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Abstract

Keywords: Metasurface, Optical Resonators, Emulsions, Huygens Scatterers.

Optical metamaterials are artificially structured materials engineered to exhibit ex-
traordinary electromagnetic properties which are not accessible to naturally occurring
materials. Metamaterials are typically composed of an assembly of repeating units called
‘meta-atoms’ or ‘resonators’. These artificial structures have the capability to control the
light propagation by tuning the amplitude, the phase and/or the polarization of the prop-
agating beam. Resonators can also be arranged into thin sub-wavelength layers to cre-
ate a metasurface (MS), which is a two dimensional analog of a 3D metamaterial. Due
to their miniaturized size, MS have the advantage to diminish losses and can be incor-
porated into nanophotonic systems. The optical functionalities of MS depend upon the
structural parameters of the resonators. With the help of simulations, different designs

for the resonators have been proposed and also experimentally realized.

Simulations performed within the Metamaterials group at CRPP have shown that an
assembly of N gold nanoparticles (NPs), of diameter dyp distributed quasi-homogeneously
within a spherical volume of radius R of a so called NP-cluster, can potentially be used to
create ‘Huygens MS’. The functioning of such devices are based on the Huygens-Fresnel
principle and can be used to achieve directional scattering properties. The main objec-
tive of this thesis is to establish an experimental method to produce these clusters and to

study their optical properties.

This thesis can be divided into two main parts. In the first part, we detail the fabri-
cation technique which was used to synthesize clusters made of gold nanoparticles. The
technique involved emulsifying a suspension of gold nanoparticles in water into an oil
phase using adapted surfactants. This step is followed by the controlled evaporation of
the water from the droplets under low pressure. The surface of the gold nanoparticles
were previously functionalized in order to retain their surface plasmon resonance prop-
erties in the final assembly. The control over the size of this grafted layer provided an
additional lever to control the structure of the clusters, investigated using small angle x-
ray scattering (SAXS), and more particularly their internal gold volume fraction f. Both
the values of f and of the cluster radius R are shown to strongly influence their resulting
optical properties. Doing so, we synthesized clusters with radius around 100 nm, and var-
ied their volume fraction f from roughly 20 to 50%. The structures of these clusters are
also investigated using both transmission electron microscopy and cryogenic transmis-

sion electron microscopy.

Attempts to achieve a better control of the initial emulsions size and size distributions
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using microfluidics are also presented in the manuscript. However this method suffers

from many technical difficulties which were not all overcome during this thesis.

The second part of the thesis focuses on developing a variable angle polarization re-
solved static light scattering setup to study both the spectral and angular scattering prop-
erties of suspensions of the synthesized clusters. The data measured using this setup was
analysed and also compared to theoretical calculations and simulations. The influence
of the size R and the volume fraction f of the clusters on their scattering properties were
experimentally measured and compare qualitatively well with simulations. The presence
of electric and magnetic multipoles and their contribution to the scattering properties are
experimentally demonstrated. We also show that the synthesized clusters with radius =

120 nm and volume fraction = 0.3 exhibit exceptional directional scattering properties.



Résumé

Mots-clés: Métasurface, Résonateurs optiques, Emulsions, Diffuseurs de Huygens.

Les métamatériaux optiques sont des matériaux structurés artificiellement qui présen-
tent des propriétés électromagnétiques extraordinaires qui ne sont pas accessibles aux
matériaux naturels. Les métamatériaux sont généralement composés d'un assemblage de
petites unités appelées ‘méta-atomes’ ou ‘résonateurs’. Ces structures artificielles permet-
tent de piloter la propagation de la lumiére en modifiant, de facon controélée, I’amplitude,
la phase et/ou la polarisation du faisceau incident. Les résonateurs peuvent également
étre disposés en couches minces, c’est-a-dire de taille ‘sub-longueur d’onde’, pour former
ce que I'on appelle alors une métasurface (MS). Il s’agit ainsi d’'un analogue bidimension-
nel d'un métamatériau 3D. En raison de leur tres faible épaisseur, les pertes, inhérentes a
tous phénomenes de résonances, y sont tres limitées et ces structures peuvent étre minia-
turisées et incorporées dans des systemes nanophotoniques. Les fonctionnalités optiques
des MS dépendent des parametres structurels des résonateurs. A I'aide de simulations
numériques, des résonateurs de différentes structures internes ont été proposés et réal-

isés expérimentalement.

Ainsi, des simulations réalisées au sein du groupe Métamatériaux du CRPP ont mon-
tré qu'un assemblage de N nanoparticules d’or (NPs), de diametre dyp distribuées de
maniére quasi homogeéne dans un volume sphérique de rayon R, appelé par la suite ‘clus-
ters, peut potentiellement étre utilisé pour créer ce que 'on appelle des ‘MS de Huy-
gens’. Le fonctionnement de tels dispositifs est basé sur le principe de Huygens-Fresnel et
peut étre utilisé pour obtenir des propriétés de diffusion directionnelle. L'objectif princi-
pal de cette these est d’établir une méthode expérimentale pour produire ces clusters et

d’étudier leurs propriétés optiques.

Cette these peut étre divisée en deux parties principales. Dans une premiere partie,
nous détaillons la technique de fabrication qui a été utilisée pour synthétiser ces clus-
ters de nanoparticules d’or. La technique consistait a émulsionner une suspension de
nanoparticules d’or dans I’eau dans une phase huileuse a I’aide de tensioactifs adaptés.
Cette étape est suivie de I’évaporation controlée de I'’eau des gouttelettes sous basse pres-
sion. La surface des nanoparticules d’or a été préalablement fonctionnalisée afin de con-
server leurs propriétés de résonance plasmonique de surface dans I’assemblage final. Le
controle de la taille de cette couche greffée s’est avéré ensuite constituer un levier sup-
plémentaire pour controler la structure des clusters, étudiée par diffusion des rayons X
aux petits angles (SAXS), et plus particulierement leur fraction volumique interne en or
f. Ainsi, nous avons montré que les valeurs de f et du rayon R des clusters influencent

fortement leurs propriétés optiques résultantes. Ce faisant, nous avons synthétisé des



clusters de rayon environ égal a 100 nm et de fraction volumique f comprise entre env-
iron 20 et 50 %. Les structures de ces clusters ont été également étudiées en utilisant a
la fois la microscopie électronique a transmission et la cryo-microscopie électronique a

transmission.

Des tentatives pour obtenir un meilleur contréle de la taille et de la distribution en
taille des émulsions initiales, réalisées en microfluidique, sont également présentées dans
le manuscrit. Malheureusement, les nombreuses difficultés rencontrées lors de I'utilisation

de cette technique n’ont pas pu étre surmontées au cours de cette these.

Dans la deuxieme partie de la these, nous avons développé et utilisé un montage
de diffusion statique de la lumiere a angle variable pour étudier a la fois les propriétés
de diffusion spectrale et angulaire des dispersions de clusters synthétisés. Les données
obtenues ont été analysées et comparées a des calculs théoriques et des simulations.
Linfluence de la taille R et de la fraction volumique f des clusters sur leurs propriétés de
diffusion a été mesurée expérimentalement et se les résultats obtenues sont qualitative-
ment bien décrits par les simulations numéraiques. La présence de multipoles électriques
et magnétiques et leur contribution aux propriétés de diffusion sont démontrées expéri-
mentalement. Nous montrons également que les clusters synthétisés de rayon =~ 120 nm

et de fraction volumique = 0,3 présentent des propriétés de diffusion directionnelle.
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Summary: In this introductory chapter we first briefly discuss on the concept of meta-

materials and metasurfaces. We then describe the structure and outline of this thesis.
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0.1 Introduction

Nanophotonics, a branch dedicated to study the behaviour of light when it interacts with
matter on the nanometer scale, has garnered a lot of attention due to its capability to ma-
nipulate light in the subwavelength regime. It offers a wide scope of applications in imag-
ing, sensing, photodetection, lighting and displays, communications, opto-electronics,

etc.

A new branch of nanophotonics dedicated to metamaterials (MMs) has seen many de-
velopments in the recent years. MMs are artificial materials composed of repeating units
of nanostructures called meta-atoms organized in a matrix. The fundamental properties
of MMs involve the manipulation of light propagation by controlling both the electric and
magnetic responses of a material to light. Although the electric response of a material to
light is ubiquitous, the magnetic response is negligible in natural materials. That is, at
optical frequencies, the magnetic permeability (p) of all natural materials is set to p = 1.
Artificial materials, which can present a strong magnetic response to the electromagnetic
radiation, are interesting to increase the capability of light modulation. The presence of a
magnetic polarizability in addition to the electric, indeed paves the way to many ground-
breaking electromagnetic phenomena such as negative refractive index, invisibility cloak-
ing, perfect absorption, artificial chirality... etc, which are not available with conventional

and natural materials.

Although many promising applications may emerge from this concept, optical MMs
are challenging, time consuming and often expensive, to produce at large scales due to
their structural complexity and nanometer lengthscales, that require 3D high-tech nanofab-
rication methods. Moreover, they usually present high dissipation losses, making it im-

practical for light to propagate through a bulk portion of the MMs.

Metasurfaces (MSs) are the two dimensional analogs of MMs and, due to their sub-
wavelength thickness, exhibit much less dissipation losses. MSs are built by arranging
nanostructures termed as nanoresonators or meta-atoms onto a thin, sub-wavelength
layer. Both top-down and bottom up techniques have been used to build such struc-
tures. Top-down fabrication methods, such as lithography and nanoprinting have been
successfully implemented to fabricate MSs. However, if these techniques allow for the re-
alization of experimental devices with a very high degree of precision in their structure,
they also present the important drawback of being both rather expensive and time con-
suming, which precludes the fabrication of large areas of materials. Thus, the bottom-up
approach based on wet-chemistry and self-assembly processes do present a good alterna-
tive for the fabrication of MSs. MSs can thus be used to overcome the challenges of a large
volume MMs and allow optical funtionalities that are difficult to attain with conventional

optical devices.

