielectric function, DDA overestimates the cross-sections. The scattering and
absorption problems are characterized by a dimensionless parameter called the size parameter

(x), such that

2ra
x=ka, = A 27
The size parameter relates to N and |m| kd by
27a 62 04
_ eff 1/3 28
= | kd
T T (106) Im
The effective radius can be written as
A (N s 29
By applying the condition |m|kd <1, s0 a.and x can be written as
31.02 / N
a, <494 Boor x< TR () 30

The limitation on |m|kd translates into the limitation of the ratio of the target size to the

wavelength of the incident radiation. The effective radius can be determined from the actual
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volume of the target and the equal volume sphere and it can be linked to d and N by using

equation 29, simply as

L~ 0.62m)" 51
d

The value of d can be easily calculated, it must be small enough, usually in the order of a few

tenth of nanometre.
3.5 Conclusions

The DDA method is a flexible technique for computing scattering and absorption cross-
sections of nanostructures of arbitrary shape, structure, and composition. Given a target of
arbitrary geometry, the DDA breaks up the target by a finite 3D array of polarizable points. The
points acquire dipole moments in response to the local electric field. It can be used for a single
nanoparticle or for assemblies of particles that are surrounded by a medium with complex
dielectric. In the next chapter, the DDA method is employed to model the absorption efficiencies
of metallic nanoparticles (gold and silver) of different shapes. The target under investigation is
either anisotropic isolated particles of different morphologies or ultrafine spherical particles

arranged in planar arrays of different sizes.
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CHAPTER FOUR

Optical properties of metallic nanoparticles

In the previous chapter, the DDA method is presented as a computational tool to model
the optical properties of nanostructures. In principle, this method is completely flexible regarding
the geometry of the target and, to some extent, the size of the target. In the present chapter, the
DDA method is employed to calculate in detail the absorption efficiency for both gold and silver
nanoparticles in aspects not well explored in previous studies. The nanostructures under
investigation are, either single isolated oriented particle of different shapes (nanocube, nanobar

and nanoellipsoid), or cluster of spherical particles arranged in 2D arrays of different sizes.

Due to the high symmetry of the spherical nanoparticles, it is expected that their
extinction spectrum exhibits a single dipolar plasmonic band typically in the visible region. The
isotropic optical properties of the spherical particle can be altered if it is placed close enough to
the field of other particles. The anisotropy response in their optical behaviour results in
excitation of many PMs. The relative orientation of the nanoparticles to the incident electric field
and the type of the incident polarization are the main keys for observing several LSPR modes.
The plasmonic coupling between the interacting particles changes the spatial distribution of the
polarization charges over the surface area of the particle assemblies. This induces a dramatic
change in the electronic oscillations and hence the resonance frequency. The anisotropic optical
behaviour as well is observed in the optical properties of nanoparticles of different shapes other
than spherical. The geometrical structure of these particles is characterized by many symmetry
axes. The anisotropic response of asymmetric particle originates from the diversity of
polarization factors along different symmetry axes. Due to the great tunability of the resonance
wavelength and local field enhancement of metallic particles, they are strong candidates in many
applications and as well, they serve as an ideal platform for active regions in integrated
plasmonic devices. Thus, it is of great interest to study in detail the optical properties of these

nanostructures.
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This chapter is concerned with modeling of the optical properties of metallic
nanoparticles of different shapes and configurations. The anisotropic optical properties are
discussed for two different cases: first, for ultrafine spherical particles arranged in 2D arrays to
show the effect of the coupling on their optical response, and secondly, for isolated asymmetric
particles of different shapes to demonstrate the influence of the polarization factor on their
optical behaviour. Various parameters are included, such as the type of metal, particle size,

particle shape, inter-particle spacing, and orientation of the particles in the incident electric field.

4.1 Optical properties of spherical nanoparticles

The contribution from both the absorption and scattering properties to the extinction
efficiency is controlled by the particle size. For nanoparticles of spherical shape, the only size
variable is the diameter. For small particles of size of few tens of nanometres, the extinction

cross-section is mainly dominated by the absorption one [46.1251.
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Figure 9: Calculated absorption (black), scattering (red) and extinction (green) efficiencies of a
single gold spherical particle of size of (a) 40 nm and (b) 140 nm.

Figure 9 shows the simulated absorption and scattering efficiencies of an isolated gold
nanosphere for two different sizes, 40 nm and 140 nm. For the smaller particle, the scattering
properties contribute insignificantly to the extinction cross-section and the absorption cross

section is comparable to the geometrical one as shown in Figure 9.a. At the resonance
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wavelength, the extinction cross-section of the larger particle is about 5 orders of magnitude
higher than the corresponding geometrical cross-section. The scattering occurs at higher

wavelength as compared to the absorption as illustrated in figure 9.b.

Because of the high symmetry order of spherical particles, their optical response is
independent on both the relative orientation in the incident field and the polarization state of the
incident light. For modeling of the optical response of the nanostructure under investigation, the
gold dielectric function has been extracted from Christy et al [98]. The air is considered as the

host medium where the nanoparticles are embedded.

4.1.1 Simulated absorption spectrum of the single isolated ultrafine spherical particle

For spherical particles of size of few nanometres (ultrafine particles), their extinction
spectrum is mainly represented by the absorption properties. Since the size of the nanoparticle
considered here is comparable or smaller than the mean-free-path (40-50nm)[98] of the
conduction electrons, the scattering process of those electrons on the nanoparticle surface has a
significant effect on the dielectric function, and further size-correction is required for the bulk

dielectric function.

Figure 10.a.b shows both the bulk and the size-corrected dielectric functions for both
gold and silver. In the visible region, the real part of the bulk dielectric functions of both metals
shows a strong energy dependency and size-independency. Because the real part determines the
band position of the PM, no change is expected in the band position of the calculated absorption
spectrum by using either the bulk or the size corrected functions. The imaginary part of bulk
material shows less dependency on the incident energy as compared to the corresponding one of
the size-corrected function. Decreasing the metal size to the nanometric-scale results in more
sensitivity to the incident wavelength. Therefore, this affects both the absorption amplitude and

the band width of the absorption spectrum.

Figure 10.c shows the absorption efficiency for an isolated spherical particle of size of

5Snm. The absorption spectra are calculated using the size-corrected dielectric function and then
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compared to the spectrum calculated by using the bulk dielectric function. The band position is
not influenced by the scattering process of the conduction electrons at the particle surface. In the
case where the size effect is considered, a change in the intensity and bandwidth is observed. It is
noted that the size effect usually encountered in the ultrafine particles will generally lead to a

broadening of the absorption curves without any shift in the peak locations.
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Figure 10: Real (red solid lines) and imaginary (red dashed lines) components of the complex
dielectric function of (a) gold and (b) silver nanoparticles of 5 nm in diameter as compared to
those of bulk materials (black lines). (c) Absorption spectra for a single spherical particle by
using size-corrected (dashed line) and bulk (solid line) dielectric function. (d) calculated
absorption efficiency for both gold ( black line) and silver ( red line) spherical particle of the

same size (5 nm).
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In the case of the silver spherical particle of the same size, the resonance wavelength
occurs at higher energy. For the gold particles, the contribution from the complex interband
susceptibility to the dielectric function is more significant than the corresponding contribution
for silver. This explains the blue shift of the silver plasmonic band as compared to gold band

(equation 11).

For silver, the value of yyy, is small (32, approaches zero) at the resonance frequency. The
square root of the equation 13 yields 1, therefore, the value of the band width is equal to that
described in the free electron model. The real part of the bound electron susceptibility has
significant effect on the band position of the PM. It leads to red shift in the resonance wavelength
as compared to the one calculated by using the free electron model. In the case of the gold, the
imaginary part of the interband transition contributes more to the bulk dielectric function as
compared to silver. It adds an additional contribution to the red shift of the band position of the
optical spectrum. The width of the gold LSPR mode depends on the magnitudes of both the real
and the imaginary parts of yp.

4.1.2 Effect of plasmonic coupling on the optical properties of ultrafine spherical particles

arranged in 2D arrays

The electric field distribution across the surface of the spherical particle is uniform and
thus all the free conduction electrons oscillate in-phase. This results in the excitation of one type
of dipolar PM regardless of the type of incident polarization. The isotropic optical response of
the spherical particles can be altered either by increasing their aspect ratio (changing the particles
morphology) or placing them in close proximity of other particles. In the latter case, the plasmon
coupling between the interacting particles changes the distribution of the induced surface dipoles
and hence the electric field. This yields a disturbance in the electronic oscillations which results

in a significant change in particle optical response.

The effect of the array size (the number of the interacting particles) on the coupling effect

of spherical particles arranged in a planar array is addressed in the next sections. This includes
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both silver and gold at a specific particle separation where the neighbouring particles interact via

their plasmonic resonance.

4.1.2.1 Target geometry of the 2D arrays

The target under investigation consists of a cluster of spherical particles arranged in 2D
arrays. The particle size has been chosen to be 5 nm in diameter. The monosized spherical
nanoparticles are arranged in a hexagonal close-packed array. The array configuration is
arbitrarly chosen, and the results of the simulation are still valid for different close-packed planar
configurations (e.g circular and square). The size of the array is controlled by the number of
particles used to generate the target. We started with a 7-sphere hexagonal array that was
augmented up to a 127-sphere target. The geometry of the target is determined by the location of
the individual sphere. Figure 11 shows the geometry of one of the hexagonal arrays that consists
of 61 spheres. The inter-particle separation is represented by the border-to-border distance (D)
between two nearest-neighbour spheres. To simulate the absorption spectra of the nanoparticle
array by DDA, it is required to represent each particle by a sufficient number of dipoles which
describes the geometry of the TUC properly. For such ultrafine particles, about 1800 dipoles are
sufficient to describe the geometry of the target and achieve a good accuracy with inter-dipole

spacing of around a few tenths of a nanometre.
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Figure 11: Geometry of 61-sphere hexagonal monolayer array of 5 nm nanoparticles, the
interparticle separation is represented by both the border-border (D) and the center-to-center

(CC) distances between two nearest-neighbour nanospheres.
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4.1.2.2 Target orientation relative to the incident light

The polarization direction of the incident light could be either perpendicular (s-type) or
parallel (p-type) to the incidence plane. Under p-polarization, at oblique angles, the incident
electric field has two components: one parallel to the target surface and the other one oriented
along the yz plane. The electric field of the s-polarized light has one component perpendicular to
the target surface at any angle of incidence. No information, therefore, is reported on the
excitation of all the PMs. Therefore, the simulations were achieved under p-polarization by
considering that the incident light is linearly polarized in the y-direction while it propagates
along the x-direction. In the lab frame, the desired orientation of the target can be achieved by
rotating the array with respect to the propagation direction (k) by an angle ©, as shown in Figure
12. The incident angle can be changed indirectly through a set of angles (Euler angles) which
defined the relative target rotation to the lab coordinate system. In the case of unpolarized light,
the optical spectrum is calculated as an average over the two polarization directions, and the

spectrum exhibits all LSPR modes.

Figure 12: Schematic representation of the target orientation in the external incident electric field

(E). K indicates the direction of the propagation of the incident light.
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4.1.2.3 Absorption efficiency of the ultrafine particles arranged in a hexagonal array

To investigate the effect of the target orientation on the optical response of the metallic
nanoparticles, a series of absorption spectra were modeled by using DDA. The calculations were
performed between 0° and 90° in steps of 30°. Due to the anisotropic optical response of the
metallic nanoparticles arranged in the 2D array, two different LSPR modes are found. The first
mode (LM) occurs at lower energy and the TM mode occurs at higher energy.

At the two extremes of the incident angles (0°, 90°), the absorption spectra of both gold
and silver target are characterized by either LM or TM, as shown in Figure 13. The observation
of two PMs is attributed to the separation of the polarization charges along two symmetry axes of
different lengths. When the incident angle is chosen to be 0 °, the incident electric field is aligned
parallel to the target surface, resulting in the excitation of the LM. In this case, no other
plasmonic band is observed due to the absence of the induced charges along the orthogonal
direction. At grazing-incidence, the target can be rotated in such a way that the electric field has
one component perpendicular to the target surface. This distinct orientation ensures the

excitation of the PM perpendicular to the direction of the propagation.
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Figure 13: Absorption spectra of (a) gold and (b) silver ultrafine particle arranged in a close-

packed hexagonal array of 61 spheres.