The optical functionalities attained using MSs depend upon the geometrical param-



GENERAL INTRODUCTION

eters such as shape, size as well as the distance between its building units (meta-atoms).
Different designs of meta-atoms have been proposed with the help of simulations. Some
of these designs have been successfully produced using wet-chemistry processes. These
designs include plasmonic raspberries [1], plasmonic dodecapods [2], high refractive in-
dex materials such as silicon nanoparticles [3] etc. These structures demonstrated low to

moderate magnetic response to the electromagnetic wave.

0.2 Aim and structure of the thesis

0.2.1 Motivation

The above mentioned optical resonators, although possessing a large magnetic response
to the electromagnetic wave, are difficult to fabricate and requires multiple steps to yield
very few objects. In this thesis work, we aim to establish a fabrication technique capable

of producing larger quantities of resonators which can potentially be used to build MSs.

In this project, we were interested in fabricating resonators which can further be used
to build what is called a “Huygens MS”. The functioning of Huygens MSs is based on the
Huygens-Fresnel principle which states that every point in space that receives an elec-
tromagnetic wave becomes a secondary source for the outgoing waves. Analogous to the
Huygens concept, each resonator on a Huygens metasurface will scatter the incident wave
forward and thus act as a secondary source of wavelets. The new wavefront is the com-
bination of all the secondary wavelets and therefore by engineering the resonators phase
response, one can manipulate the phase of new wavefronts. These resonators, therefore

will have the potential to give rise to directional scattering properties.

For this purpose a new design of meta-atoms consisting of NP clusters proposed by
Rockstuhl et al. [4] and Dezert et al. [5] was considered. The design proposed by Dezert
et al. ([5]) consists in an assembly of N nanoparticles (NPs) of diameter dyp distributed
quasi-homogeneously within the spherical volume of radius R of a so-called NP-cluster.
The study showed that interesting optical properties are obtained if the constituting NPs
are either plasmonic (metallic NPs) or of a high refractive index (silicon or titanium diox-
ide for instance). In such cases, the optical index of the NP clusters can be tailored by

varying the cluster filling fraction f = N(dnp/2R)3.

Assembly of NPs into dense clusters has been achieved using different colloidal as-
sembly routes such as block copolymer self assembly [6], hydrophobic interactions [7] for
example. In this project, we choose to use an inverse emulsion ripening process via dehy-

dration of water droplets containing gold NPs, to produce these clusters in large quantity.
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0.2.2 Thesis outline

The aim of this PhD project was therefore to synthesize these gold NP clusters and to study
their optical properties using a polarization resolved static light scattering technique.

The detailed outline of each chapter are given below:

e Chapter 1: In this chapter we first aim to provide a complete understanding of the
electromagnetic properties of different materials, starting with the optical proper-
ties of bulk matter and later on optical properties of nanomaterials. We also elabo-
rate on the potential influence of metamaterials and metasurfaces in the field of op-
tics. This chapter also aims at providing a detailed bibliographic study on different
resonators, their fabrication and the optical characterization techniques employed

to study their optical properties.

e Chapter 2: The aim of this chapter is to introduce all the experimental techniques
and provide a brief background on the analytical tools used to characterize the sus-
pension of resonators. We also provide a detailed description of the analytical tech-
niques used to characterize all the samples. Finally, we introduce the fabrication

technique employed to synthesize the resonators.

e Chapter 3: This chapter provides a detailed description of the formulation route
employed to synthesize clusters of gold nanoparticles. The first part of this chap-
ter focuses on the bulk emulsion formulation and the ripening of water droplets to
form the final clusters. We also detail on the different parameters that influence the
structure of the gold NP clusters. The influence of different experimental param-
eter on the cluster structure is shown using SAXS and electron microscopy. In the
second part of this chapter, we detail on the droplet based microfluidic technique

used to produce monodisperse emulsion.

e Chapter 4: This chapter is dedicated to the study of optical properties of the syn-
thesized clusters. We first introduce the experimental setup used to study the op-
tical property. We then show the influence of the cluster structure on their optical
properties. This chapter also attempts to compare the experimental and simulation
data.

¢ General conclusion and prospects: In this conclusion we summarize the main re-
sults and achievements of this thesis and highlight possible research directions that

would be worth exploring in the future.
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Summary: The aim of this chapter is to introduce basic optical concepts of materi-
als and further elaborate on the emergence of optical metamaterials and metasurfaces.
This chapter also provides a brief summary on fabrication of different materials to cre-
ate a metasurface and discusses the different methods that have been employed in the

literature to study their optical properties.
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1.1 Optical Properties of Materials

1.1.1 Optical properties of bulk materials

The optical properties of a material define its response to light in terms of propagation
and absorption. The interaction between light, which is composed of an oscillating elec-
tromagnetic field (EM), and matter is dominated by forces exerted by the incident electric
(and magnetic) field on the electric charges of the atoms of the materials. The interaction
and propagation of electromagnetic radiation within matter is macroscopically described
by Maxwell’s equation, a set of four equations postulated by James Clerk Maxwell, which
defines the spatial and temporal characteristics of electric and magnetic fields. Maxwell’s

Equations for EM fields in matter are shown below:

OB
VxE= ~3; (Faraday’s law of induction) (1.1a)
VB=0 (Gauss’ law of magnetism) (1.1b)
VD=p (Gauss’ law of electricity) (1.1c)
oD
VxB=J+ m (Ampere’s law) (1.1d)

These equations describe the interrelationships between fields, source and material
properties. The first two equations (1.1a) and (1.1b) are structural equations of the EM
field and the last two equations (1.1c¢) and (1.1d) connect the fields to fixed or mobile
charges. Here, E, B, p and J denotes the electric field [V.m '], magnetic flux density
[T], electric charge density [C.m~3] and the electric current density [A.m~?] respectively.
D and H are electric displacement [C.m™2] and magnetic field strength [A.m™1], they
describe the polarization of the material in response to E and B respectively. Hence,

Maxwell’s equation establishes a connection between E and B.

The electric component of the EM wave displaces the electrons in an atom (in case of
bound electrons) to form an electric dipole which oscillates with the same frequency as
the incident field. Therefore each atom becomes an electric dipole with a dipole moment
‘p. These dipole moments scatter light in all directions and the scattered light depends
upon the shape, size and composition of the irradiated material [1]. The dipole moments
add up to create a macroscopic net polarization ‘P’ which is defined as the average dipole

moment per unit volume. The relation between P and E is given by Equation 1.2

P=¢,x.E (1.2)

where, €, is a fundamental constant known as permittivity of vacuum (e, = 8.854 x

1072 Fm.™!) and ¥, is a dimensionless proportionality constant known as electric sus-

8
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ceptibility of matter. The electric polarization contributes to the electric displacement as

expressed in Equation 1.3.

D=¢,E+P=¢,(1+X)E (1.3)

This defines the dielectric constant € of the bulk matter as:

e=1+Ye (1.4)

€ and X, are constant values for any bulk material under consideration. In the presence
of free electrons in the bulk material (for example metals), E causes additional electric

current with current density J, which is defined as shown below:

ICZGE (15)

where ], and o represents current density due to conduction electrons and conduc-

tivity [S/m] of the material respectively.

Similarly to the electric field E, the magnetic field H induces magnetic dipole in the
bulk matter resulting in the magnetic polarization ‘M’ which can be defined as the average
magnetic moment per unit volume. The M contributes to the magnetic flux density as

shown in Equation 1.6.

B=pM+poH=po 1 +xp) H=ppu,H (1.6)

where, |1, is once again a fundamental constant known as permeablity of vacuum with
Wo = 410~/ [H.m™1], x,n is the magnetic susceptibility and u is the relative permeability
of the bulk material. However, unlike the electric dipoles, at frequencies ranging from
far-infrared to infinity, the induced magnetic dipoles are too inert to follow the oscillating
magnetic field of the incident EM wave, hence all conventional materials do not exhibit
a scattering magnetic dipole in the above mentioned spectral range. Thus, the relative

permeability of bulk matter at optical frequency can be assumed to be p =1 [2]

The electromagnetic phenomena are thus dependent on the fundamental properties
(e and p) of the bulk material in consideration. Therefore it is essential to study the basic
physical properties of these materials to understand their optical behaviour. Bulk mate-
rials can be classified into three categories based on their resistivity or resistance to the
flow of current. The first one concerns "dielectric materials" also called insulators and
the second are conductors. Insulators do not have any free charge carriers, contrary to
metals which are a conductors. There also exist a third category called semi-conductors.
A classical way to distinguish these materials is to use the energy band theory as shown in
Figure 1.1.

The band gap between the valence and conduction band represent the energy barrier
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Figure 1.1: Energy band diagrams for different categories of materials. Shaded and light grey re-
gions represent the valence and conduction band respectively [3].

that electrons must overcome to take part to the electric conduction process. In a dielec-
tric material, the flow of current is prohibited due to the wide energy gap between the
conduction and valence bands. The energy from the visible light of the optical spectrum
is not sufficient enough to promote the transition of an electron from the valence band
to the conduction band. Therefore, unless doped with dyes, they are in most cases trans-
parent in the visible spectrum. The moderate gap in semiconductors makes it possible to
promote an electron from the valence to conduction band with a small excitation energy.
Finally, in the case of metals the two bands overlap and therefore free electrons can create

a current flow.

The electronic structure of these materials cannot fully explain their optical proper-
ties. For example, Indium Tin Oxide, a metal-like material is optically transparent as
would be a dielectric material. Therefore it is essential to look at other parameters to

understand the optical properties of materials.

The light-matter interaction is defined by the complex refractive index (72(w)) as shown
in Equation 1.7

T(w)=n'(w) +in" (W) (1.7)

where ' is the real part of the refractive index, which is defined as the ratio of the
speed of light in vacuum (C, = 3.10% m.s™1) to the speed of light in a given medium. n” is
the imaginary part of the refractive index and represents the absorption coefficient, also

noted as ‘k’, of the medium as the electromagnetic (EM) wave passes through it.

The refractive index of any material in turn, depends on the fundamental material
property: electric permitivity (¢) and magnetic permeability (n) through the following
equation:

n=./en (1.8)

10



CHAPTER 1. STATE OF THE ART

1.1.1.1 Optical properties of a dielectric medium

In optics, semiconductors are treated as dielectric materials and their band gap specify
the shortest wavelength (critical wavelength (A.)) at which the dielectric remains trans-
parent, meaning, that no electronic transition occurs below this wavelength. A, is related

to the band gap energy (Eg) as shown in Equation 1.9

_hc 1.98644568 x 107* J.m

=— = (1.9)
Eg Eg

c

where £ is the Planck constant [J.s] and c is the speed of light [m/s]. The interaction
of light with dielectrics are again analyzed using Maxwell’s equations (refer Equation: 1.1-
1.6). Since X, = 0 in any conventional material for reasons specified in Section 1.1.1, the

refractive index most of the time reads as n = /c.

At optical frequencies, oscillation of the electric field is too fast for the bound charges
in the molecules and therefore they do not follow the oscillation in time. Hence Equation
1.3 has to be modified to include the response to electric field at not only at time ‘¢’ but at

all past time, which in Fourier space reads as:

D(w) =€, €(w) E(w) = €5 [1 + Xe(w)] E(w) (1.10)

Where, €(w) is the frequency dependent dielectric permittivity describing the wave-

length dependent response of the dielectric material.

Due to the absence of free charge carriers in a dielectric material, they respond to
electric field by locally displacing the bound charges relative to their lattice atoms. When
the photon energy is below the band gap, the dielectric constant is real and positive thus
making the refractive index purely real. This means that the loss of energy due to absorp-
tion in a dielectric medium is very low. When the photon energy is equal to the band gap
energy, a resonance takes place and the permittivity may become negative. The €(w) of
a typical transparent dielectric material is plotted in Figure 1.2, where w; corresponds to
resonance due to lattice vibration and w is resonance due to the band gap. Below the IR
regime, due to the absence of resonance, the dielectric medium has negligible loss. But at
resonance (w; and w,) the medium incurs losses due to absorption (which is materialised
by the high values of Im(€) at resonances, see Figure 1.2).

The square-root relationship between the refractive index and the permittivity still

holds in the frequency domain.

n(w) =n'(w) +in"(w) = Velw) (1.11)

The imaginary part of the refractive index n” can be characterized using the absorp-
tion coefficient a which is obtained using Beer Lambert’s law (shown in Equation 1.12).

It states that the intensity of light I, will decrease as it travels a distance z through the

11
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Figure 1.2: Real and imaginary part of a frequency dependent dielectric function [3].

medium:

I=1,exp (—az) (1.12)
a is usually represented in the units of cm™! and connected to n” by the following

equation:

4ntn"
A=
Ao

where A, is the wavelength of the incident light.

(1.13)

1.1.1.2 Optical properties of a Metal

Optical properties of metals are drastically different from the one of dielectrics due to
two main characteristics. First, metals are opaque and secondly they are highly reflec-
tive. Metals are very commonly used for applications such as mirrors due to these prop-
erties. As explained before, unlike dielectric materials, metals have free charge carriers
and therefore photon energy from any part of the electromagnetic spectrum is sufficient
to excite these free electrons. This means that light from any part of the electromagnetic
spectrum will be absorbed by metals.

The frequency dependent permittivity can once again be used to explain the opti-
cal behavior of metals and this can be expressed using a Lorentzian oscillator model as
shown in Equation 1.14. The permittivity of metal due to the free electrons does not ex-
hibit a resonance frequency as they are able to freely move in the metal lattice without

any restoring forces, unlike the bound electrons which will exhibit a resonant behavior

12
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similar to dielectrics. The permittivity of metals can thus be defined in terms of free and

bound electrons.

€(w) =€p(w) +ef(w) (1.14a)
pz
ep(w) =1+—; 21 : (1.14b)
W= —1YW
W}
er(w)=1 1ioTl (1.14¢)

where, the first term €5, (w) represents the permitivity due to bound electrons in the
metals and the second term €f(w) represents the free electrons. w, and w, represents
the plasma frequency at which the density of the electron gas oscillates and resonance
frequency of bound electrons. p;, y and I are the density of bound electrons, damping of

bound electrons and damping constant of free electrons respectively. w, and I' read:

ne? v
and TI'= £ (1.15a)
€ M l

(l)p:

where e is the electron charge [C], m is the electron mass 9.1 * 10_31Kg), n represents
the density of free electrons [m~3], vg is the Fermi velocity [m/s] and [ is the mean free

path [m] of the electrons.

As opposed to dielectric materials, which have a positive dielectric permitivity, the
metals have a negative permitivity at optical frequency. This implies that the free elec-
trons in metals oscillate out of phase with the incident electric field. Consequently, the
imaginary part of the refractive index for metals at optical frequency is very high and the
losses due to absorption in metals are also very high. The electromagnetic wave at optical
frequencies thus get absorbed before they can penetrate through the material, this makes

metals opaque in nature.

To summarize, the electromagnetic phenomena of any materials can be explained
through their effective material properties, namely the relative dielectric permittivity ()
and the relative magnetic permeability (1). And this can be schematically representend
as shown in Figure 1.3, which depicts the real parts of p in the y-axis and the real parts of
€ in the x-axis.

The first (top right) quadrant represents dielectric materials with both parameters be-
ing positive. The second (top left) quadrant represents metals with a negative € (the elec-

tric field inside the material is in the opposite direction to the field outside the material).

13
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Figure 1.3: Representation of material parameters defining the optical properties of a material.
Bold red line stands for natural materials.

Quadrant 4 (bottom right), where p is negative and € > 0, means that the magnetic field
inside the material is in opposite direction to that of field outside the material. The third
quadrant (bottom left), where both parameters are negative, represents a class of materi-
als known as negative index materials. When light encounters such a medium, the angle

of refraction is negative at the interface

At optical frequency, conventional materials can be placed in the narrow region where
p=1 (bold line on Figure 1.3), thus largely reducing the attainable optical properties in
bulk materials.

1.1.2 Optical resonances of nanoparticles and Mie theory

The transition from bulk materials to nanomaterials introduces many changes in the
properties of material, this includes increase in mechanical strength, chemical selectivity
etc, indicating that the size of an object plays a key role in almost all physical proper-
ties when brought down to less than 100 nm. In optics, the decrease in size of metallic
materials leads to the resonant absorption of light. This phenomena also known as the
surface plasmon resonances (SPR), schematically represented in Figure 1.4, occurs due to
the collective excitation of the conduction electrons caused by the incident electromag-
netic wave. Metallic nanoparticles (NPs) host a plasma made of its conduction electrons.
This plasma can resonate around the particle with a natural frequency determined by par-
ticle parameters such as material, shape, size, and the dielectric nature of the surrounding
environment. When a metallic NP is irradiated by EM waves, some energy is absorbed by
the NPs as light causes oscillation of the electron cloud. The energy absorption is at its

maximum when the frequency of the incoming light matches with the natural frequency

14
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of the electron cloud. This collective absorption of light waves from NPs produces a color
from the nanoparticle dispersion. This phenomena has also been widely used since the
early medieval period by incorporating glasses with small inclusions of gold and silver
NPs of different sizes to obtain various color.

Electric
field

Metal /

sphere

Electron
cloud

Figure 1.4: Schematic illustration of Surface plasmon resonance of metallic NPs.

The optical properties of nanoparticles depend on

e their size compared to the wavelength of the electromagnetic radiation,

e their shape,

* the chemical nature of the material and

* the optical material constants of both the NPs and their surrounding system.

The absorption spectra of gold NPs with varying size and shape is shown in Figure 1.5,
the resonance peak, A ax, characteristic of the size of the Au NPs, occurs when the light
is in resonance with the surface plasmon oscillation leading to absorption. As the size of
the NPs increases, a small red shift in A, ,x of the absorption spectra can be observed, this
is due to the change in the oscillation frequency. In case of anisotropic objects, such as
nanorods, two resonance peaks can be observed, one due to the transverse and one due
to the longitudinal oscillation of free electron with respect to the particles long axis. As

the aspect ratio of the nanorods is increased, the longitudinal SPR increases.

Similarly, a shift in the Apax is observed when the gold NPs are capped with different
stabilizing agent such as Poly(vinylpyrrolidone) (PVP), Polyethylene-glycol (PEG-SH) etc.
This shift is due to the change in the refractive index of the immediate surrounding of the
NPs (Figure 1.6).

In the case of semiconductors, the decrease in size (typically in the nm range) leads
to the quantum confinement of the electrons. When the size of the semiconductor is

decreased (to the nm range), the charge carriers motion is confined thus increasing the

15



CHAPTER 1. STATE OF THE ART

Abs
a
1]

0.2 4

~ 1

‘\,..fl[\ '\

1old Nanoiamcles

A

."
\ f

18nm nanospheres
—— 30nm nanospheres
2. 5AR nanorods
—— 4, 5AR. nanorods
— 7.5AR nanorods

T
410 50O

T T T T T T 1
00 a0 800 G000 1000 9100 9200 1300

Wawelength {nm)

Figure 1.5: Absorption spectra of various size and shape of gold NPs. Adapted from reference [4].

bandgap of the material. Therefore the colour of the semiconducting NPs (which is a

function of the bandgap) becomes largely dependent on the size and shape of the NPs.
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Figure 1.6: Absorption spectra of Au NPs capped with and without PVP [5].

The Optical properties of a colloidal suspension of NPs also depend on their concen-

tration and aggregation state. A dilute NPs system is different from a densely packed one,

as the increase in concentration leads to interaction between the NPs which alter their

optical material constant of the surrounding environment. In a dense system of NPs, the

particles are electromagnetically coupled and therefore each particle is not only excited

by the external field but also by the scattered field of the neighboring particles, thus al-

tering their absorption and extinction cross-section. The influence of the aggregation
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state of NPs on their extinction cross-section has been studied by using UV-Visible spec-
troscopy [6]. It was found that the extinction peaks are strongly red-shifted in comparison
with the single NP resonance. The red shift is mainly due to the electrostatic coupling be-
tween the NPs. This method has been used to characterize optical properties of clusters
of NPs and will be further elaborated in Section 1.4.1.