At intermediate angle of incidence (15°<B<75°), the intensity of both TM and LM contributes to

the intensity of the Au-PM. The intensity of LM and TM modes depends strongly on the incident
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angle. The LM is inversely related to the angle, while the TM is directly proportional to it. In
reality the band positions of both modes are very close to each other, making them
indistinguishable and resulting in the excitation of a single broadened band (hybrid PM) as
shown in Figure 13.a. The amplitude of the hybrid mode is decreased with the incident angle.
Decreasing the value of 0 results in increasing the amplitude of the excited electric field along
the target surface. The latter enhances the absorption amplitude and shifts the PM to lower
energy. The energy difference of the Ag-PMs is larger as compared to the calculated one for
gold, resulting in well-separated modes. Therefore, the two PMs can be observed simultaneously
when 15° <0 < 75° as illustrated in Figure 13.b. The previous observations of the dependency of
the absorption amplitude on 0 are still valid for the Ag-PMs. The resonance condition of the LM
is fulfilled at a higher wavelength as compared to the TM. This can be explained by the
difference in opposite charges separation along the two different symmetry axes. The energy
difference between both modes can be controlled by modifying the interparticle separation. The
latter influences the coupling effect between the interacting particles and hence changes the

resonance frequency of the PMs.

4.1.2.4 Effect of the array size on the optical properties of particles

To investigate the effect of the target size on the optical response of the metallic
nanoparticles, the particles are arranged in close-packed hexagonal arrays of different sizes. As is
mentioned earlier, the size of the array is controlled by the number of the particles used to
generate the target. The absorption efficiency as a function of the incident wavelength is plotted
for the six different sizes of hexagonal arrays of gold nanoparticles at both extreme values of the

incident angle.

The amplitude of the absorption spectrum increases with the array size, so that the
number of spheres used to represent the target is directly proportional to the absorption intensity.
In the case of normal incidence, the band position of the LSPR is blue shifted as the array size is
decreased as shown in Figure 14.a. As the incident angle is increased, a second absorption band
is observed at higher energy with a lesser amplitude as compared to the low-energy band. The

band position of the PM at grazing incidence is blue shifted with target size, as illustrated in
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figure 14.b. Therefore, as the size of the target is decreased, the LM and TM move toward each
other. When the target is composed of gold nanoparticles, both modes are not well-separated at
intermediate angles. Therefore, the influence of the target size on simultaneously excited PMs is
addressed for the silver target. Figure 14.c shows the calculated absorption spectra for the silver
target at incident angle 60°. Every spectrum is characterized by the excitation of both LM and
TM. Increasing the target size will result in increasing the difference in the resonance

wavelength between the two PMs. Therefore, well-separated modes are observed.
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4.2 Optical response of anisotropic nanoparticles

Nanoparticles of different morphologies show a distinguished optical properties-size
dependency. Changing the morphology of the nanoparticles resulted in altering the symmetry

order, which has a dramatic effect on the distribution of the polarization charges over the surface
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area of the nanostructures. The redistribution of the charges results in tuning the frequency and
the type of the excited PM.

Due to the symmetry of spherical nanoparticles, only one absorption band is observed
which is attributed to the dipolar plasmonic resonance. As the morphology of the spherical
particle is changed to that of rod-like shapes (such as nanorods and ellipsoidal particles), the
single plasmon band splits into two/three bands, LM and TMs due, respectively, to the
oscillations of the polarization charges along and perpendicular to the major axis of the elongated
particles. The observation of different PMs depends on the particle fold symmetry, the length of
the symmetry axis, angle of incidence and the type of the metal [10-11, 13]. Investigating the
effect of these parameters on the optical characteristics of LSPR of the metallic nanoparticles is
discussed in the following sections. Two different particle shapes are considered here, which are
nanobar and nanoellipsoidal particles. These particles represent two and three symmetry order,

respectively.

4.2.1 Morphology and structural parameters of the targets

Updated nanofabrication techniques are indeed able to produce well-defined
nanoparticles of different shapes and size distributions and even an ordered 2D array of different
configurations [37-38]. Among the interesting nanostructures, one can cite the nanocubes,
nanobars and nanoellipsoids. These particles represent many fold symmetry structures where
many PMs can be simultaneously observed. Tuning of the characteristics of the PMs of these
particles over a wide range of the wavelength will be useful in applications such as designing the
plasmonic solar cells [41-42]. On the other hand, the anisotropic particles have a significant
number of hotspots which is considered of great interest for both fundamental studies and

practical applications such SERS [43-44].

The nanocube is considered as seeds for the synthesis of the nanobar by stretching the
former along one of its axis. The structural parameter of the nanocube is determined by the side
length as shown in Figure 15.a. Scanning Electron Microcopy (SEM) images for experimentally
prepared particles showed that the width of the nanocubes ranged between 20—100 nm [9,35].

Since the nanobars are evolved from the nanocubes, the width of the nanobar cross section will
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still be represented by the side length of the preliminary seeds. The structural parameter of the
nanobar is defined further by the Aspect Ratio (A.R) (the actual length (L) divided by the width
(W)) as illustrated in Figure 15.b. The effective radius of the equivolume sphere for the

nanocube and the nanobar is regr = (3/41)"*W and rer = (3W?L/47)'?, respectively.
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Figure 15: Structural parameters of (a) a cube, (b) a nanobar, (c¢) orientation of the nanobar with

respect to the incident radiation (p-polarized light).

The geometry of the other target under investigation is a quadric surface where the morpology is
characterized by three semi-principal axes. The structural parameters of the ellipsoidal
nanoparticles are represented by two semi-minor (2b and 2c) axes oriented along the y and z

axes, respectively, and a semi-major (2a) axis perpendicular to the yz plane.

Figure 16: (a) Geometrical parameters of the ellipsoidal nanoparticle, and the orientation of the
particle in the lab frame around the x-axis with angle 0, (b) the rotation of the nanoellipsoid in

the target frame around the a-axis with angle .
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According to the relative length of the three principal axes, the types of the ellipsoidal particles
are classified into oblate spheroids (a = b > c¢), prolate spheroids (a = b < c), and scalene
ellipsoids (a > b > c). The latter case is considered in this study as illustrated in Figure 16. The
effective radius of the equivolume sphere for the ellipsoidal nanoparticles is given by reg =
(a*b*c) 1/3. The corresponding A.R is defined as the ratio of the longest axis to the shortest axis
(alc).

4.2.2 Orientation of the target

It is assumed that the incident radiation is linearly polarized in the y-direction (p-
polarized) and propagates along the x-direction. The orientation of the target in the lab frame is
achieved by rotating the major axis with respect to the propagation direction (k) by an angle 0 as
shown in Figure 15.a and 16.a. At oblique angles, the incident electric field has two components:
one parallel to the major axis and the other one oriented along the yz plan. The electric field of
the s-polarized light has one component perpendicular to the main axis of the target at any angle
of incidence, and no information, therefore, is reported on the excitation of all the PMs. In the
case of unpolarized light, the absorption spectrum is calculated as an average over the two
polarizations directions, and the spectrum exhibits all LSPR modes. The absorption spectrum
exhibits different dipolar PMs when the electric field has a component along each principal axis.
When the particles are rotated in the target frame around the main axis by an angle f as shown in
Figure 16.b, one/two TMs are observed corresponding to the oscillations of the induced

polarization charges perpendicularly to the main axis.

4.2.3 Optical properties of an isolated gold nanocube

Theoretical calculations of the absorption spectra are done by using DDA. All the

calculations presented here refer to the air as the surrounding material where the nanostructures

are embedded. Since the size of the nanoparticle considered here is larger than the mean free

path of the conduction electrons, the scattering process of the conduction electron on the
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nanoparticle surface has insignificant effect on the dielectric function, and no further size

correction is required for the bulk dielectric function.

To investigate the size effect on the optical behaviour of an isolated metallic nanocube, a
series of absorption spectra have been simulated. The side length of the nanocube has been
chosen in the range 20—-100 nm. In all the simulations, the inter-dipole separation was kept

constant at around 1 nm, giving a total of 8000 to 1000000 dipoles per nanocube.
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Figure 17: (a) Dependency of the absorption spectrum on the nanocube width, (b) the maximum
absorption efficiency as a function of the width, (c) Comparison between observed and
calculated absorption spectra of a gold nanocube of width 45 nm embedded in water, (d)
Absorption spectra of both gold (red) and silver (black) cubic nanoparticles of the same size

embedded in air.
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The result of the simulations shows that the absorption spectrum depends strongly on the
size of the nanocube. Upon increasing the size, it is found that the amplitude increases with
increasing W, the scattering cross-section significantly contributes to the extinction efficiency
resulting in a decreased absorption amplitude, that is, when W > 80nm as shown in Figure 17.a.
In addition, the band position of LSPR band is affected by changing the width, and it appears
linearly red shifted with increasing side width as shown in Figure 17.b. The observed linear
relation is in good agreement with published experimental results in the case of the silver
nanocube [126]. The calculated absorption spectrum of a nanocube with a width of 45 nm is
compared with the one measured recently by Wu et al. for gold nanocubes in water [127]. The
band position of the calculated spectrum is at a longer wavelength as compared to the observed
experimental one as shown in Figure 17.c. The difference in the wavelength locations between
the experimental and calculated bands would be mainly attributed to the sharp edge nanocube
considered in the simulation. The synthesized nanocubes have rounded edges which would result
in a blue shift due to decrease in the particle size. Experimental observations of this nature were

also made regarding triangular silver nanoparticles with sharp and rounded edges [112].

The observation of the well-separated PM in many fold symmetry particles depends on
the type of the metallic particle (e.g silver or gold). The absorption spectrum of the gold
nanocube of side length 50 nm is compared to that of silver one of the same size. The calculated
spectra of the gold nanocube show the excitation of a single PM as in the case of the sphere. The
nanocube has several symmetry axes, thus it is expected that the absorption spectrum exhibits
several plasmonic bands. It seems, however, that the band positions of those modes are very
close to each other making them indistinguishable, resulting in the excitation of a single
broadened band. In the case of the silver nanocube, the plasmonic bands which correspond to the
multifold symmetry are well-separated, resulting in the excitation of more than a single band, as
shown in Figure 17.d. It is known that the polarization charges accumulated at a sharper area like
the corner of the nanocube. That results in an increase in the separation between the electron
cloud and the positive core, and thus the electrostatic columbic force (restoring force) is
decreased. The increase in the opposite charges separation leads to a red shift of the observed

PM as compared to the absorption spectrum for a corresponding spherical particle.
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4.2.4 Optical properties of an isolated nanobar

4.2.4.1 Effect of orientation on the optical response of the nanobar

As mentioned earlier, the morphology of the nanobar evolves from the preliminary
nanocube seed by elongation along one of its axis, and the cross section of the nanobar is still
represented by the side length. As the morphology of the cube nanoparticle is changed to that of
an elongated nanobar, the single plasmon band splits into two bands (LM and TM). The splitting
occurs at a specific incident angle of the incident p-polarized light. The electric field of the p-
polarized light has two components along and perpendicular to the main axis of the nanobar. The
s-polarized light has an electric field component perpendicular to the main axis of the nanobar,
leading to the excitation of the transverse mode, and the longitudinal mode is not observed even
at different incident angles. Figure 18 shows the absorption efficiency of a nanobar of width 40
nm and length 80 nm. The intensity of LM and TM modes depends strongly on the incident
angle. The TM is inversely related to the angle, while the LM is directly proportional to it. The
band positions of both modes remain at the same wavelength. At the two extremes of the
incident angles (0°, 90°), only one plasmon band is observed due to oscillations of the
polarization charges parallel or perpendicular to the main axis. At intermediate angles in the

range from 15° to 75°, both modes contribute to the total absorption spectra.
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Figure 18: Absorption spectra for a gold nanobar (40 x 80 nm) at different incident angles and p-
polarized light.

48



4.2.4.2 Effect of the length distributions on the optical response of the ellipsoidal

nanoparticles

To investigate the effect of the nanobar length on the absorption spectrum, a series of
simulation were performed for different lengths. The calculations were performed at a constant
width (40 nm) with various lengths L € {60, 80, 100, 120, 140} nm and the corresponding A.R
€{1.5, 2, 2.5, 3, 3.5}. Figure 19.a shows the calculated spectra at various A.R at © = 30°. It can
be seen that the plasmon band of the nanocube splits into two modes as the length increases. The
position of the longitudinal band is observed to be the major change in the optical response of the
nanobar due to the change in the structural parameters, whereas an insignificant change in the
band position of the TM has been observed upon the increase in length. The band position can
therefore be tuned in both the visible and near infrared regions. The change in the longitudinal
band position with A.R shows a linear variation. The linear dependency of the band position of
the LM on the A.R has been in fact observed experimentally for metallic nanostructures of
different morphologies that included nanorods (characterized by the plain cylinder and

spherically capped cylinder) and ellipsoids [9,46, 100 ].
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Figure 19: (a) Calculated absorption spectra of a nanobar of width of 40 nm and different aspect

ratios at ©=30°, (b) Position of the longitudinal band versus the nanobar length.

49



4.2.5 Optical properties of an isolated nanoellipsoid

4.2.5.1 Effect of orientation on the optical response of the ellipsoidal nanoparticles

The angle of rotation (0) governs the probability of excitation of the LM. The B angle
(Figure 16) plays an important role for the observation of TMs. On the other hand, all the
possible PMs can be found at a distinct combination between the two angles. In multi-fold
symmetry particles, the oscillations of the polarization charges along a certain direction
determine the type of the LSPR bands. The redistribution of the charges along the axis of
different length changes the separation of the driven electron cloud relative to the positive core,

and result in tailoring the intensity and the band position of the LSPR modes.

The effect of the rotation and the orientation of both gold and silver ellipsoidal particles
is investigated with the electric field oriented along each of the three axes. Three plasmonic
bands are reported due to the oscillation of the charges along each one of them. When the angle
of incidence is chosen to be 90 °, the major axis is aligned parallel to the incident electric field
resulting in the excitation of the LM. Whatever the value of angle B is, no other plasmonic band
is observed due to the absence of the induced charges along the other semi-axes. At normal-
incidence, the nanoellipsoidal particle can be rotated in such a way that the electric field has one
component along either the b-axis or the c-axis, or along both of them. When 6=0°, and p = 0°
and 90°, the TM along b-axis (b-TM) and c-axis (c-TM) is excited respectively as shown in
Figure 20. The excitation of the three distinct PMs of a single ellipsoidal nanoparticle is
consistent with experimental data reported earlier [48]. The most intense plasmonic band
corresponds to the LM while the less intense one is for the c-TM (for clarity, data in Figure 20
are shown after normalization). The difference in the absorption amplitude would be attributed to

the difference in the charge separation (the axis length).

Although the plasma frequencies for both gold and silver would be comparable, the
corresponding LSPR mode of the ellipsoidal nanoparticle with the same size occurs at different
wavelengths. The deviation originates from the additional contribution of the interband
electronic transitions to the dielectric function. The resonance frequency of the LSPR (Wyspr)
[91] is given by equation 12. In the case of the gold nanoparticle, the resonance occurs at higher

wavelengths as compared to the one for silver because y-Au > x-Ag.
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Figure 20: Normalized absorption spectra as a function of the incident wavelength for (a) Au and
(b) Ag ellipsoidal nanoparticle. In both cases, the principal axis of the particle is aligned parallel
to the incident electric field. The corresponding structural parameters are 2a= 40 nm, 2b=20 nm
and 2c= 10 nm. As well, the observed red shift in the LM as compared to the corresponding one
in the TMs could be related to the decreasing in the restoring force (the columbic interaction) due

to increase of charges separation along the longer axis.

The Full Width at Half Maximum (FWHM) can be compared between the different LSPR bands
for both metallic particles. It can be seen that the LM has the larger value among the modes; the
Ag-TMs have a comparable width while the Au-b-axis-TM is broadened as compared to the
corresponding c-axis-TM. The value of FWHM for the noble metals [91] is given by equation
13. For silver, at the resonance frequency, because of the small value of y, (), approaches zero),
the square root of the equation 13 is about unity, therefore the value of the bandwidth is equal to
v as described in the free electron model. In the case of gold, the imaginary part of the interband
transition contributes more to the bulk dielectric function as compared to silver. Therefore, the
square root is larger than unity and hence the corresponding band width is larger than y. This
would explain why the PM of the gold nanoparticle is broadened as compared to the one for

silver.
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Figure 21: Dependency of the absorption efficiency on the rotation angle for (a) Au and (b) Ag
ellipsoidal nanoparticles. The corresponding structural parameters are 2a= 40 nm, 2b=20 nm and

2¢= 10 nm.

In the case of the gold ellipsoidal particle, when the excitation of the LM is not possible,
and the rotation angle is between 0° and 90°, apparently only a single TM is observed. In reality
the band positions of the TMs are very close to each other, making them indistinguishable,
resulting in the excitation of a single broadened band that we would label as a hybrid TM as
illustrated in Figure 21.a. The plasmonic bands which correspond to the multi-fold symmetry are
well separated in the case of the silver particle, showing the excitation of more than a single band
(Figure 21.b). When 15°<B<75° the intensity of the Au-TM has contributions from both b-TM
and c-TM. The amplitude of the hybrid TM is decreased with . Decreasing the value of § results
in increasing the amplitude of the excited electric field along the b-axis. This enhances the
absorption amplitude and shifts the TM to a lower energy. The energy difference of the Ag-TMs
is larger compared with the calculated one for gold and it resulted in well separated modes. No
change in the band position of Ag-modes is observed due to change in the rotation angle.

Previous observations of the dependency of the absorption amplitude on P are still valid for the
Ag-TMs.
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Figure 22: Dependency of the absorption efficiency on the incident angle at a constant rotation
angle (B=60°) for (a) Au and (b) Ag ellipsoidal nanoparticles. The insets represent the spectra in

selected wavelength ranges.

The LM can be excited in the presence of the TMs. To demonstrate this, B has been chosen to be
60° while the incident angle is changed uniformly in steps of 30° between the two extreme values
of 0° and 90° as shown in Figure 22. The absorption spectrum of the gold ellipsoidal particle is
characterized by the presence of the most intense plasmonic LM band and the hybrid TM band.
The intensity of the latter band is decreased dramatically with the incident angle, while the LM-
intensity is directly proportional to the incident angle. At 6=90° the incident electric field is
perfectly aligned with the major axis which results in a maximum absorption for the LM. At the
other extreme of the incident angle, the LM is not observed and the hybrid TM is predominant.
Since the Ag-TMs are well separated, the three plasmonic bands can be observed simultaneously
when 15° < B <75° and 15° < 6 < 75° The previous observations regarding the dependency of

the plasmonic band intensity on the incident angle remain valid for the silver ellipsoid.

4.2.5.2 Effect of the length distribution on the optical response of the ellipsoidal

nanoparticles
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To investigate the effect of length distribution on the absorption coefficient, a series of
simulation were performed for different lengths of each semi-axis. The dependency of the band
position of the dipolar PMs on the axis length is examined for both gold and silver scalene

ellipsoidal nanoparticles.

First, at fixed length of b-axis and c-axis with various A.R., the characteristic of the LM
is investigated in terms of its length. Secondly, the lengths of the a-axis and c-axis are kept
constant at 50 nm and 10 nm, respectively, and the b-axis length is varied with b€
{15,20,25,30,35,40} nm with a corresponding A.R = 5. Different c-axis lengths with fixed a,b-
axis values will be the final case. In all cases, the wavelength of either the LM or the TMs will

be plotted versus the axis length.
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The incident angle is set to be 90° when the a-axis is directed along the y-axis. In such a
situation, the rotation of the ellipsoidal in the target frame occurs in the xz-plane such that 3 does
not have any effect on the optical response of the particle as shown in Figure 23. The length of
the transverse axes is kept constant at respectively 10 nm (b-axis) and 5 nm (c-axis) while the a-

axis is varied in the domain € {15,20,25,30,35,40} nm.

To study the influence of the length distribution on the position of the LM, the simulated
absorption is plotted versus the incident wavelength for different lengths as shown in Figure 23.a
& b. The position of LM is found to be red shifted and its intensity is increased with the length.
The band position can therefore be tuned in both the visible and near infrared regions. The Au-
LM is broader when compared to the corresponding Ag-LM and the FWHM is increased with
the length in both metallic nanoellipsoids. The change in the longitudinal band position with the

length shows a linear variation with a comparable slope as shown in Figure 23.c.
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The excitation of the Ag-LM occurs at shorter wavelengths as compared to the calculated one for
gold. It seems that the difference in the excited wavelength increases with the length, and it is

larger in the case of silver as compared with the gold case.

We will now consider the effect of the length distribution of the b-axis on the
characteristics of the induced charge oscillation along that axis. The target is oriented in the
incident electromagnetic field in such a way that the major axis is parallel to the direction of the
propagation and the b-axis is aligned along the incident electric field by (B=0°). The absorption
spectra for the gold ellipsoidal nanoparticles at different lengths of b-axis are shown in Figure
24.a. It can be noted that the band position of the b-TM is red shifted with the length. The change
in the excited energy of the plasmonic band is accompanied by a dramatic increase in the
absorption amplitude. On the other hand, the optical response of the corresponding silver
nanoellipsoid is quite different regarding the change in the intensity and the red shift in the band
position of the TM as illustrated in Figure 24.b. The slope of the silver-linear trend is twice

compared to the one calculated for gold.
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Figure 25: Absorption coefficient of (a) Au and (b) Ag ellipsoid at different c-axis lengths. The

respective lengths of the a-axis and the b-axis are 50 and 40 nm.

The band position of the TM excited along the c-axis for gold (Figure 25.a) changes

insignificantly with increases in the absorption amplitude while the calculations for silver show
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more pronounced changes in both the excited wavelength and the absorption amplitude as shown
in Figure 25.b. The band positions of the PMs that correspond to the plasmon oscillations along
the b and c-axes show less dependency on the length distribution in both metals as compared

with the one found for the length distribution of the a-axis.

4.3 Conclusions

DDA is used to model the absorption spectra for both gold and silver ultrafine spherical
nanoparticles arranged in monolayer planar arrays. The results of simulation show that the
extinction spectra of an isolated spherical particle exhibit the excitation of single PM. The
isotropic optical behaviour of a single spherical nanoparticle can be altered if it is placed in the
range of plasmonic coupling of other particles. The anisotropic optical response is represented by
the excitation of both LM and TM modes. For particles arranged in hexagonal arrays of different
sizes, the band positions of the PMs of silver particles are well separated and are shifted toward
each other as the target size decreases. In the case of gold nanoparticles, the energy of both bands
is very close, resulting in the excitation of a single band. The effect of the target orientation on
the optical properties is also investigated. The modeled absorption spectra show that the

excitation of the desired PM is controlled by the incident angle of the incident electric field.

The excitation of different dipolar PMs is also observed in the optical response of an
isolated oriented nanoparticle of different symmetry orders. The absorption efficiencies of single
nanocube, nanobar and nanoellipsoidal particles are modeled by the DDA method. The type and
number of the excited PM strongly depends on the type of metal, the symmetry order of the
nanostructure, the length distribution of the symmetry axis and the orientation of the particle in
both the lab and the target frames. The absorption spectra of both nanobar and nanoellipsoidal
particle show the possibility of simultaneous excitation of many PMs at a distinct combination
between the rotation and orientation angles. The structural parameters of the nanobar are
characterized by two major axes and hence its absorption spectra exhibit one LM and one TM. In
the case of the nanoellipsoidal particle, one LM and two TM’s are observed because of the need
for an extra axis to define its elliptical cross section. This optical behaviour is shown when the
silver nanoparticles are considered. In the case of gold particles, the two TM’s are very close to

each other making them indistinguishable, resulting in the excitation of a single broadened TM.
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The band position of the PMs depends linearly on the axis length for both shapes. An increase in
the axis length results in a red shift of the PM band position. The Ag-PMs are relatively more
broadened when compared to the ones found for gold nanoparticles. For both metals, the LM

shows a stronger dependency on the length distribution of the axis as compared to the TMs.

The tunability of the optical properties of many-fold symmetry particles over a wide range
of wavelength is useful in many technical applications such as designing the plasmonic solar
cells. Due to the high absorbance of the incident light at different wavelengths in the UV-Vis
region, incorporating these nanostructures in the plasmonic solar cell will enhance effectively
photoelectrons generation and hence the energy conversion efficiency. On the other hand, the
anisotropic particles have a significant number of hotspots which is considered of great interest

for both fundamental studies and practical applications such SERS and biosensing.