The optical properties of NPs can be theoretically calculated by solving the Maxwell’s
equations (shown in Equation 1.1). This can be achieved by either using the Rayleigh scat-
tering or the Mie scattering theories. Rayleigh scattering theory is applicable to particles

with size much smaller than the wavelength of the incident light:

2
%xd<<1 (1.16)

where A and d represent the wavelength and size of the particle respectively.

In the case of a spherical object, Mie theory can be used to calculate the absorption
and extinction coefficient. Mie theory, named after Gustav Mie, provides a generalized
solution to the Maxwell’s equation describing the scattering of an electromagnetic wave
by a homogeneous spherical particle suspended in a medium whose refractive index is
different from the one of the particle. Unlike Rayleigh scattering, Mie scattering is appli-
cable to spheres of all sizes, refractive indices and for radiation at all wavelengths. The
Mie solution takes the form of an infinite series of multipole expansion of the polariza-
tion in a spherical medium due to an incident plane wave. The electric and magnetic
field contribution of such polarization can also be expressed as an infinite series in which
each element represents the contribution of one particular order of multipole expansion.

The scattering (Q;)and extinction (Q.) efficiency of the particle can be expressed as:

2
Qs=os/nRi= 5 Y @n+1) (| @n|” +|bn|* (1.17a)

Q.=0./nR?* = % Y (2n+1) [Re(an) +Re(by)] (1.17b)

where x represents the relative size of the particle to the incident wavelength:

x= (Z—R)(g) (1.18)
A2

where, o, 0, and 7 R? stands for the total scattering cross-section, the total extinc-
tion cross-section and the particle geometrical cross section respectively. n is the order
of the multipole, with the coefficients a, and b, representing the electric and magnetic
modes respectively. For instance, a; and b; are the coefficients of the electric (ED) and
magnetic dipoles (MD) respectively and a, and b, are the coefficients for the electric(EQ)

and magnetic quadrupoles (MQ) respectively. These coefficients are a function of the in-
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cident wavelength, the relative refractive index of the particle n, with respect to the one

of the surrounding medium ng, m (m = Z—':), as described in Equation 1.19:

@, = my , (Mmx)y), (x) =y, (X)W, (mx)

my ,(mx)&),(x) — &p ()W), (mx)
_ Ya(mx)y, (x) — my, ()W, (mx)
C Wp(mX)E(x) — mEp (X)W, (mx)

(1.19a)

by, (1.19b)

where, @ and ¢ are Riccati-Bessel function. n once again, defines the order of the mul-
tipole. As the relative refractive index m becomes equal to 1, all the coefficients vanish as
if there was no particle in the medium. Mie theory can thus be used to predict the optical
properties of spherical NPs in terms of each induced electric and magnetic multipole mo-
ment. Typically for any material with a refractive index ‘n’, the contribution from higher
order multipoles occurs at shorter wavelengths whereas, the dipolar contribution occurs

at longer wavelengths.

Thus, the interaction between the electromagnetic radiation and NPs leads to the oc-
currence of EM resonances. There are two possible resonances, which are : Plasmonic
resonance and Mie resonance. The former occurs due to the presence of surface plas-
mons in metallic NPs. Mie resonance occurs due to the interaction of EM radiation and

dielectric spheres with size comparable to the incident wavelength.

This thesis will focus mainly on the usage of plasmonic resonances of gold NPs to

create metasurfaces.

1.2 Metamaterials and metasurfaces

In the past 20 years, a lot of efforts have been devoted to the theoretical and experimental
study of optical metamaterials (MMs). The term metamaterial, constructed around the
Greek prefix “meta”, meaning “to go beyond”, signifies materials with properties beyond
those of conventional materials. MMs are thus artificially structured materials engineered
to exhibit unconventional optical properties, which are not found in naturally occurring
materials. It consists of an assembly of units organized in a matrix. Unlike natural ma-
terials, whose optical properties depend on their chemical composition, metamaterials
inherit their optical properties from these structures. These elements are also known as
“meta-atoms” or “resonators” and their size as well as the spacing between them must be
small when compared to the wavelength of light to avoid any diffraction effects. These res-
onators strongly resonate with the incoming wave at a specific resonance frequency. This
property can be due to the strong difference of optical index between the inclusion and

the matrix (Mie resonance) or may also come from the Surface Plasmon Resonance (SPR)
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of metallic nanoparticles composing the resonators. When there is a sufficient amount
of resonators dispersed in the matrix, they can tune the response of the material to ob-
tain some targeted electromagnetic properties. Therefore, MMs are not constrained by
the electromagnetic response of natural materials and their composition, but by the na-
ture, structure and size of the resonators. It is thus possible to obtain new electromagnetic

functionalities using these meta-atoms, when dispersed in a matrix in sufficient amount.
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Figure 1.7: Application of MS (a) bandpass frequency selective surface; (b) bandstop frequency se-
lective surface; (c) high-impedance surface; (d) narrowband perfect absorber; (e) twist polarizer;
(f) right-handed circular-polarization frequency selective surface; (g) linear-to-circular polariza-
tion converter; (h) two-dimensional leaky-wave antenna with a conical-beam pattern; (i) focusing
transmitarray; (j) focusing reflectarray; (k) flat Luneburg lens; (1) hologram [7].

Metamaterials thus provide a method to control the light matter interaction which can
further be used to achieve groundbreaking electromagnetic properties, including nega-
tive refractive index [8], artificial chirality [9, 10], invisibility cloak [11]. It can be used to
achieve a plethora of potential applications such as, sub-diffraction imaging [12], chem-
ical and bio molecular sensing [13], communication and information processing [14].
MMs, although proven to have many interesting properties, face two main limitations,
which prohibits their practical application. First, the fabrication of a micro-scale or nano-
scale three-dimensional metamaterials often involves techniques such as lithography thus
making them expensive and difficult to upscale. In addition, they present high intrinsic

losses in the form of absorption as the EM wave propagates through the 3D structure.

On the other hand, Metasurfaces (MS), which are two dimensional analog of meta-
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materials do not posses the same limitations as the 3D metamaterial. They consists of
2D assemblies of resonators and due to their extremely thin structure, MSs can easily
be integrated in nanophotonics systems. They can thus be used to replace bulky optical

components with flat optics.

The interaction of light with the nanoscale building blocks on a MS can be used to ma-
nipulate the polarization, spectrum, wavefront etc of an incident wave [15]. MS have been
widely studied to obtain conventional functionalities such as lenses [16, 17], waveplates
[18, 19], polarimeters [20, 21], beam deflectors [16, 22], holograms [23] etc. Schematic

representations of some potential applications of MS are illustrated in Figure 1.7.

1.2.1 Huygens metasurface

A 2D array of resonators can be used to create a Huygens metasurface (HMSs), which can
further be used to obtain uni-directional scattering surfaces. HMSs are based on Huy-
gens Fresnel principle, developed by Christian Huygens in 1690 [24]. It is a well-known
concept in electromagnetism and it provides a fundamental explanation to basic phe-
nomenon such as reflection, refraction, diffraction and interference . It states that every
point in space that receives an electromagnetic wave becomes a secondary source for
the outgoing waves, therefore creating a gradual propagation of light (illustrated in Fig-
ure 1.8). Analogous to the Huygens concept, each resonator on a HMSs will scatter the
incident wave and thus act as a secondary source of wavelets. The new wavefront is the
combination of all the secondary wavelets and therefore by engineering the resonators

phase response, one can manipulate the phase of new wavefronts.

Huygens-Fresnel principles E Huygens metasurface

Huygens
meta-atoms +
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Figure 1.8: A) Illustration of the Huygens-Fresnel principle showing the gradual propagation of a
plane wave through the excitation of secondary waves. B) Huygens-Fresnel principle applied to
the refraction phenomenon. C) Illustration of the concept of Huygens metasurfaces. Assembling
in a sub-wavelength array an ensemble of optical resonators exhibiting Huygens source features,
it is possible to convert an incident plane wave into an arbitrarily shaped beam [25].

From Mie theory we know that, the electric field scattered by an arbitrary object can be
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expressed in terms of multipolar expansion. The electromagnetic response of an object
is thus the superposition of fields created by a set of simple point multipoles presenting
well-known scattering patterns and properties. That is, the superposition of fields cre-
ated by the multipoles define the scattering pattern of the object. Each multipole of a
particular order exhibit a radiation pattern with a specific geometry. Dipoles present a
toroidal radiation, with a zero in intensity along the excitation direction and a maximum
isotropic radiation observed in the perpendicular plane. The quadrupoles exhibit a scat-
tering mainly confined in four directions of space, while the octupoles show a scattering
pattern with six lobes. Higher order multipoles exhibit a progressively increasing number
oflobes, and as a result an angular distribution of the scattered intensity that increases in
complexity. The radiation pattern of the dipoles and qudrupoles are shown in Figure: 1.9

€x

a; Electric dipole b; Magnetic dipole

Figure 1.9: 3D representation of radiation pattern of dipoles and quadrupoles under a e, polarized
electromagnetic wave. The blue (red) 2D cuts show the radiation pattern in the electric (magnetic)
plane. The electromagnetic field orientation is indicated by the blue and red arrows in both the
forward (6 = 0°) and backward (0 = 180°) directions [25].

An important feature of electromagnetic multipoles that becomes essential for the
study of multipolar interference and directional scattering, is the phase symmetry of their
far-field radiation. It turns out that the radiated fields show different phases in the for-
ward and backward directions with respect to the incident wave. It can be seen on Figure:
1.9 A and B, that the electric dipole radiation shows even parity (in electric field) while
the magnetic dipole radiation shows odd parity, for which the radiated electric fields in
the forward and backward directions are respectively in and out of phase. Regarding the
higher order multipoles, both the electric quadrupole and magnetic octupole produce an
odd-type pattern, while an even-type response is generated by the magnetic quadrupole

and electric octupole terms [25].

In summary, the phase symmetries follow a simple rule: the scattering parities are
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opposite for multipoles of same nature and adjacent order (for example even parity for
the electric dipole and odd parity for the electric quadrupole), and for multipoles of same
order but different nature (for example even for the electric octupole and odd for the mag-
netic octupole) [26]. We stress here that we discuss the parities in terms of electric fields,
but reversed parities would be true in terms of magnetic fields, as can be seen on Figure:

1.9, due to the electromagnetic duality.

A promising route to obtain a control over the phase of secondary wavelets is by en-
gineering the resonators to exhibit a magnetic dipolar (MD) resonance in addition to the
electric dipolar (ED) resonance. The advantage of this is that the resonators will not only
interact with the electric component of light, but also with its magnetic component. As
explained in Section 1.1.1 the ED mode is associated with a linear displacement current
inside a resonator due to polarization, whereas, a MD mode is achieved due to a circu-
lar displacement current within the resonator. This has been experimentally realized by
using high permittivity dielectric NPs such as silicon NPs, which possess Mie type mag-
netic and electric resonances [27, 28, 29] or a plasmonic geometry such as the split-ring

resonator([30, 31], which exhibits a MD due to the induced current loop.

The presence of both the magnetic and electric dipolar resonances with equal ampli-
tude, gives additional levers to control the scattering, and specifically its directionality.
This is due to the difference in the radiation patterns of electric and magnetic field com-
ponents of light of an ED and MD in opposite directions. As represented in Figure: 1.9
A and B, in case of an ED, the electric fields of light propagating in opposite directions
are oriented parallel and the magnetic fields are oriented antiparallel. The situation is
inverse for an MD. Therefore, by superimposing a crossed electric and magnetic dipole
oscillating at the same frequency and in phase, the emitted fields interfere constructively
in one direction and destructively in the opposite direction as illustrated in Figure: 1.10.
Thus in order to achieve a unidirectional scattering, the two dipoles should exhibit equal
scattering amplitudes and resonate at the same frequency. This condition is also known
as the Kerker condition and was orginally devised by Kerker et al, for small spheres with a

magnetic response at optical frequency [32].
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Figure 1.10: Illustration of constructive interference in one direction and destructive interference

in the opposite direction due to the in-phase superposition of an electric and a magnetic dipole
source with the same frequency [33].
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Unidirectional scattering can also be achieved due to the response of higher order
multipoles. The superimposition of electric and magnetic quadruples and hexapoles in-
creases the directionality of scattered light as illustrated in Figure: 1.11 leading to an ex-
treme forward or backward scattering of light. In fact, a complete forward scattering will
be achieved whenever the Mie coefficients (presented in Equation 1.19) satisfy the condi-

tion a, = b,,. This condition is also known as the First Kerker condition [34].

g D S =

Figure 1.11: Schematic representation of the overlap of a) ED and MD, b) electric and magnetic
quadruple . C) electric and magnetic hexapole.[35]. The overlap of higher order multipoles lead to
the increase in the forward directionality of the scattered light.

Though the study by Kerker et al [32] established the conditions to obtain zero back
scattering, this condition accounts only for unidirectional scattering occurring due to the
overlap of in-phase magnetic and electric multipoles having the same order and magni-
tude. To account for the interference of EM multipoles of different order, Wei Liu et al
[26] established the generalised kerker condition. This accounts for the overlap of even
(ex; a1, by etc) and odd (ex; ap, by etc ) parities of Mie coefficeints. Meaning, interfer-
ence between pure electric response could also lead to directional scattering [26]. The

generalized kerker condition can be expressed as shown below:

Y 0,=) &n (1.20)

where, 0, and &, represents odd and even multipoles respectively. It is clear that sup-
pression of backward scattering can be obtained not only for perfectly matched pairs of
multipoles of same order, but also for pairs of multipoles of same nature but with different
orders. The combination of different multipoles to obtain directional scattering is shown
in Fig: 1.12. The presence of higher order multipoles increases the directionality of the
radiated field.

Resonators with such functionalities can be used to control scattering not only in the
forward or backward directions, but also along all other possible scattering angles. These
resonators, when deposited (or arranged) over a surface in a controlled manner to build
a MS, can be used to manipulate the optical wavefront based on the interference of res-

onant multipolar excitations. Although this section focuses mainly on directional scat-
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ED+EQ MD+MQ

ED+MD ED+MD+EQ+MQ EQ+MOQ

Figure 1.12: Illustration of combination of different multipoles leading to directional scattering.
Red arrows indicate the radiated electric fields in the forward and backward directions, with up-
ward and downward arrows corresponding to out-of-phase and in-phase fields with respect to
the incident electric field, respectively. All the multipoles shown are resonantly excited and of the
same magnitude in terms of backward scattering. For both individual and overlapped multipoles,
only the in-plane (purple curves) and out-of-plane (blue curves) scattering patterns are shown for
clarity [26].

tering, HMSs have been studied to obtain other properties such as perfect absorption
[36, 37, 38], perfect transmission [39, 40], perfect reflection [41, 42]etc. The fabrication of
MS face two main challenges, the first is the fabrication of resonators having the specific
functionalities (such as presence of MD etc). Secondly, the deposition of the resonators
to build a surface. In order to realize the required properties of a MS, the resonators have
to be arranged in a very controlled manner. This study will focus only on the fabrication

of resonators exhibiting forward scattering properties.

1.3 Resonators and their fabrication

Resonators of varies composition and structures have been synthesized using both top-
down methods such as lithography and bottom-up approaches such as wet chemistry
method. This section will shed light on some of their structures and fabrication tech-

niques.
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1.3.1 Dielectric nano resonantors

An "all dielectric" system, such as silicon (Si) NPs exhibits Mie resonances with electric
and magnetic multipole. To achieve Mie resonances, the refractive index of the particle
should be high compared to the index of the medium. A sphere with high refractive index
traps the light within it, and enhances the electromagnetic field, exhibiting resonances
for specific values of the wavelength (Figure 1.13). These resonances are the modes sup-
ported by the particle. The fundamental mode, corresponding to the scattering from a
magnetic dipole, occurs when the wavelength inside the particle has approximately the
same size as the particle. The second mode, corresponding to electric dipole scattering,
is when the wavelength is half the size of the cavity, and so on.

Am i llf/nm EP T /1”/”

Figure 1.13: Magnetic dipole scattering is excited when the wavelength within the particles is of
the same size, d, as the particle [43].

(1.21a)

(1.21b)

Si NPs are an attractive choice due to its availability and mature nano fabrication tech-
niques. It has a high refractive index and negligible losses due to absorption. Si nanos-
tructures of varies size and structures have been synthesized using top-down techniques
such as electron beam lithography [44], focused ion beam milling [45], laser ablation [46],
focused beam laser printing [47], etc. Figure 1.14 shows Si NPs of various sizes produced
using laser ablation and their dark-field images. These techniques are however very ex-
pensive and time consuming. Instead the bottom-up approach are being developed to
produce Si NPs in large quantity and cost efficiently. The different wet-chemistry tech-

niques and their challenges are explained in reference [43].

Apart from Si NPs, other high refractive index materials such as germanium [48], gal-
lium arsenide [49], titanium oxide [50] etc, have also been demonstrated to exhibit electric

and magnetic Mie type resonances.
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Figure 1.14: a) SEM images of Si NPs produced using laser ablation. Various sizes can be obtained
by changing the pulse energy. b) Dark field microscopic images of Si NPs of various sizes witnessed
by the change in color [47].

1.3.2 Corona structured nano resonantors

The design theoretically proposed by Simovski and Tretyakov [51], consists of a dielectric
core surrounded by non-touching plasmonic NPs (1.15 a). Such system indeed presents
isotropic magnetic and electric dipolar resonances at optical frequencies. The geometry
of the core-corona structure is show in Fig 1.15. The magnetic response of such a structure
is due to the Faraday effect of electromagnetic induction. Indeed, when illuminated by
light, the plasmonic particles on the surface produce rings of plasmonic circular currents

leading to a magnetic polarization (Figure: 1.15).

Figure 1.15: a) Schematic representation of a cluster of plasmonic nanocolloids at the surface of a
dielectric core, b) Rings of plasmonic currents produced by nanocolloids along the z axis and the
induced dipole moments are shown by bold green arrows, and the rings are equidistant (applied
magnetic field is along the z-axis) [51].

As shown in section: 1.1.2, the resonance frequency (w,) of the plasmonic NPs is red
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shifted due to the electromagnetic coupling of the plasmonic particles leading to two col-
lective plasmonic resonances [6]. The first resonance is due to the coupling of the indi-
vidual NP plasmon resonance which leads to an electric mode when all plasmon-induced
electric dipoles are in the same direction. The second resonance is due to the magnetic
mode which occurs due to the rotating geometry of the plasmon resonance. The artifi-
cial magnetism obtained largely depends upon the geometrical parameters such as, the
radius of the dielectric core (a), the radius of the plasmonic particle (a,) and the distance

between the plasmonic particles (d).

The total number of plasmonic particles (N;,;) present on the dielectric core can be
expressed as shown below:

dy\2
4(a+ap+§)

Nior = (1.22)

(ap+2)2

These structures have also been experimentally produced using bottom-up fabrica-
tion technique. Raspberry like structures were fabricated using the electrostatic interac-
tion between positively charged silica cores and negatively charged gold NPs [52, 53]. The
same system has also been fabricated using thiol chemistry [53]. Similar structures with
different dielectric cores, such as polystyrene [54], and plasmonic particles, such as silver
NPs [55], have also been fabricated using bottom up approaches. Recently Many et al.
[56], succeeded in increasing the magnetic response by controlling the number of NPs as

well selectively placing the plasmonic nanoparticles on the silica core.

Figure 1.16: Electron microscopic images of a) Polystyrene core and silver NPs corona [54] , b) and
¢) Silica core and gold NPs as corona by two different fabrication method [53], d) Silica core and
silver NPs as corona [55] and e) Dodecapods structure [56].

27



CHAPTER 1. STATE OF THE ART
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Figure 1.17: Scattering efficiency of a cluster of a) 60-Silver NPs b) 13-Silicon NPs. The black, red
and blue curve represents total, electric and magnetic scattering efficiency respectively [59].