The synthesis of well defined particles arranged in planar arrays with good control over
the shape and the size distribution is a desired goal in many applications. The nanoparticles tend
to aggregate and form larger particles or clusters because of their small sizes (high surface
energy). To avoid the aggregation process, nanoparticles are integrated in a polymer matrix to
form nanocomposite materials. Different types of polymer can serve as a host medium for the
metallic nanoparticles. The diversity of the refractive indices and chemical structures (adsorbed
molecules on the particles surface) of the polymers, significantly affect the optical properties
metallic nanoparticles and hence their sensing capability of the surrounding molecules. In the
next chapter, the effect of the dielectric material on the optical properties of gold nanoparticles

embedded in a polymer matrix is investigated experimentally.
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CHAPTER FIVE
Optical properties of gold- poly(methyl methacrylate)

nanocomposite films

The absorption spectra of metallic nanoparticles of different morphologies have been
discussed in the previous chapter. The effect of the plasmonic coupling of spherical particles
arranged in planar arrays has also been discussed. DDA method was used to model the optical
properties of the target under investigation. In all the simulation, air was considered as the
surrounding medium where the nanoparticles are embedded. Changing the dielectric function of
the surrounding medium and hence the chemical properties of the adsorbed molecules on the
surface of particles has a significant effect in the optical response of the metallic nanoparticles.
The synthesis of gold nanoparticles in the presence of capping or protective agents (polymer
matrix) affects both the growth rate and direction of different facets of nanocrystals and hence
the shape and the size distributions of the nanostructures. These parameters will be

experimentally explored in the current chapter.

The gold-polymer nanocomposite is a hybrid material that consists of gold nanoparticles
integrated into a polymer host material. In the nineteenth century, Faraday was the first who
succeeded to synthesis the gold suspension of sub-micrometre-sized particles stabilized in a
polymer [85]. Incorporating nano-sized inorganic fillers like metallic nanoparticles in a polymer
matrix allows the distinctiveness from both the fillers and the matrix to be combined to provide a
novel material with unique physico-chemical and electro-catalytic properties [49-50]. The
inherent properties of conjugated-polymer gold nanoparticles make them a potential candidate in
many industrial applications [51-53]. The metallic nanoparticles tend to aggregate/agglomerate
in the aqueous solution during their formation due to their small size. The most effective strategy
to avoid this is preparing the colloidal solution in presence of protective agent like polymers,
surfactants and thiols [54-56, 65]. The adsorbances of the protective agent molecules on the
particles surface provide a valuable way to control the size distribution and improve the
functionality of their surface. By careful selection of the physical environment (matrix) and gold

ions-reduction techniques, a novel functional nanocomposite material can be fabricated and
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designed for a specific technical application. The choice of the fillers/matrix is crucial depending
on the desired properties of the nanocomposite. Frequently used inorganic fillers include metals,
semiconductors and carbon-based materials [128]. The polymer matrix could be either
transparent polymers (e.g polystyrene (PS), Poly(methyl methacrylate) (PMMA)) or conductive
polymers ( e.g polyacetylene (PA), polypyrrole (PPY), and polyaniline (PANI)). Due to
distinctive optical properties of gold and silver nanoparticles, they are commonly used in the
optical and biomedical applications. In such applications, the metallic nanoparticles are

synthesized in polymer materials and they are called “optically effective additives” [128].

In general, to prepare gold nanocomposite films by the photochemical reduction methods
(microwave irradiation, UV-irradiation and thermal reduction) [57, 60-61], the samples are
prepared in a common polar solvent for both the polymer and the gold precursor. Both the UV-
and thermal-methods have been used to prepare gold nanocomposite films by using the acetone
as a solvent, while, microwave-assisted reactions have been carried out and studied only in
solutions by using water because of its high dipole moment and high value of dielectric loss
[63]. In the current chapter, MW-assisted synthesis of Au-PMMA material is carried out by
using the acetone as a solvent. The optical properties of the nanocomposites are compared to that
of nanocomposites prepared by the other photochemical methods. The sensitivity of the Au-
PMMA nanocomposite prepared by the three photochemical methods to the refractive index of
the dielectric environment is investigated. The effect of the thermal treatment (annealing effect)
on the mobility of the nanoparticles in the nanocomposites and hence on their sensing

capabilities is compared to the results obtained from non-annealed samples.

5.1 Synthetic technique of gold-PMMA nanocomposite films

PMMA is a lightweight transparent thermoplastic material, often used as shatterproof
replacement for glass. Because of its hydrophobic structure, it’s a good water resistant. The
solubility of PMMA is achieved in organic solvent like benzene, toluene, and acetone. PMMA is
more transparent than glass and it has a low glass-transition temperature, so it can be molten and

modeled into thin film at a relatively lower temperature. Film casting approach is one of the most
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common physical methods to prepare nanoparticles-polymer films. In this method, the polymer
is used as a dispersant for the metallic nanoparticles, and then the mixture is casted on a solid
substrate by spin coating. The thin film is formed upon evaporation of the solvent in the ambient

environment or in an oven.

5.1.1 Experimental details
5.1.1.1 Materials and methods

PMMA and acetone were purchased from Sigma-Aldrich, and gold salt (hydrogen
tetrachloroaurate trihydrate (HAuCls'3H,0)) from Alfa Aesar. All chemical were used without
any further purification. The UV-Vis absorption spectra were measured by using Perkin-Elmer
(model lambda 650) spectrophotometer. The morphology/topography analyses were carried out
on both Scanning Electron Microscope (SEM) (Model JEOL JSM-7600 TFE) and Atomic Force
Microscopy (AFM) Model NSCRIPTOTM DPN system DS006 (Nano INK) . The AFM imaging
were achieved by using a silicon cantilever of rectangular shape with a tip radius <10 nm and
stiffness of 52-75 N/ m. The resonance frequency of the cantilever in air is 200-400 KHz. For

the annealing process, the samples were kept in an oven at 90-300 °C for 30 min.

5.1.1.2 Preparation the nanocomposite materials

Gold-PMMA nanocomposite was prepared by dissolving 1 g of PMMA in 10 ml of
acetone under heating. Then a 100 mg of the gold salt is dissolved separately in 5 ml of acetone.
The gold solution is then added to the PMMA dispersion to form gold-PMMA nanocomposite.
The molar ratio of the gold precursor to the PMMA kept constant. Subsequently, the
nanocomposite mixture is spin-coated on a glass substrate at constant speed 300, 1500 rpm for
around 15 and 30 s, respectively. The lower rotational speed is used to ensure a uniform film
formation. The gold ions in freshly prepared nanocomposite film are reduced by using three

different photochemical methods.
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5.2 Results and discussion

The photochemical processes stepwise initiate the reduction of the gold salt into

zerovalent gold (Au’) according to the following reactions [58].

2AuCI; — LMY o Auct; 4+l

2AuCl; — AuCl, + AuCl,
2AuCl; — Au’+AuCl; +CI”

The photolysis of the gold chloride results in forming both chlorine anion (C1; ) and molecule

(Cl). In the second reaction, the molecule AuCl;, simultaneously reduces and oxidizes

(dismutation reaction). The gold seed nuclei act as a catalytic material for further dismutation
reactions, which results in the formation of the neutral gold. The photochemical methods include
UV photo-reduction, microwave-assisted reduction and thermal reduction. Every method is

separately addressed below.

5.2.1 UV photo-reduction

The freshly prepared spin-coated samples on glass substrate were irradiated in a
Stratagene Strainlinker 2,400 unit equipped with five 25W UV lamps having the wavelength
maximum at 254 nm and providing radiation with a power of 7 mW/cm®. The samples were kept
at a distance of 8 cm from the lamps for different duration times. The effect of the irradiation
time on the concentration of the gold nanoparticles is studied. Several samples were prepared
with different irradiation times for duration ranging between 90 min and 210 min. Subsequently,
the samples were annealed for 30 min at 90 °C , as shown in Figure 26.a. It’s clear that the gold
anions are reduced even for a short irradiation time. The concentration of the gold nanoparticles

increases with the irradiation time which is indicated by the increase in the absorption intensity.
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Figure 26: UV-Vis absorption spectra of Au-PMMA nanocomposites corresponding to different

(a) irradiation times (sample annealed for 30 min at 90°C) and (b) annealing temperature (time of

irradiation is kept constant at 90 min).

There is no change in the band position and band width of Au-LSPR band with the irradiation
time; this indicates a narrow size distribution and no effect of UV-exposure time on the particle
size. Hartling et al [58] studied the effect of the UV exposure time on the size distribution of
gold nanoparticles arranged in 2D planar hexagonal array where they were embedded in PMMA.
The exposure time ranged between 1 and 5 minutes. The results showed that the particles have
grown monotonically with irradiation time. As well, an increase in the band width with the
exposure time has been observed. The variation in the particles shape was noted with time, and

anisotropic (elongated) particles have been observed with longer irradiation time.

The UV-irradiated samples were further annealed for different temperatures ranging
between 60 °C and 90 °C in step of 10, as illustrated in Figure 26.b. Increases in the annealing
temperature will yield increases in the amount of the gold nanoparticles and improve the size
distribution. The maximum absorbance is accompanied by a highest temperature near to the glass
transition temperature of PMMA with a blue shift of around 10 nm in the peak position. The
change in the absorption band position toward lower wavelengths indicates a formation of
smaller nanoparticles. The SEM shows the formation of nanoparticles of different shapes

including spheres, triangles and hexagons. Even the UV-Vis absorption spectrum doesn’t show
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any band at higher wavelengths characterizing the presence of shapes other than spherical ones.
The other morphologies insignificantly contribute to the observed spectrum because of their low

concentrations.

150 nm

Figure 27: SEM images of samples UV-irradiated for 90 min and annealed for 30 min at (a) 70°C
and (b) 90°C.

Figure 27.a shows SEM image of the UV-irradiated annealed sample for 30 min at 70 °C. It can
be seen that the gold nanoparticles were produced as plate-like hexagon. Three spherical
nanoparticles were observed to stack to the hexagon on one of its facets. They blocked the
growth of the facet where they are adsorbed. The formation of nanohexagon was explained by
both the different growth rates at different planes of the metallic nanocrystal and the competition
between the growth of the nanoparticles and the surface capping process by the polymer [129].
During the particles nucleation stage and the initial stage of growing, a polymer, through its
carbonyl groups, would attach to gold nanoparticles non-uniformly. As a result, the growth rate
will be different for the different facets, depending on the concentration of the stabilizing

molecules.

The effect of the annealing temperature on the nanoparticles shape is investigated. Upon
increase the annealing temperature a dramatic change in both the shape and the size has been

observed. Figure 27.b reveals that well-defined plate-like triangle nanoparticles of size of 100
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nm were generated at higher temperatures, which demonstrate that those nanoparticles are
individual crystal with growth direction along the Au (111) plane by using the PMMA as a
capping agent [130]. Through the thermal treatment at higher temperature, the sample undergoes
re-distribution process of the surface particles. As a result of re-crystallization of the surface
nanoparticles, they tend to form a shape of lower surface energy [130-131]. The effect of the

annealing temperature on the mobility of gold particles is discussed in the subsequent section.

5.2.2 Microwave-assisted reduction

The microwave-assisted synthesis of gold nanoparticles was carried out by irradiating the
mixture of the gold salt and the PMMA for 1-3 min with a power of 1100 W. The conventional
heating method usually involves using an oven or a furnace. The advantage of using the
microwave irradiation over the thermal method is an increase in the reaction kinetics [132]. Due
to the design of the microwave oven, uneven distribution of the energy occurs during the sample
heating, this produces a localized heating at the reaction sites. The latter enhances the reaction
rate and hence the nucleation process of gold. In our experiment, all the reactants are dissolved in

a polar solvent (acetone).

Figure 28: SEM image of the MW-irradiated sample for 2 min.
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The polar molecules tend to re-orient in the alternating electric field and they lose their energy in
the form of heat by molecular collisions. The ability of the material to dissipate the microwave
energy to heat is measured by the dielectric loss constant. Water, acetone and alcohol have the
highest value of the dielectric constant and they are ideal for the microwave-heating conversion

process.