1.3.3 Nanoparticle clusters

The design proposed by Rockstuhl et al. [57] for meta-atoms involves an assembly of N
NPs of radius r distributed homogeneously within a spherical volume of radius R of a so-
called NP-cluster. The NP-clusters can then be described as effective medium spheres.
The study shows that interesting properties are obtained if the constituting NPs are either
plasmonic (metallic NPs) or of high refractive index (silicon or titanium oxide). In such
case indeed, the optical index of the effective medium constituting the spheres can be
tailored by varying the cluster filling fraction f = N(r/R)3. This optical index can then
reach values not attainable with a natural material, and these clusters thus constitute a
new class of adjustable Mie resonators. Indeed, if the values of r , R and the effective
optical index can be tailored at the fabrication step, then a true capacity of engineering
of the optical response of colloidal resonators can be attained. It can, in particular, allow
tuning the index so that the magnetic and electric dipoles resonate at the same frequency,
with no need to resort to non-spherical shapes [58]. The study was performed for two
spherical clusters namely, clusters made of 60 silver NPs with r = 15nm and f = 20%
and clusters made of 13 silicon NPs with r = 41nm and f = 47%. Figure 1.17 shows the
scattering efficiency of both clusters. Although the efficiency of silicon NPs is about 2
times the efficiency of silver NPs, attaining a volume fraction of 47% experimentally is

very difficult.

The fabrication of these clusters has been achieved using bottom-up self assembly
approach. According to simulations, such clusters of gold NPs synthesized using a so-
lution based synthesis method in [60, 61] are expected to exhibit a magnetic response.
Similarly, clusters of silver NPs were fabricated using a emulsion based method [6]. A two
dimensional array of gold NP cluster was fabricated using a template directed colloidal
self assembly [62]. To our knowledge, these works only mention simulation results but no
direct measurements of the magnetic contribution. This will be discussed further in the

next section.
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Figure 1.18: Transmission electron microscopy images of a) clusters of gold NPs [60] b) clusters of
silver NPs [6] ¢) 2-D array of gold NP clusters [62].

1.4 Study of resonators

Experimental study of colloidal suspension as well as 2-D arrays of meta-atoms (resonators)
have been performed using different light scattering techniques and compared with com-
putational studies to indicate the presence of artificial magnetism. This section will pro-
vide a brief summary on these techniques and their results.

1.4.1 Extinction coefficient

Extinction spectra of colloidal dispersions of resonators have been widely used to indicate
the presence of magnetic dipolar resonances in resonators. Dintinger et al. [6], investi-
gated the extinction spectra of silver NP clusters and the influence of their size on the
extinction spectra. These curves were are also compared to simulations performed using
extended Mie theory [63]. The experimental and simulated extinctions are shown in Fig-
ure: 1.19. It is shown that the extinction peak of silver NP clusters is red shifted compared
to the individual NPs. The simulation, where the size of the NP and the interparticle dis-
tance is fixed, shows a similar trend and it is evident that the red shift in wavelength is a
function of the NP cluster size. The absence of the fine structure, seen in the simulation
spectra (Figure: 1.19 b), in the experimental spectra can be attributed to discrepancy in
the size or shape of clusters in the colloidal solution. The experimental spectra is dom-
inated by the global shape of the cluster, whereas the fine structures in the simulation
arises from the NP arrangement inside the cluster.

Similar studies were also performed on gold NP clusters [61], core-shell structures [52]
and also on colloidal solutions of non-metallic materials such as selenium [64]. Although
extinction spectra can be used to study the optical response of the meta molecules, the
contribution of different multipoles cannot be directly extracted from the extinction spec-
tra as this information is encoded in the spatial distribution of the scattered field [60, 65].
In the next section, we present an experimental way to extract this information using

static light scattering technique.
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Figure 1.19: a) Experimental Uv-Vis extinction spectra (Insert: colloidal dispersion of silver NP
clusters), b) Simulated extinction spectra [6].

1.4.2 Static light scattering

The use of light scattering experiments to observe the presence of magnetic dipole and/or
electric quadrapole for an isotropic scatterer was first shown by Sharma [66]. This was
achieved by observing the polarization and angular distribution of the scattered light in
the plane perpendicular to the incident polarized laser beam. The spectra of scattered
power for an aqueous suspension of polystyrene is shown in Figure: 1.20, the spectra was
obtained at an angle 0 = /2. At that angle the light scattered by the ED has a sine-squared
angular dependence with respect to the transversely polarized incident beam, whereas
the MD has a cosine-squared angular dependence to the axially polarized incident beam.
The axial scattered electric field corresponds to a combined contribution of both MD and

EQ. If both are present, it is not possible to separate the two contributions at 6 = 7/2.

Static light scattering (SLS) measurements were performed to study core-corona par-
ticles made of a polystyrene core and covered with silver NPs by Sheikholeslami et al. [54].
The measurements were performed using a HeNe laser at A = 633 nm. From simulations,
the expected contribution from ED at this wavelength was assumed to be minimized. The
ratio of MD to ED contribution to scattering was calculated to be 12%. However, this value
may not correspond to the maximum one as the measurements were only performed at

one wavelength.

In similar SLS measurements, Ponsinet ef al. [52] established a method to study the
optical response of isotropic scatterers across the whole visible spectrum. Figure 1.22
shows the schematic representation of the setup used to study the scattering proper-
ties of suspensions of scatterers. A supercontinuum white source was used to provide
a monochromatic light beam at wavelength ranging from 400 nm to 800 nm. The light
scattered in the transverse and axial plane is measured at a scattering angle of 90°. This

setup was used to study various core-corona materials such as gold raspberries [52], silver
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Figure 1.20: Angular distribution of light scattered by polystyrene spheres of radius r = 50 nm [66].
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Figure 1.21: Experimental data of Angular distribution of light scattered by polystyrene spheres

surrounded by silver NPs. [54].

raspberries [55], and dodecapods [56]. The magnetic to electric response obtained were

7,28 and 14 % respectively. These results seem to be in good agreement with simulations.

Although this new setup provides information across the whole visible spectrum, it is still

not possible to separate the individual contributions from different multipoles. The axial

data indeed contains the contribution from both MD and EQ.

However the separation of

each contribution can be achieved by varying the scattering angle 0. This is what we did

in the present work and is further explained in Chapter 4.
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Figure 1.22: a) Schematic representation of the SLS setup (left) and scattering geometry (right) b)
Experimental ratio of magnetic response to electric response for silica particles covered with Au
NPs for various numbers of Au NPs (left insert). The right insert shows the angular dependency of
transverse and axial scattering at A = 530 nm. [52].

1.4.3 Dark field scattering

Dark field spectroscopy can be used to study the scattering properties of a single particle.
This is achieved by selectively discarding the reflected or the transmitted light. The dark
field spectrum, in addition to simulations, can be used to identify different multipolar

contributions as shown in Fig 1.23.
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Figure 1.23: a) Image obtained from dark field microscopy of a single Si NP with r = 182 nm [46],
b) Scanning electron microscopy of Si NP c¢) Dark field spectrum of the single Si NP shown above
d) Mie scattering calculation of Si NP with r = 182 nm [46].

Dark field microscopy has also been used to study directional scattering of a single
particle. Y.H.Fu et al. [27] measured the light scattered by a Si NP in the forward and
backward direction, Fig: 1.24 shows the setup used for the measurements and the spec-
trum obtained for a Si NP. Si NPs were first deposited on a glass substrate which was then
placed face down on the sample holder, to measure the forward scattering, the light from

the upper dark-field condenser is sent onto the sample surface (orange lines), and the
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light scattered in the forward direction (green arrows) is collected by the lower dark-field
objective lens. In order to obtain backward scattering spectra, the light coming from the
lower dark- field objective lens (orange lines), and the light scattered in the backward di-

rection (blue arrows) were collected by the same lens.

a) b) c)

Dark-field condenser

Dark-field objective

lens 180°

25 92

Figure 1.24: Schematic representation of the dark field setup used to measure the light scattered
in the a) forward and, b) backward direction c) forward (green) and backward (blue) scattering in-
tensities and the ratio of forward to backward scattering (f/b). Inserts: dark-field images of trans-
mitted (f) and reflected (light) and SEM image of Si NP[27].

1.4.4 Bulk 3D and 2D scattering analysis
1.4.4.1 Ellipsometry

Spectroscopic ellipsometry (SE) is an optical tool used to characterize the optical proper-
ties of thin films. SE measure the change of polarization of the reflected (or transmitted)
light as a function of wavelength [67]. The reflection (or transmission) coefficients for
the light polarized parallel (p-polarized) and perpendicular (s-polarized) to the incident

plane are measured.

The optical constant, namely the electric permittivity (e(A)), of a metasurface can be
estimated using spectroscopic ellipsometry measurements. SE has been used in the liter-
ature to study the optical properties of hyperbolic metasurfaces [68], plasmonic metasur-

face [69], split-ring resonators [70], etc.

1.4.4.2 Spectrophotometry

A microspectrophotometer can be used to measure the optical response such as trans-
mittance, reflectance, polarization etc of a metasurface. This tool can thus be used to
characterize metasurfaces with novel optical properties such as 100% absorbance or uni-

directional scattering.

The extinction spectra of a 2-D array of gold NP clusters was studied by Lee et al.,

[62], the experimental spectra was obtained using a microscope coupled with a fiber spec-
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trometer. These spectra were then compared to simulations which showed an excellent

agreement with the experimental data.
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Figure 1.25: a) Experimental extinction spectra of a 2-D array of NP clusters as a function of cluster
size, b) Simulated extinction spectra. The geometry is shown in the inserts a) electric field pattern
at 1.08 um and b) when d = 420 nm and % = 300nm [62].

1.5 Fabrication route

In this thesis work, we concentrated on synthesizing cluster nanoresonators using col-
loidal assembly of NPs with well controlled size, shape and internal volume fraction. As
discussed previously, such an assembly can be used as building-blocks to create a meta-
surface. This section will provide a brief summary of different bottom up approaches that

were used to synthesize clusters of NPs.

1.5.1 Introduction to cluster fabrication

Colloidal assembly of nanoparticles have been studied for various applications in a wide
range of fields due to their unique properties compared to their bulk counterparts. Clus-
tering them together not only allows the combination of their individual properties but
also takes advantage of the interaction between neighboring NPs, which might results in

new properties.

The temperature induced aggregation of gold NPs was achieved by coating the NPs
with a thermo-sensitive polymer. When the temperature is higher than the polymer’s
phase transition temperature, the polymer precipitates leading to the aggregation of NPs
[71]. The aggregation of NPs is reversed when the temperature is decreased, thus creating
areversible and controlled route to synthesize Au NP clusters. Similarly, solvent induced
aggregation of NPs can be achieved by selectively capping the surface of the NPs with dif-
ferent amphiphilic block copolymers, which will begin to precipitate in the presence of

selective solvents [72, 73]. Dense clusters of nanoparticles have been produced by other

34



CHAPTER 1. STATE OF THE ART

chemical and physico-chemical routes, using smart polymer brush coverage [74], spe-
cific ligand association [6, 75], or electrostatic assembly [76, 77], for example. Figure 1.26
shows the TEM images of the clusters obtained from different synthesis approaches, it
is evident from these images that these methods do not always produce dense clusters.

More importantly there is no control over the shape or size of the final clusters.

Figure 1.26: Transmission electron microscopy of clusterS of NPs taken from a) [71] b) [74] c) [73]
scale bar is set to 200 nm d) [72] e) [77] scale bar is set to 50 nm f) [76].

1.5.2 Fabrication of resonators using the emulsion route

Confinement of nanoparticles in emulsion droplets has been considered as a powerful
way to control their assembly both for a small [78, 79] or for a large numberN [80, 81, 82]
of NPs in the cluster. This method involves the dispersion of NPs in phase 1 (water or oil),
which is then dispersed in phase 2 (0il or water), this system is known as a water-in-oil (or
oil-in-water) emulsion. Schematic illustration of clusters obtained from an oil-in-water
emulsion is depicted in Figure 1.27. In the first step, an emulsion containing droplets of
NPs suspension is created using surfactants (to reduce the surface tension of droplets).
In the second step, the droplets are ripened to form the final clusters. The second step
determines the shape and internal structure of the final clusters and this is explained in

detail in the later part of this section.

Clusters of polystyrene NPs from water-in-oil emulsion were thus obtained by evap-
orating the water at 100° Celsius [78]. As the droplet size is reduced, the nanoparticles
rearrange themselves within the droplets. The final structure of the as synthesized clus-
ters were studied. A pictorial representation of the structural configuration of clusters
for different number of particles is shown in Figure 1.28. The number of particles in-

side each droplet also plays a major role in determining the structural configuration of
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Figure 1.27: Schematic representation of clusters obtained by the ripening of an oil-in-water emul-
sion [83].

the final cluster. For low particles numbers, e.g. 3 or 4, triangular and tetrahedra con-
figurations are respectively obtained, this coincides with the expected structure using a
Lennard Jones potential [84]. For higher numbers, for instance at 8, a unique structure of

two regular tetramers parallel to each other twisted by an angle of 45° is observed.

At much higher inner particles number, (i.e. n = 40, obtained with gold nanoparticles
of size 6 nm), icosahedral (IC) and decahedral structures are obtained [80] as shown in

Figure 1.29, the theoretical prediction was performed using Lennard-Jones potential [84].

Another important factor which affects the structure of the final cluster is the speed at
which the droplet size of phase one is reduced. For example, in an article describing the
water-in-oil emulsion synthesis of silica NP clusters, it was observed that, as the evapo-
ration rate was increased (through the use of microwave radiation of increasing intensi-
ties to selectively evaporate the water molecules), amorphous clusters were obtained [85].
The low packing quality can be seen directly from the reflectance spectra of the colloidal
crystals as a function of microwave intensity. It is obvious from the reflectance spectra in
Figure 1.30 b, that the reflectance peak width increases (as their intensity decreases) with
evaporation speeds, which indicates that the long range ordering of nanoparticles inside
the cluster decreases. The maximum reflectance peak intensity is obtained for the slowest
evaporation rate (0 W) and when a weak irradiation (170 W) is used. With a low evapo-
ration rate, the particles have enough time to find the energetically optimal position thus
forming a uniformly organized clusters.

The solubility of NPs in different liquid phases depends upon the composition and
density of the ligand used to cover the surface of NPs. For instance, if hydrophobic nanopar-
ticles are originally dispersed in water using adapted ligand while still conserving a partial
hydrophobic nature, they tend to form a colloidal cluster in which the particles stick to
the interface. As the droplet size is reduced, they come closer together and form a capsule
(Figure 1.31 a)[86]. If the droplet size is further reduced, it may even form a non spheri-
cal structure. However, if the colloidal particles are confined to the interior of the droplet

rather than at the interface, the interaction between nanoparticles leads to the formation
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Figure 1.28: Structural configuration according to the number of inner particles [5]. Each particle
is a PS latex bead of size 230 nm, the scale bar in the image above is 200 nm [78].

of a homogeneous cluster [86]. This can be achieved by tuning the wettability of the sur-
face of nanoparticles with ligands (that may be polymers in certain cases). The ligands
also prevent the nanoparticles from aggregating with each other, as the size of the droplet
is reduced, nanoparticles come closer to each other but are still separated by the polymer
corona.

Thus it can be concluded that the final structural arrangement of nanoparticles in-
side the clusters strongly relies upon the initial number of nanoparticles inside the initial
droplets, the speed of droplet ripening and the ligand used to stabilize the NP’s surface.

1.5.2.1 Ostwald ripening

The reduction in droplet size can also be achieved by a process called Ostwald ripening
in which the smaller droplets shrink to the benefit of the larger droplets by the molecular
diffusion of the dispersed phase molecules in the continuous phase [81]. As the size of
the droplet decreases, the volume fraction of the NPs inside the droplet increases and this

can lead to different structural organizations of the NPs. The formation of the nanocluster

37



CHAPTER 1. STATE OF THE ART

Electron Predicted Predicted
transmission projection 1D shape

Electron Predicted Predicted
transmission projection 3D shape

n=47, Structure: IC

@

n =255, Structure: IC

7“ n =78, Structure:|C

n =750, Structure: IC

Y n =160, Structure: FC

- B
?%g-;
[ h

O
DOI- 3

© n=807, Structure: IC*

n =190, Structure: MD

*

n=971, Structure: IC*

® n =228, Structure: IC

— 5} O

n=1609,

i
i

Figure 1.29: TEM images illustrating the structure of the cluster as the number of particles is varied
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Figure 1.30: a) Evolution of the emulsion droplet diameter as a function of time for various mi-
crowave intensities; b) Reflectance spectra of the final silica cluster for various evaporation rates

[85].

both depends on the NPs volume fraction (¢) and size. The NPs start to feel each other

and interact in the droplet when the volume fraction inside the droplet reaches a critical

value (¢*). At the critical volume fraction, a coexistence between “free” and aggregated

NPs is expected inside the droplet. When the volume fraction is further increased a com-

plete crystallization of the NPs inside aggregates is obtained. The final cluster is obtained

and a further increase in the volume fraction leads to a decrease in the lattice parameter
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Figure 1.31: a) A shell like structure when nanoparticles stick to the interface, b) cluster formation
when nanoparticles are confined to the interior of the droplet [86].

and to structural changes of the NPs organization in the cluster [81]. The NPs critical vol-
ume fraction is estimated by adding the diameter of the core NP and the twice the length

of the ligand (polymer) to deduce the effective NPs/ligands diameter.

The apparent diameter of the nanoparticle is defined as:

Dapp = Dc +2¢ (1.23)

Where D, is the diameter of the nanoparticle and e is the thickness of the ligand ad-

sorbed layer.

Figure 1.32: a) Apparent diameter of the nanoparticle surrounded by a polymer corona, Cryo-
TEM images of b) water-in-oil emulsion c) clusters of gold NPs. Inset: Fourier transform of the
TEM image (calculated for the region inside the red rectangle) [81].

1.6 Conclusion

This chapter summarized the basic optical characteristics of different materials and the
constraints on final attainable optical properties of naturally occurring materials. It points
out the need of artificial materials to attain the novel optical properties. The concept of

‘meta atoms’, 'metamaterials’, and 'metasurfaces’ were introduced. And a brief summary
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on the synthesis of different resonators focusing on the use of emulsion templating and

methods that can be employed to study their optical properties was given.

This thesis will focus on the synthesis of colloidal assemblies of Gold NPs with a con-

trol over their size, shape and volume fraction illustrated using different characterization

techniques. The optical properties of these clusters were studied using light scattering

technique and the influence of different experimental parameter on the final properties

will be illustrated.
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Summary: This chapter provides a brief background on the different analytical tools
used in this thesis to study the structure and optical properties of clusters of gold nanopar-
ticles. This chapter also introduces the fabrication method and tools used for the synthe-

sis of gold nanoparticle clusters.
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2.1 Light scattering techniques

2.1.1 Dynamic light scattering
2.1.1.1 Background

Dynamic light scattering (DLS) is a technique used to measure the size and size distribu-
tion of colloidal particles suspended in a solution. DLS measures the characteristic time
of diffusion of particles submitted to Brownian motion. Brownian motion, which is the
random movement of the particles suspended in a solution, arises due to the collision
between particles and the liquid molecules surrounding them. The size of the particles is
estimated using the relationship between the diffusion coefficient and the particles size.
This technique was used in this study to measure the size of individual gold NPs and gold

NP clusters.

2.1.1.2 Measurement technique

The DLS measurements were carried out on particles suspended in a fluid (water or oil)
of known viscosity. The measurement technique involves illuminating the sample with
a primary source of light using a monochromatic laser. This induces an oscillating po-
larization of the outer electrons in the molecules of the sample. The oscillating electrons
emit EM radiations in all directions.This radiation is also known as the secondary or scat-
tered wave. The light scattered by different molecules interfere to give an interference
pattern, which contains quantitative information about the spatial arrangement of the
scattering objects. The particles suspended in a solution are under constant movement
due to Brownian motion and this causes the interference pattern to changes as a function
of time. This change is measured to estimate how fast the particles are moving in the fluid

environment.