Figure 28 show the SEM image of PMMA-stabilized gold nanoparticles with an average size of
30 nm using MW-assisted reduction. The SEM reveals a very good coverage and clearly
confirms the spherical morphology of gold nanoparticles. No other anisotropic shapes have been
observed. The monodispersity of the particle shapes has been reported in silver-starch
nanocomposite irradiated by MW [133]. Compared to the UV-photochemical reduction, the
MW-assisted approach is preferable for the synthesis of small isotropic nanoparticles. All the
samples were prepared with the excess of acetone. Due to its high polarity, it acts as hot spots
and, therefore, it generates localized heat sites. The uniform distribution of the acetone all over
the sample surface ensures the uniformity of the reduction process of the gold precursor, and

hence, a better surface particle density and uniform size distribution.

5.2.3 Thermal reduction

In the thermal reduction method, the gold spin-coated sample is heated in an electric
furnace for 15-20 min at 90°C. The completion of the reaction is indicated by the change of the
color, from yellow, corresponding to the gold anions, to wine red, the color of gold
nanoparticles.

Figure 29 shows absorption spectra of two thermal-reduced samples. The reduction process was
initiated at two different times after the film casting, immediately and after 30 min. It can be
seen that, heating treatment of a freshly prepared nanocomposite film (the film still contains
some acetone) immediately after the casting results in the formation of nanoparticles with a well-
defined LSPR band at 544 nm. If the heating is delayed by 30 minutes, the band appears to be
broader and its intensity is lower. It seems that the acetone facilitates the nucleation process and
acts as organizer for the particle distribution. The broader band is attributed to non-uniform size

distribution. In the red trace, a weak absorption at longer wavelength can be seen as well. It can
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be inferred that heating the film in the presence of only traces of acetone, triggers the formation
of anisotropic nanoparticles as well. In this case, the reduction process of gold ions takes place
on the spots containing acetone but the main route seems to be a thermal-reduction. Further work
is needed to elucidate the mechanism of the reduction in this particular case, and most

specifically, the role of acetone.
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Figure 29: UV-Vis spectra corresponding to the thermal-reduced samples (red: sample is heated

after 30 min after the deposition, black: the sample is heated immediately).

5.2.4 Effect of annealing temperature on the surface particles density

To investigate the effect of the annealing temperature on both the nanoparticles mobility
and surface particles density, a freshly prepared MW-irradiated sample was annealed for 30 min
at 300°C. Figure 30 shows the height-AFM images before and after the annealing process. The
images show a significant increase in the surface particles density. Annealing the nanocomposite
thin films to a temperature above the glass transition temperature of PMMA would transfer the
polymer from the glassy state to the rubbery state. The change in the physical state of the

polymer increases the mobility of the nanoparticles. Due to the depolymerisation process, the
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presence of the monomers may contribute to the particles shape and mobility. The shape and the
size of the nanoparticles are affected by the thermal treatment. During the change of the polymer
physical structure and the depolymerisation process, the sample surface undergoes re-
organization and some of the small nanoparticles go through a coalescence process. This would
increase the average particle size and produce irregular elongated particles, as shown in Figure

30.b.

Figure 30:Height-AFM image of
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The absorption spectrum of MW-irradiated samples is compared before and after the annealing.
The band width of the LSPR band of the annealed sample is smaller as compared to non-

annealed one, which indicates a narrower size distribution. Insignificant change in the peak
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position of the LSPR of the annealed sample is observed as compared to non-annealed one. The

small red shift is attributed to the coalescence of the small nanoparticles into bigger ones.

5.2.5 Refractive index sensitivity measurements

The basic principle of the nanoscale biosensor is based on the change of the
characteristics of the LSPR band. The change in the resonance wavelength is caused by the
adsorbed molecules from the surrounding environment on the particles surface. The latter induce
a change in surface charges distribution and hence the resonance frequency. The local refractive
index sensitivity towards the dielectric environment is monitored by the change in the resonance
wavelength (Amax) per Refractive Index Unit (RIU). The used solvents in the sensitivity test and

the corresponding refractive indices are listed in table 2.

Dielectric Environment Refractive index (n)
Water 1.3333
Ethyl alcohol 1.3614
1-pentanol 1.4083
N, N-Dimethylformamide 1.4305
Toluene 1.4969

Table 2: Solvents are used in the sensitivity test and the corresponding refractive indices.

The peak position of the LSPR band is linearly red shifted with refractive index of the
host material. The slope of the linear variation (AAm.x/RIU) is the measure of the local
sensitivity. The sensitivity test for both annealed and non-annealed samples prepared via the
three different photochemical methods was compared as shown in Figure 31. The sensitivity test
results are summarized in table 3. The results show that the annealed sample is more sensitive to
the dielectric environments as compared to the non-annealed one. In all cases, all the samples
show low sensitivity to the environment, which can be induced to the low concentration of the
surface particles. To enhance the mobility of the surface particle and hence increase their density,
the sample should be annealed at a higher temperature (> 300 °C). The higher temperature would

further increase the rate of the depolymerisation process and the mobility of the monomers due
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to the transition of the polymer physical state. On the other hand, the results show that, in spite
of the moderate sensitivity, nanocomposites containing gold can be used for sensing purposes.

This result is important because it opens the door to a lab-on-a-chip sensing by using polymer

chips.
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The sensitivity of LSPR nanosensor as compared to the one of SPR nanosensor should be
addressed. The sensitivity of the latter is four orders of magnitude higher than the former
nanosensor. The difference in their sensitivities originates from the decay length (/4) of the
electric field. For the LSPR sensor, /; is very short (5-15 nm) [134] and it depends on the
structural parameters, the composition and the density of the surface nanoparticles. The SPR-

based sensors decay ~15-25 % of the incident wavelength, which means that the decay length is
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~200-300 nm [135]. In other words, SPR-based sensor is able to detect any change occurring on
the gold planar surface up to ~300 nm in the visible region, while the sensitive capability of
LSPR-based sensor in limited to ~15 nm. The sensing area for SPR sensors is determined by the
size of the illumination spot, which is in the order of few microns. In the LSPR-based sensing,
the sensing spot can be approximated as individual sensing elements (metallic nanosensors). The
spot size for LRPR-based sensors can be minimized to a single particle of few nanometres. One
of the major differences between the two techniques is the cost and the portability. The portable
LSPR-based sensor is much less expensive and smaller in size as compared to the other type of

Sensor.

Method of fabrication S (nm/RIU)
UV- Irradiation Non-annealed 77
Annealed 98
Thermal reduction Non-annealed 73
Annealed 98
MW-irradiation Non-annealed 68
Annealed 107

Table 3: The sensitivity (S) results of the Au-PMMA nanocomposite for both annealed and non-

annealed sample prepared through the three photochemical reduction processes.

5.2.6 Biosensing experiments by using LSPR nanosensor

Due to the sensitivity of the metallic PM to the refractive index of the surrounding
medium, it has been used to detect analyte binding near or at a particles surface and has been
widely used to monitor the binding interactions such as adsorption biomolecules, ligand-

receptors binding and antibody-antigen binding.

Since the sensing capability of the nanocomposite films strongly depend on the surface
particles population, the biosensing experiments are conducted by using freshly annealed Au-

PMMA films. The functionalization of the particles surface in the nanocomposite film for the
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sensing experiments is required. For this purpose, the annealed samples are immersed into a
solution of 1-octadecane thiol solution for several hours. After immersion, a red shift of LSPR
band of about 12 nm is observed, the change in the resonance wavelength is accompanied with
an increase in the band width, as shown in Figure 32. This means that the change in the
characteristics of LSPR band indicates the adsorption of the thiol molecules on the particle
surface and they can fell and absorb the surrounding molecules. The broadening of the LSPR
band may be due to the unexposed gold nanoparticles. In addition, other effects may also
contribute to the broadening such as the polydispersity in nanoparticles size and shape. Indeed,
nanoparticles having different sizes and/or shapes interact in a different way with the adsorbed

molecules yielding slightly different shifts.

Further, the functionalized gold film is immersed in a buffered solution of antibody to form
antibody-conjugated nanoparticles. The conjugation of nanoparticles with antibodies combines
the properties of the nanoparticles with a specific and selective recognition ability of the

antibodies to other biomolecules like antigens.
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Figure 32: Sensing experiment performed on the annealed sample. Red curve: LSPR gold band
in the annealed nanocomposite, green curve: after immersion in ethanol solution of 1-octadecane
thiol, black curve: after immersion in the antibody solution, and blue curve: after immersion in

the antigen solution.
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The adsorption of the antibody molecules on the particles surface is indicated by a further red
shift in the Au-LSPR. Finally, the antibody-conjugated sample is immersed in antigen solution.
The LSPR band of the biconjugated film is further red shifted. Figure 32 shows, step by step, the
changes in the Au-LSPR band, as a result of the changes in the immediate environment. The
results reveal that Au-PMMA nanocomposites, annealed to increase the mobility of Au
nanoparticles, can be successfully used as sensing platforms for detecting biomolecules. More
quantitative experiments are necessary to determine the sensitivity of this platform and the

detection limit for different antigens.

5.2.7 Comparison between the observed and simulated LSPR band in Au-PMMA

nanocomposite

The observed absorbance spectrum of the gold spherical nanoparticle of a size of 30 nm
(size measured in the SEM images) is compared with the simulated spectra (Figure 33) by using

both the DDA and Mie’s theory.
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Figure 33: Comparison between the observed (black) and simulated optical properties (blue for
the DDA-simulated curve and red corresponding to Mie’s theory) of Au-PMMA nanostructure.

The curve corresponding to the experimental results corresponds to the MW-irradiated sample.
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In the DDA approximation, the inter-dipole separation is chosen to be a few tenths of nanometre,
giving a total of about 72000 dipoles, sufficient to mimic the structure of the spherical particle,
and to achieve a proper convergence of the simulation. The band position of both the simulated
spectra shows an excellent agreement with the observed one. For particles with a size much
smaller than the wavelength of the incident radiation, the quasi-static approximation is used.
Therefore, the observed LSPR band centered at 540 nm is attributed to the dipolar distribution of
the polarization charges. Because of the particles size distribution in the measured sample, the

observed band width is larger than the modeled ones.

5.2 Conclusions

Gold nanocomposite materials have been prepared by using different photochemical
methods to reduce the gold precursor in the presence of the polymer matrix (PMMA). The
reducing methods have a significant effect on both the size and the shape distribution of the gold
nanoparticles. The microwave-synthesized composite showed a uniform distribution of spherical
nanoparticles, while a large number of triangular particles can be seen as a result of UV
irradiation. The size and the shape distribution of the nanoparticles can be improved by thermal
treatment (annealing process) of the nanocomposite films. The annealing process at moderate
temperature increases the mobility of the polymer chains and, therefore, the nanocomposite films
undergo a re-organization process of the surface particles. This increases the particles surface
density and hence, more particles will sense the change in the surrounding medium. The sensing
capability of annealed samples has been tested and then compared to that of non-annealed
samples. The results show that, for both samples, the band position of Au-LSPR is red shifted
linearly with the refractive index of the dielectric medium. In the annealed samples, the surface
density of gold nanoparticles is highly increased, and, under these conditions, the

nanocomposites show an enhanced sensitivity toward the surrounding molecules.

Altering the host medium and the reduction process of the gold chloride significantly
affects the optical response and the stability of the gold nanoparticles. In the next chapter, the

optical properties of gold nanoparticles are studied in the presence of another host polymer
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(gelatin). The reduction of the gold salt is achieved chemically by using a strong reducing agent
(sodium borohydride). The released hydrogen gas due to the reduction process may affect both
the effective refractive index of the host medium and hence the band position LSPR of the gold

nanoparticles and their stability. This is the main issue to be explored in the next chapter.
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CHAPTER SIX

Optical and surface properties of gold— gelatin bio-nanocomposite

films

In the previous chapter, the optical properties and the sensing capability of Au-PMMA
nanocomposite films have been studied. The nanocomposite materials were prepared by using
different reduction methods, either thermally or by irradiation. Changing the host material
(adsorbed molecules on particle surface) and the reducing method of the metal salt, introduce a
useful method for optimizing/controlling both optical response of the nanoparticles and their
stability. In the current chapter, a natural polymer is used to prepare gold nanocomposite
materials. The reduction methods will be achieved chemically by using sodium borohydride as a
reducing agent. The borohydride is considered as a hydrogen gas (H;) source. The presence of
the H, in the particles’ environment will affect the effective refractive index of the surrounding
medium and hence the optical response of the nanoparticles. On the other hand, the gas can be
trapped inside the polymer film which results in formation of surface bubbles. This chapter aims
at exploring the influence of two-state environments on the stability of gold nanoparticles and the

morphological features of gold —gelatin nanocomposite.

The polymers are classified either as synthetic or natural polymers. Examples of the man-
made polymers are polystyrene, polyethylene and nylon. The natural or bio-polymers are
indirectly available in the nature and can be extracted from the micro-organisms, plants, and
animals. One of the most abundant bio-polymer is proteins, nucleic acids, starch, cellulose,

gelatin and chitin.

In general, the synthetic polymers are used to prepare metals nanocomposite materials as
the one described in the previous chapter. Recently, a new class of composites, called
BioNanoComposites (BNC) has emerged. The BNC is a bio-based nanocomposite material
where the bio-polymers are used to stabilize the metal nanoparticles against the aggregation.
Under certain conditions, the natural polymers can be used to reduce the metal salt (the green

synthesis of metal nanoparticles) [66, 136]
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Gelatine is water-soluble polypeptide (protein), it is derived from water—insoluble
collagen by the hydrolysis. The protein precursor (collagen) is abundant in animals' skin, bones
and tissues. The collagen is mainly consisted of three different a-amino acids (glycine, proline,
and hydroxyprolinethe) in a triple-helix structure. Due to the presence of both acidic and basic
charged functional groups (-NH2, -SH and -COOH), the gelatine can interact with noble-metal
nanoparticles. In principle, because of its steric properties, the gelatin is used as a stabilizing
agent. Gelatin-BNCs with well-dispersed gold nanoparticles have been successfully synthesized
[137] .The average size of the nanoparticles can be controlled by altering the gelatin to the gold

chloride molar ratio.

One of the versatile inorganic reducing agent widely used in chemistry is the sodium
borohydride (NaBH4). Mixing the borohydride with water or alcohol decompose the reductant
into hydrogen gas and borates. Under controlled catalytic reaction, the borohydride is used as a
hydrogen source for engine/fuel cell systems [138]. It has been used as a foaming agent
(hydrogen bubbles) in rubber composites to control their mechanical and chemical properties

[139].

The nanoscale gas phase at the interface between the water and the hydrophilic surface has been
proved experimentally by using AFM [140-141]. The existence of the interfacial nanobubbles
has been used to understand the nature of the long-ranged hydrophobic force [142].
Theoretically, Due to the high pressure within the surface bubbles, the gas pressed out and they
collapse in less than 100 ms [143]. Taking into consideration the effect of surface counter-ions
density, the lifetime of the bubbles is extended to days or even months. The surface tension tend
to reduce their surface area and hence the corresponding volume. The surface charges can count

the surface tension until the equilibrium state is reached and hence the stability.

Nanobubbles have been used as templates to form hollow gold nanoparticles [67] and core-shell
nanoparticles [68]. It has been shown that, next to the tremendous scientific interest attracted by
nanobubbles, they have also a great potential for applications such as nanofluidics, ultrasound
diagnostics, gaseous drug delivery, etc. For a comprehensive review on nanobubbles, see ref.

[144-154].
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Gold suspensions are prepared by using an excess of borohydride to reduce the gold ions.
The reaction takes place with the formation of gold nanoparticles and a large amount of gaseous
hydrogen. The effect of the borohydride concentration (the bubbles volume density) on both the
stability and the resonance wavelength of the Au-LRPR band is the main point to be addressed in
the first section of the current chapter. The physical mechanism of nanobubble-induced
nanoindents formation is discussed in details in terms of the surface tension. In subsequent
sections, the DDA is employed to find out which relative composition of the surrounding
environment of the gold nanoparticles would better correspond to the observed LSPR band.
Since the nanobubbles are indeed part of the direct environment of gold nanoparticles, it should
be taken into consideration to have a good agreement between the simulated and experimental

position of the band.

6.1 Experimental details

6.1.1 Material and methods

Gelatin from cold water fish skin was purchased from Sigma-Aldrich, sodium
borohydride (NaBH,4) from Fluka and gold salt (HAuCly'3H,0) from Alfa Aesar. All chemical
were used without any further purification. The UV-Vis absorption spectra were measured by
using Perkin-Elmer (model lambda 650) spectrophotometer. The morphology/topography
analyses were carried out on Atomic Force Microscopy (AFM) Model NSCRIPTOTM DPN
system DS006 (Nano INK). The AFM imaging were done by using a silicon cantilever of
rectangular shape with a tip radius <10 nm and stiffness of 52-75 N/ m. The resonance frequency

of the cantilever in air is 200-400 KHz.

6.1.2 Preparation of the gold nanoparticles-embedded gelatin

The aqueous gelatin solution is prepared by dissolving 150 mg of gelatin in 50 ml of DI
water under stirring and heating to 50 °C. After the dissolution, the gelatin solution is cooled
down to the room temperature in the ambient air. An appropriate amount of gold chloride is
dissolved separately in water and added to the freshly prepared gelatin solution under stirring at

room temperature. Finally, a solution of sodium borohydride is added drop by drop to the
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mixture, before bringing the final volume to 75 ml. The solution was then stirred for 15 min at
room temperature and casted on a pre-cleaned glass substrate. Experiments have been performed
by using a molar ratio of 12.5 of sodium borohydride to gold salt. The film was left for

approximately one day to dry in the atmosphere.

6.2 Results and discussion
6.2.1 Optical properties of gold-gelatin nanocomposite and the formation of trapped

hydrogen bubbles

The gold-gelatin nanocomposite is prepared by using the gelatin to stabilize the gold
particles. The borohydride is used to reduce the gold salt in the presence of the gelatin solution.
After adding the borohydride, the color of the mixture turned immediately to red wine, indicating
the formation of the gold suspension. At the same time, a large amount of foam (hydrogen
bubbles) was observed above the colloidal solution as shown in Figure 34.a. The inset in Figure
34.a shows a thin film of gold nanocomposite casted on a glass substrate. The interfacial bubbles
are clear on the hydrophilic surface, the large bubbles are formed due to the

aggregation/coalescent process of the smaller surface bubbles.

The interaction between the gold-gelatin solution and the borohydride is illustrated in the

following equation [146]

Au’*/gelatin + BH, + 3H,0 — Au’/gelatin + B(OH); + 3.5 H,

The gelatin mainly is made from both essential and non essential amino acids. It is a good
source of tyrosine, methionine and lysine. These amino acids are strong electron donor for the
reduction process of the gold anion. Figure 34.b shows typical absorption spectra of freshly
prepared gold-gelatin nanocomposite in both solution and film. The resonance wavelength of
Au-LSPR band is found at 510 nm in the solution and at 522 nm in the film. In the former
measured spectrum, the position of the band corresponds to small nanoparticles with a diameter
inferior to 10 nm [13,94,147]. However, the presence of bubbles surrounding the gold
nanoparticles may influence significantly the position of the band, that is, the nanoparticles may

be larger than the size predicted from spectral data in aqueous solution.
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Figure 34: (a) Suspension of the Au-gelatin nanocomposite with hydrogen bubbles. The inset
shows the nanocomposite film on a glass substrate. (b) UV-Vis absorption spectrum of gold-
gelatin nanocomposite, (black curve: measured in solution directly after synthesis, red curve: in
solution, one month from the synthesis; green curve: solution, 2 months from the synthesis; blue

curve: film on glass).

The gold particles in the nanocomposite show an excellent stability against aggregation
which can be inferred from no change in the resonance frequency of the Au-LSPR band in two
months. The high stability of the nanocomposite is accounted of by the stabilizing effect from the
gelatin. The positive charged gelatin functional group (-NH,) balance the negative surface
charges of gold particles and form gelatin-coated gold particles. As well as, the hydrogen
bubbles have strong effect on the gold nanoparticles stability. They act as isolating agent,
however, at this stage; it is difficult to discriminate between the two effects. The Au-LSPR band
in film is red shifted as compared to the one measured in solution. The deposition of the gold
nanocomposite on the glass substrate disturbs the distribution of the surface electron density.
That results in non uniform electric field across the film and hence decreases the resonance

frequency.

80



6.2.2 Morphological features of the gold — gelatin nanocomposite film with hydrogen

bubble inclusions

Gold-gelatin films were casted from the solution on pre-cleaned glass substrates and left
for 1 day to dry in the ambient air. Optical microscopy is not suitable technique to observe the
morphology of the small bubbles especially when their size is less than the diffraction limit. The
direct evidence of the nanobubbles existence at the water-repellent surfaces comes from the
employment of the AFM in tapping mode. On the other hand, the use of the AFM in the contact
mode is not the effective methods to identify the bubbles and their surface topography because of
the high contact force. That will probably destroy or displace the bubbles. Some results are
reported by using AFM in low contact mode, the images were low in quality and the
discrimination between the real bubbles and the surface contaminations was very difficult. The
use of the AFM in the tapping modes adds more advantages such as the discrimination between
the surface properties of the deposited object and the bare substrate. This ability is represented by
the phase image which is sensitive to the viscosity, the adhesion forces and the surface contrast.
Therefore, the tapping mode is the most reliable AFM modes to characterize the interfacial

gaseous structures.

Well-separated hydrogen bubbles traces of nanometre size (300-400 nm) were produced
on a flat glass surfaces as shown in Figure 35. The bubbles form as a gas state on the boundary
between aqueous solution (in our case, the gelatine solution) and gas phase (hydrogen). The
bubbles’ traces and gold nanoparticles are both distributed non uniformly and the gelatin patches
are connected to each other, resulting in micronized structures. Figure 35 shows gelatin patches,
mostly of circular shapes, with inclusions of bubbles and only a small number of gold
nanoparticles. As well, the image shows that the formed gold nanoparticles are dispersed and
embedded in the gelatin template. It seems that as the film was being dried at the room
temperature, the gold nanoparticles are self-assembled in the polymer matrix instead of forming

an isolated clusters.

In that selected area, the nanobubbles are not stable and they were dissolved because of
their high internal pressure as compared to the atmospheric pressure. According to Laplace

equation, the internal pressure is inversely proportional to their diameter. A bubble of size of 100
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nm would have an internal pressure of 28 atm, it could be not in thermodynamic equilibrium
with the atmosphere as it shown in AFM image. Due to their delicate ephemeral nature, the

applied oscillation amplitude to the vibrated cantilever may cause the tip to break in the bubbles.

LT T T

Figure 35: AFM image of gold—gelatin nanocomposite film on a glass substrate shows the
embedded gold nanoparticles (white dots) in the gelatine matrix. The inset shows the bubbles

trapped inside a gelatin patch.

Figure 36.a shows hemispherical shape microbubbles of non uniform circular cross-section and
they are more or less distributed around one peak (narrow size distribution). The line scan profile
of a selected bubble shows the spherical cap morphology as shown in Figure 36.c. The
microbubbles shown in Figure 36 are well-separated with a good surface coverage. Although, the
bubbles are dissimilar in size, they are in thermodynamic equilibrium with the surrounding
environment. The size distribution is mainly dominated from the bubbles of the moderate size
and the corresponding surface density around 5.12x10*mm™. The Root-Mean-Square (RMS)
roughness of the bare glass substrate measured by AFM is about few nanometres, while the

measured value after the deposition of the nanocomposite film on glass is about 19.8 nm.
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Figure 36: AFM-height image (a) of 120
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The significantly increase in the surface roughness is attributed to the formation of high
topographic domains (microbubbles). Y.Wang et al [ 140] measured the RMS roughness for the
polystyrene coated silicon waver (underlying substrate) in both air and water, and they were 0.22
nm 1.3 nm, respectively. The insignificant increase in the roughness can be inferred for the
generation of soft surface topographic features (nanobubbles). In this experimental observations,
the bubbles sizes were roughly distributed around two peaks (100nm and 50 nm), and the
corresponding bubbles surface densities were around 0.632 x10° mm@and 2x10° mm?
respectively. The difference in the underlying substrate and hence the surface roughness between
the glass and the polystyrene substrate explains the diversity in the bubbles surface populations

and their size distributions. Therefore, the formed bubbles on rough surface are larger in size and

less densely populated as compared to those formed on smother surface [ 148].
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The phenomenon of the bubbles integration on pin-free surface proves their presence, softness
and mobility to form larger domains. The coalescence phenomenon of the bubbles on ultra-
smooth surface has been reported by many research groups [148-150]. The tapping force was
used to dislocate the bubbles and the degree of coalescence is controlled by the tapping
amplitude. In the case of the roughness surface, it is thought that the surface asperities cause the
generation of what called bubbles formation sites (cavities). Due to unfavourable water droplets
penetration to those sites which results in formation gaseous structures. In our case, the tapping
force is kept constant during all the measurement. The existence of the larger bubbles as shown
in Figure 36 can be explained as a natural coalescence of the neighbouring bubbles of moderate

size while the bubbles of very small size would dissolve in the bulk material.

Au-Gelatin matrix

Figure 37: Schematic representation of a bubble formed on the Au-gelatin film.

For more quantitative analysis of the structural parameters (the size and the height
distributions) of the surface bubbles, Figure 37 shows a schematic representation of the geometry
of a spherical cap bubble. The geometrical cross-section of the bubbles is represented by the
Height (H) and the Width (w). The corresponding radius of curvature (R.) of spherical caped
bubbles is defined in terms of both H and W through

R - W /2y +H’
¢ 2H

The contact angle (0.) is given by

0.= sin'[W/2R]
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The bubbles appear in the AFM-topography image is analyzed by using the free grain analysis
software for scanning probe microscopy images (Gwyddion, version 2.20). The software is used
to find the width and the height distribution of the bubbles. The height is defined as the
difference between the maximums and the minimum AFM-tip vertical displacement. While, the
width parameters is the diameter of the circular base of the bubbles. Figure 38 shows the
histograms of both the bubbles width and height. A total of around 700 bubbles were detected
and the histograms are fitted with a Gaussian distribution function with a corresponding mean
value <H> = 60 nm and <W/2> = 400 nm. The mean value of the both R, and 6. are calculated to
be 1363 nm and 17 °, respectively. The extracted structural parameters show a high aspect ratio
(width/height) which reflects the flat-like plat structure of the observed bubbles. Ishida et al
[151] measured the contact angle of the formed bubbles on the hydrophobic surface (silicon
wafer hydrophobized with octadecyltrichlorosilane) in water. He found that 6, is within the range

of 10° to 30°.
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Figure 38: Histogram of (a) bubbles height and (b) Width.

Due to the effect of the AFM tip convolution, the height and width could be imprecisely
estimated. Song et al [152] discussed the influence of the tip’s size (Ryp) on the actual estimation
of the bubbles width, assuming that the apparent bubble height truly represents the measured
one. For the bubbles with R, > H, the nanoscopic contact angle (6,= 180°- 8;) is greater than 90°,
the measured AFM image is acquired by using the tip apex and the effect of its wall on the

imaging process is insignificant. For the other case, where the 6, < 90°, the tip’s side walls is also
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interacted with the bubbles surface which add another systematic error to R, measurement and
hence the H. Therefore, in both cases, the measured (apparent) value of both R, and H should be
modified to include the tip radius effect. Anyhow, the second case is not applicable here because
of the plat-like surface bubbles (<0,> =163°). In all cases, in the current observations, the tip size
(<10 nm) is considered negligible as compared to the estimated R, (=1343 nm). Therefore, no

further correction of the R; and the height is required.

6.2.3 Stability mechanism of the bubbles

The classical thermodynamic theory ensures that the bubbles are not stable and they
should decay and dissolve in time scale of milliseconds. Based on experimental observation,
once the bubbles are formed, they are stable for hours and even for days. Now, the question is
why the bubbles’ lifetime predicated by the thermodynamics is much shorter than the
experimental observed time?

Understanding the mechanical stability of the surface bubbles starts with a deep look into
the equilibrium contact angle (8.). The equilibrium angle is measured at the gas-liquid interface
to the solid substrate and it is evaluated when the free energy at the three phase line is minimum.
The surface tension is affected by the smoothness and the heterogeneity of the solid substrate and
hence affects the measured 0.. The value of 0. falls between the upper value (the advancing

angle) and the lower value (the receding angle).

The macroscopic water drop (another name to angle 6.) on a glass substrate is measured
experimentally by using a goniometer. The 0. value is reported to be close to 51° which is larger
than the calculated one (=17°). The discrepancy between the observed value and macroscopic
calculation of 0, gives a deep insight into the possible stability mechanisms for the bubbles at the

micro- and nano-metric scale.

Many theoretical approaches have been proposed to explain the mechanical stability of
the bubbles. The influence of the bubble contact angle on the bubble size and hence the surface-

bubble contact radius is believed to affect their stability mechanism. Two concepts have been
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suggested to explain their stability. The first concept is the line tension along the base of the
bubble [153], which has been suggested as a special theoretical treatment for a spherical capped
bubble formed on smooth and isotropic solid surface. But in reality, this ideal surface doesn’t
exist and the line tension theory should be extended to include the surface heterogeneity of the
underlying substrate. The concept of the pseudo line tension [153] comes into play to include the
effect of the surface roughness and heterogeneity on the bubbles stability. The deviation between
the measured and the calculated bubbles contact angle is might be attributed to both line tension
and pseudo line tension depending on the bubble size. It is believed that discrepancy results in
increase the value of R.. The latter decreases the inside pressure and hence increase the lifetime
of the bubbles. In despite of, the difference in pressure stills high for their long time stability,

some other factors should be included to understand the constancy method.

As the gas flow out of the bubble due to the enormous internal pressure, the bubbles will
collapse and dissolve in a very short time. If there is an equal inward gas flow from the three-
phase contact line, the bubbles remain intact because of the zero gas exchange rates. Such a
dynamic equilibrium has been suggested by Brenner et al [154] to demonstrate the stability of
the surface bubbles on the hydrophobic surface. According to the second law of the classical
thermodynamic theory, the proposed stability mechanism is metastable state. That implies that
equilibrium state is transitional and the bubbles dissolution will be finally reached. Brenner et al
could not explain the origin of the driving force for the gas exchange process. On the other hand,
the formation of stable surface bubbles on hydrophilic surface like mica and glass has been
observed [155]. On such surface there is no inward gas flux at the contact line due to the absent
of the density depletion layer. Therefore, according to their model, the bubbles are not stable. In
our case, this model is not adequate because a glass substrate has been used as an underlying

surface.

Ducker et el suggested that the contaminations in the water may be responsible for the
bubbles stability. The presence of the contaminant molecules reduce the surface tension and
increase the contact angle measured at the gas phase and hence increase the stability lifetime.
The improper preparing of the solid surface, the insoluble organic contaminants in the solvents

and air are the potential sources for the contaminations. The contaminations could occur during
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mixing the solvent (e.g as in the solvent exchange process) or the imaging process in the AFM

liquid cell, the latter adds one more source of the contaminations.

Another theoretical treatment suggested that the equilibrium steady state originates from
the adsorbed counter-ion layer on the bubbles surface [156]. The effect of the surface charges is
to count for the high surface tension. The repulsion force between like surface charges at the air
interface increase bubbles curvature and hence they tend to increase the bubbles diameter. While,
the repulsion force stretches out the surface, the surface tension acts in the opposite way. The
moment, the two forces are balanced, the equilibrium state is achieved. As the electrostatic
forces decrease inversely with the square of the charges separation, the adsorbed charges
strongly tend to decrease the outward pressure as the bubbles expand according to Laplace
equation. Presumably, the more the bubbles are charged, the more they are stable against

aggregation.

In summary, there is no adopted theory the small bubbles stability and the stability
mechanism is still in question. In our case, the situation is somehow different and more
complicated because of the chemical formation of the bubbles. We believe that many
mechanisms contribute partially to the bubbles stability. The presence of the stabilizing agent

(e.g the polymer matrix in our case) might be able to increase lifetime stability.

6.2.4 Formation of nanoindents

It seems that the formation of the surface bubbles experienced different conditions which
result in distinguished morphologies. Perfectly identical spherical bubbles with smooth profile
are observed, those domains are surrounded by circular rim as shown in Figure 39. This kind of
structure have been observed on ultrathin polystyrene films in water and they were called

“nanoindented structures” [140].

For in detail explanation on how the bubbles can induce the formation of indents on the
gold nanocomposite film, a schematic representation of spherically capped bubble on film

surface and the relevant forces act at the three phase line, is illustrated in Figure 40. The
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nanoindents are induced by the bubbles under the condition of imbalanced relative forces.

Through the evolution of the bubbles, two main forces control the size and the stability of the
bubbles.

Figure 39: (A) 2D AFM topography image of nanoindents, (b) the corresponding 3D image.

The forces are the surface tension (Fy) and the Laplace pressure (P). The former force is
a cohesive in nature and acts tangentially along three phase contact line. The tension force can
be analyzed into two components, the perpendicular force (F1) and the other one acts
horizontally (F||), as shown in Figure 40. The latter component affects the surface extension of
the bubble and cooperatively works with the internal pressure to control the height of the bubble.

In general, both components affect the bubble stability.

~ Gold film

Glass substrate

Figure 40: Schematic representation of a bubble formed on the Au-gelatin film.
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The Laplace pressure is order of magnitude higher than the atmospheric pressure; make
the bubbles in non equilibrium state with the surrounding environment. The high inside pressure
pushes the polymer out to form the rib around the bubbles. During the diffusion process of the
hydrogen gas at the air-gold film interface, the weak interaction between the polymer molecules
enhances the mobility of the polymer chains. As a results of the reduced entanglement in the
matrix, the polymer chains move toward the interface due to both the high pressure and the

perpendicular component of the surface tension.

Figure 41: 3D AFM-height image of stable nanoindents.

The formation of the circular rib around the bubbles affects their size and it appears that
the bubbles shrink. For the bubbles appear in Figure 40, the rim is still attached to the outer
surface of the bubbles and it appears less in height as compared to the bubbles height. The
presence of the rib adds more inward horizontal pressure and hence the bubbles size is reduced.
That increases the gas outflow and increase polymer chains motion outward the interface and
hence increase the rib size. In this case, the rib appears higher than the confined bubble as shown
in Figure 41, which results in well-separated rim structure. The presence of the rib decreases the
bubbles surface area and hence the internal pressure is increased. Because of imbalance net force

in smaller bubbles, that probably causes explosion and forming hollow indents as seen in Figure
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42. While, the high surface tension of the larger bubble encounter for the inside pressure and

hence the equilibrium condition is achieved.

Figure 42 : AFM images of the traces of
nanobubbles (a) that left the surface of the
film (dark holes in the 2D image) and the
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corresponding 3D image (b).(c) 1D scan
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6.2.5 Influence of the bubbles on the gold particles stability

The instable/stable bubbles and the presence of the surface hollow indents add a
remarkable change in the surface topography of the nanocomposite film especially regarding the
gold particles stability. It sounds that the some bubbles have pressed out in many places,
probably during the drying process. That suggests that bubbles have formed inside the thin films
during the diffusion of the hydrogen gas. On the other hand, some of them are still stable and

trapped under the surface of the film. Those stable bubbles somehow are formed deeper inside
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the film and had not the time to reach the surface and explode, before the film dried, as shown in
Figure 43. As well, the image shows a unique intermixing between the craters and the gold
nanoparticles. Even such traces contain few aggregated gold particles; the presence of the gold
particles in the middle of the circular craters provides a distinguished method to preserve the
particle for long period of time. In this case, the formation of the empty indents on surface of

gelatin becomes a kind of receptacle for nanoparticles.
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Figure 43: 3D AFM-height image, the scan size is 10.2 and 6.2 micron for image a and b

respectively, Gold nanoparticles appear sparks in the images.

The Figure 43.b shows the entrapment of single nanoparticles of size around 50 nm
inside the craters. We believe that the bubbles, in their way to the surface, draw the nanoparticles
and carry them along. By controlling the diffusion of the bubbles, it becomes possible to carry
and deposit nanoparticles at well-defined places, that is, to pattern the surface of the film. As it
can be seen in the Figure 43, some of the traces are empty, meaning that the bubbles left the film
without meeting nanoparticles. The size of the bubbles in this image are around 150 nm
compared to around 300 nm to the ones shown in Figure 43.a. It sounds that the size of the

craters controls to some extent the number of the entrapped gold particle.
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6.2.6 Simulation of the optical properties of gold — gelatin nanocomposite films with

hydrogen bubble inclusions using DDA

DDA is employed to model the absorption spectrum of the Au-LSPR band and then
compared to the observed one in the gelatin aqueous solution. In all the simulations, the inter-

dipole separation was kept constant at around 1 nm, giving a total of 34000 dipoles per target.
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Figure 44: DDA simulation of the optical properties of gold nanoparticles of size of 50 nm
embedded in gelatin. The green curve shows the experimental band (520 nm) and the others
show the position of the bands by assuming different refractive indices to simulate the
environment.

Figure 44 shows the position of the Au-LSPR band assuming several values for the refractive
index of the environment surrounding the gold nanoparticles. When the gelatin (n = 1.5) and the
water (n = 1.33) are considered separately, do not correspond to the real host material. The
calculated plasmonic band appears to be red shifted compared to the observed band. The

hydrogen bubbles present in the real environment lower the effective refractive index and, for
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this reason, the best agreement with the experimental spectrum is found by assuming a

hypothetical value (n=1.2) which is lower than both that of gelatin and water.
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Figure 45: DDA simulation of the position of the Au LSPR band (black curve) by assuming n =

1 (air); red curve: experimental spectrum (510 nm).

The experimental Au-LSPR band measured in solution which corresponds to a
nanocomposite prepared with a large excess of sodium borohydride, which is of hydrogen
nanobubbles is illustrated in Figure 45. By lowering even more the refractive index of the
environment and assuming that the gold nanoparticles would be surrounded by air, a good
agreement between the simulated and experimental positions of the band is found. From this
result it can be inferred that, in the nanocomposite film, there is a large amount of nanobubbles

surrounding the gold nanoparticles.
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6.3 Conclusions

Gold—gelatin nanocomposites have been prepared by using sodium borohydride as a
reducing agent. The reduction process yields to formation of the gold nanoparticles with a large
amount of hydrogen bubbles. The geometry of the bubbles is mainly represented by
hemispherical shapes. Different morphologies are also found such as holes (pores or exploded
bubbles) and indentic structures. The bubbles are entrapped in the polymer films during the
drying process of the nanocomposite material and they form stable interfacial gas domains. The
cone-shaped gelatin features provoked by the raising bubbles may be interesting in the future for
patterning applications. On the other hand, some bubbles are formed very close to the sample
surface and they are exploded after the film is dried. The traces left behind the exploded bubbles
become receptacles, convenient to hold the gold nanoparticles carried by the bubbles on their
way to the surface of the drying film. To some extent, the size of the traces controls the number
of the entrapped gold particles. Small traces contain one nanoparticle while larger cavities may
have 2-3 or more nanoparticles. The presence of the gold particles in the middle of the circular
craters provides a distinguished method to preserve the particle for long period of time against
the natural process of aggregation. Other interesting applications of this system may be for
micro- and nanofluidics and drug release may also be possible. However, more work is necessary
to better control the reaction in order to synthesize a nanocomposite for a specific application. It

is thought that a microfluidic environment would be advantageous for this purpose.
Interestingly, DDA simulation of the optical properties points to the gaseous bubbles as

being the major part of the nanoparticles’ environment when a large excess of sodium

borohydride is used for the synthesis, that is, a large amount of hydrogen is formed.
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CHAPTER SEVEN

Conclusions

7.1 Modeling the optical properties of metallic nanoparticles

7.1.1 Spherical nanoparticles arranged in planar arrays

The extinction spectrum of metallic nanoparticles has contributions from both the
absorption and the scattering properties. For nanoparticles smaller in size (few tens of
nanometers), the absorption cross-section is mainly contributed to the extinction one. The

scattering properties become dominant as the particle size increases.

Due to the uniform distribution of the polarization charges over the surface of isotropic
particles, their extinction spectra show the excitation of single PM. The spectral characteristics of
spherical particles may exhibit both LM and TM as they are brought in contact. The plasmonic
coupling between the interacting particles distributes the negative clouds non uniformly over the

cluster surface and hence increases the anisotropy in their optical response.

The DDA is employed to model the absorption efficiency for silver and gold nanoparticles
arranged in monolayer 2D arrays of different sizes. The size of the array is controlled by the
number of nanospheres used to generate the target. The results of the simulations show that the
optical response for both metals (silver and gold) is size dependent such that the amplitude of the
LSPR band increases with the size. The band position of both silver particle modes is shifted
toward each other as the target size decreases and they overlap when the smallest array is
considered. In the case of gold nanoparticles, the resonance wavelengths of both longitudinal and
transverse band are very close, resulting in excitation of a single band. Both plasmon modes can

be distinguished at the extremes of the incident angle.
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7.1.2 Single oriented nanoparticles of different shapes (multi-fold symmetry)

The optical properties of three selected anisotropic particles (nanocube, nanobar and
nanoellipsoid) have been modeled by the DDA methods. These particle shapes are among the
most interesting shapes due to many observed PMs in the visible region. The result of simulation
show the possibility of excitation of simultancous PMs. Different dipolar PMs have been
observed under illumination of p-type light and at specific incident angles. The observation of
this unique optical response is also dependent on the type of metallic nanostructures. For
example, the nanocube has several symmetry axes, thus it is expected that the absorption
spectrum exhibits several plasmonic bands. It seems, however, that the band positions of gold
nanocube modes are very close to each other making them indistinguishable, resulting in the
excitation of a single broadened band. In the case of silver nanocube, the plasmonic bands which
correspond to the multifold symmetry are well separated, resulting in the excitation of more than
a single band. The excitation of the Ag-LSPR modes always occurs at higher energy as
compared with the ones calculated for the gold particle. In general, the distribution of the
polarization on the corner of the nanocube increases the separation between the negative/positive
charges, leading to a red shift in the band position of the LSPR mode as compared to a spherical

particle of the same size.

The number of excited PM is related to the number of symmetry axes. The geometrical
parameters of nanobar are mainly represented by two main axes. The absorption spectra of an
oriented nanobar exhibit two PMs. Due to the oscillations of the polarization charges parallel
and perpendicular to the main axis of the nanobar, both TM and LM are observed. Due to non-
uniform cross-sectional area of the ellipsoidal particle, its structure is characterized by three main
axes. The optical response of the metallic ellipsoidal nanoparticle is quite specific when
compared to other nanoparticle morphologies due to the possibility of three different LSPR
modes (one LM and two TMs). These modes are associated with the electronic fluctuations
along each symmetry principal axis. The possibility of observing distinct plasmonic bands

depends on the orientation of the particles in both the lab and the target frames.
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The band position of the excited PM is controlled by the length distribution of the
symmetry axis and hence the separation of the opposite charges. The band position of the PMs
depends linearly on the axis length in both metals (gold and silver). Increase in the axis length
results in a red shift of the PM band position. The Au-PMs are relatively more broadened when
compared to the ones found for silver nanoparticles. For both metals, the LM shows a stronger

dependency on the length distribution of the axis as compared to the TMs.

The calculations done in this thesis have contributed to a better understanding of plasmon
resonance modes that can be observed in actual experimental particles, particularly regarding
conditions in which the modes can be produced. These particle optical properties, among other

things, are strongly dependent on their size as well as their shape.

7.2 Effect of the host material on the optical properties of gold nanoparticles
7.2.1 Gold-Poly(methyl methacrylate) nanocomposite material

Au-PMMA nanocomposites have been prepared by using three different photochemical
methods (UV exposure, microwave irradiation and thermal reduction) specifically, for sensing
applications. The synthesis was carried out by irradiation of a spin-coated film containing a
mixture of gold precursor (HAuCls) and poly(methyl methacrylate) dissolved in acetone. It is
found that the microwave-synthesized composite showed a uniform distribution of spherical
nanoparticles, while a large number of triangular particles can be seen as a result of UV
irradiation. The sensitivity of the band position of Au-LSPR toward the refractive index of the
surrounding material has been tested for non-annealed samples and then compared to that of
annealed ones. For both annealed and non-annealed samples, the resonance wavelength is
linearly shifted with the refractive index of the dielectric medium. As-prepared nanocomposites
lacked sensitivity toward the surrounding environment. Annealing at 300 °C, temperature well
above the glass transition temperature, brought about an important change in the structure and
properties of the nanocomposite. It is inferred that in the rubbery state of the nanocomposite, the
interactions between the gold and the polymer chains are weakened and, at the same time, the
mobility of gold nanoparticles is augmented. The results show that, in the annealed samples, the

surface density of gold nanoparticles is highly increased. Under these conditions, the
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nanocomposites show an enhanced sensitivity toward the surrounding molecules. The results
also indicate that, by using an adequate post-synthesis heat treatment, gold-polymer

nanocomposites can be successfully used as sensing platforms.

7.2.2 Gold-gelatin nanocomposite material

Gold—gelatin nanocomposites were prepared by using sodium borohydride as a reducing
agent. The reduction process of the gold salt is combined with the generation of a large amount
of hydrogen bubbles. The presence of bubbles in the film engenders a number of interesting
optical properties and morphological features that are useful for future applications. For example,
the large traces left behind by the exploding bubbles are thought to become receptacles,
convenient to hold the gold nanoparticles carried by the bubbles on their way to the surface of
the drying film. Also, the cone-shaped gelatin features provoked by the raising bubbles may be
interesting in the future for patterning applications. Application of this system for micro- and
nanofluidics and drug release is also possible. However, more work is necessary to better control
the reaction in order to synthesize a nanocomposite for a specific application. It is thought that a
microfluidic environment would be advantageous for this purpose. Interestingly, DDA
simulation of the optical properties points to the gaseous bubbles as being the major part of the
nanoparticles’ environment when a large excess of sodium borohydride is used for the synthesis.
The results of this work are highly relevant to the new and exciting field of micro- and

nanobubbles at surfaces and interfaces of films.

7.3 Future perspectives

We have studied the optical properties of gold and silver nanoparticles both theoretically
and experimentally. The initial simulations given here are considered as a critical step for tuning
the LSPR modes of both isolated and assembled nanostructures. Technical applications of metal
nanoparticles normally require incorporating an assembly of these nanostructures of different
size and shape distributions with a good control over the inter-particle separation. Thus
understanding the optical behavior of an isolated nanoparticle and the effect of the coupling

between the LSPR of nearby particles is needed. More work is required to study the optical
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properties of multi-fold symmetry particles arranged in both 2D and 3D arrays on specific
substrates. The systematic variation in geometrical parameters, orientation and inter-particle
coupling will be useful for designing/ minimizing the active plasmonic device for optical
components in nanoscale devices in specific applications of nanophotonic and nanomedical

applications.

Based on the anisotropic optical features (e.g. several hot spots and absorbance of the
incident light at different wavelengths in the UV-Vis region) of many-fold symmetry particles, it

will also be of great interest to incorporate these structures in

1- Surface-Enhanced Raman Scattering (SERS) systems to improve the detection and
characterization capabilities down to single-molecule level.

2- Plasmonic solar cells to examine their ability to increase the photoelectron generation and
hence the energy conversion efficiency. In this context, light trapping using particles of

various shapes and concentrations is of particular interest.

Simultaneous excitation of several PMs might be useful in bio-sensing applications. Using
anisotropic nanoparticles for biosensing may add more information about the spatial adsorbances
of molecules. This can be monitored by the change of the resonance wavelength along specific

symmetry axis.

The experimental work presented here to study the effect of the surrounding material on
the optical properties of the metallic nanoparticles can be extended to include different polymers
and metallic particles. The diversity of both the nanoparticles and the host material might be
useful to prepare a novel material of unique physical, chemical and optical properties. It will be
interesting to study the influence of the annealing temperature (above and below the glass
transition temperature of the polymer) on the surface particles density and hence on the sensing

capabilities of the nanocomposite films.

The optical properties and morphological features in the gold-gelatin nanocomposite

material show an inclusion of the stable/unstable surface bubbles in the nanocomposite films.
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These interesting surface properties might be useful for patterning applications. However, more
work is necessary to better control the reaction in order to synthesize a nanocomposite for these

applications. Possible future work is summarized below:

1- Controlling the gas diffusion and hence the nucleation rate of surface bubbles. This might
be achieved by drying the nanocomposite films at different temperatures.

2- Better control of both size and shape distribution of bubbles might be achieved by the
synthesis of the nanocomposite materials by using a micro-reactor.

3- It has been proved that hydrogen bubbles contribute significantly to the surrounding
medium of the nanoparticles. It will be interesting to investigate the effect of bubbles on

the shape and size distribution of nanoparticles.
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