The change in the interference pattern is measured in terms of change in intensity
fluctuations of the scattered light as a function of time. The ability of the scattering objects
to move due to Brownian motion is defined by its translational diffusion coefficient (D)

[m?.s71] which is expressed as shown below:

kT

D=— (2.1)
GJTT]RH

where, k, T, 1), and Ry correspond to Boltzmann constant (1.38x 10723 m?.kg.s 2. K1),
temperature [K], viscosity [Pa.s] and hydrodynamic radius [m] respectively. The hydrody-
namic radius is the radius of the sphere that has the same translational diffusion coeffi-
cient as the scattering object. The estimated Ry from DLS can be bigger than the actual
particle size since it not only depends on the size of the particle but also on the surface

structure. For instance, an absorbed polymer layer projecting into the suspension will re-
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duce the diffusion speed and therefore increase the Ry of the particles as shown in Fig:
2.1 a. The fluctuations in scattering intensity can thus be directly related to the size of the
particles. The smaller particles move faster in a given solution when compared to larger

particles and therefore their intensity fluctuates more rapidly as shown in Fig: 2.1 b.

a)

=
Rt

Small particles Large particles

Intensity
Intensity

9Ry

Time Time

Figure 2.1: a) Dependence of Ry on the surface structure of the particle b) Comparison of intensity
fluctuations spectra of a small and large particles in a given solution.

A digital autocorrelator is used to analyze the intensity fluctuations spectra. The cor-
relator compares the intensity of the scattered light at time ¢ and a small time later ¢+ 6¢.
The correlation of the scattering intensity reduces with time and above a characteristic

time T, correlation are no longer observed in the system (Fig: 2.2).
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Figure 2.2: Fluctuation in scattering intensity on the left and typical correlogram on the right.
Perfect correlation is indicated by unity and no correlation is indicated by zero.

The correlation function for a monodisperse suspension of particles is expressed as

an exponential decay function of the decay time t:

G(1) :A+Bexp(—Tl) 2.2)

where, A is the baseline, B is the intercept, T, is the characteristic diffusion time such

that T, = ﬁ. And the wave vector g reads:

—M—nsing (2.3)
=X 2 '
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where, n, A and 0 are the refractive index of the dispersant, wavelength of the source

and scattering angle respectively.

2.1.1.3 Particle size determination

The size and size distribution determination is less straight forward when dealing with
polydisperse particles. In such cases, the size of the particles form the correlation curve
can be obtained by using different algorithms [1]. These algorithms are based on two
main methods: 1) A single exponential fit of the correlation curve to produce the mean
size and an estimate of the polydispersity index. This is known as the Cumulant analysis
method [2, 3]. 2) A fit of the data to a multiple exponential function that will permit to

extract the particle size distribution.

The size of individual gold NPs suspended in water were measured using an ALV laser
goniometer, with a 632.8 nm HeNe linearly polarized laser and an ALV5000/EPP multi-
ple tau digital correlator. The DLS autocorrelation function was obtained at a scattering
angle of 150° and at a temperature of 25 °C. The intensity—weighted relaxation time distri-
butions were obtained using the CONTIN processing method. A single, relaxation mode

corresponding to the translational diffusion of particles was found in that case.

To determine the size and polydispersity of gold NP clusters, with typical sizes close to
the wavelength value, the autocorrelation functions were measured at several scattering
angles (30°, 50°, 70°, 90°, 110°, 130° and 150°). The resulting correlation functions were

analyzed using a second order cumulant expansion [4] as shown below:

Io(t) = 13(0) +I5(0) exp [-2K; t + Ko ] (2.4)

where If (0) is the square of the correlation function of the electric field E at t = 0, and
K; and K; are the first and second cumulants: K; is a characteristic relaxation frequency,

and K; represents the deviation from a mono exponential decay [5].

When plotting the first cumulant K; vs g2, one obtains a straight line with a slope
corresponding to D. For a polydisperse system the average diffusion coefficient < D > is

expressed as:

kT <R5>
<D>=——"— (2.5)

6mn<R6>

The second cumulant K, is defined by,
Ko = g* (< D*> - <D>?) (2.6a)
kT , ,<R*><R0>-<R°>?
Ko =( (2.6b)
67N <R6>2
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Where < R" > is the moment of order 7 of the size distribution.

The gold NP clusters obtained from the bulk emulsion process have a polydispersity
expected to follow a log-normal distribution (explained in Section 2.1.2). The probabil-
ity density function (PDF), P(R) of a log-normal distribution is expressed in terms of the

mean size (R,) and the standard deviation (o):

2 R
Ln R,

Ro2n 202

R, and o are obtained by solving Equations 2.5 and 2.6 using the moments of log-

PR) = exp (— ) (2.7)

normal distribution to obtain:

<R >R exp (L0 (2.8a)
0] 2 *
K kT 1 —-11
q—; =[ﬁ1 [ exp (—— 02)] (2.8b)
0]
K kT 1 -11
q—j =[ﬁ12 lexp (02) — 1] [ exp (702)12 (2.8¢)
0]

Using the value R, and o obtained from the above equations, the size distribution of
the clusters is plotted using Equ: 2.7. Figure: 2.3 shows a model plot of the PDF of gold

clusters with a most probable radius R, = 120 nm and a standard deviation ¢ = 0.15.
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Figure 2.3: PDF of gold clusters. Insert: (left) K; vs g2 and (right) K, vs g*
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2.1.2 Granulometry
2.1.2.1 Introduction

Granulometry, with a Malvern Nano-ZS, was used for the measurement of the initial emul-
sions droplet size distribution, as they were too turbid to be studied with the DLS setup.
Granulometry uses Mie theory of light scattering to calculate the particle size distribution.
It measures particle size distributions by measuring the angular variation in intensity of

light scattered as a laser beam passes through a dispersed particulate sample.

2.1.2.2 Measurement setup and analysis

A schematic illustration of the setup used for the particle size analysis is shown in Fig
2.4. Dodecane is used as the dispersant for the measurement of the size of water droplets
in a water-in-oil emulsion. A few drops of the emulsion is added to the dispersant and
a laser beam (blue light) is passed through the dispersion. Large particles scatter light
at small angles relative to the laser beam and small particles scatter light at large angles.
Scattering of particles with the same size, in the same plane of scattering is superimposed

on the detector.

Detector

W

Projection .
lens Fourier

lens

Particles

suspended
in
Dodecane

Figure 2.4: Basic schematic of a granulometry setup

The size of the water droplets dispersed in the dispersant is then analyzed using the
software Mastersizer 2000. Optical index of the dispersant and the particles are taken into
account by the software and using Mie theory, the size of the particles is calculated. The

particle size is reported as a volume equivalent sphere diameter.

The volume averaged diameter of the water droplets (d,,) is expressed as

YiVidi _ XiNid}

d,=D(@4,3) =
v riVi  XiNid}

(2.9)

where V; and N; are the volume and the number of d; diameter droplets respectively.

The polydispersity can be defined as follow
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P_lZiNidi|d_di|
d YN’

(2.10)

Where P is the polydispersity index and d is the median diameter.

2.1.3 Static light scattering
2.1.3.1 Introduction

The static light scattering (SLS) technique is used to study the scattering properties of the
gold NP clusters suspended in a solution. In contrast with DLS, which evaluates the in-
stantaneous fluctuations of the scattered intensity as a function of time, SLS measures the
absolute scattering intensity averaged over time. SLS measurements were first performed
at a scattering angle 0 = /2 to distinguish the scattering due to electric dipolar resonance
and magnetic dipolar and/or electric quadrapolar resonances. The setup was then mod-
ified to span the scattering angles from 6 = 20° to 140°, this gave access to measure the
complete scattering of the clusters and its directionality. These additional data can give
access to the detailed multipolar modes of the scattering of the gold clusters, provided a

model is available.

2.1.3.2 Experimental setup

The static light scattering (SLS) setup (shown in Fig: 2.5) includes a supercontinuum white
source (SuperK EXB-6 with SuperK Split UV-visible filter from NKT Photonics) used to de-
liver a light beam covering the 440-900 nm wavelength range onto a dilute suspension
of scatterers. The linear polarization plane of the incident light was rotated by a Fresnel
rhomb tandem (Thorlabs FR600HM) mounted on a rotation stage. The incident polariza-
tion angle is ¢. The polarization of the scattered light was selected by a Glan-Taylor polar-
izer (Thorlabs GL10-A) set perpendicular or parallel to the scattering plane. The scattered
light was collected through a collimated fiber (NA = 0.25) by a spectrometer (Hamamatsu
C10083CA) mounted on a goniometer, in order to span scattering angles 6 from 20° to
140°.

2.1.3.3 Data acquisition and analysis

The scattering properties of dilute suspensions of gold Np clusters across the whole visi-
ble spectrum were first studied at a scattering angle 6 = 90°. The incident field E; propa-
gating along the z axis is linearly polarized in the (x, y) plane at an angle 5 — ¢ from the
scattering plane (y,z). The light scattered parallel (E;s) and perpendicular (E, ) to the

scattering plane is collected using the spectrometer.
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VT_)? P, FR pH L4 Sample

1] O

Super-continuum
White light source
400—-900 nm

uSP

Figure 2.5: Schematic illustration of the static light scattering setup. P1 and P2 are broadband
polarizers, FR is a Fresnel rhomb tandem, L1 and L2 are lenses and PH1 and PH2 are pinholes.
USP is a spectrophotometer. 0 is the scattering angle and varies from 20 to 140.

v

Figure 2.6: Schematic view of the light scattering geometry at 6 = 90°

The relationship between the incident field and the scattered field is expressed in a

matrix form [6]:

Ejs | _ etkr [S,(8,0) S4(0,¢) | [ E;cosdp 211)
Eys| —ikr (S30,¢) $10,¢) || Eising '

S represents the amplitude scattering matrix, and is a function of 6 and ¢. However,
for isotropic scatterers S; does not depend on ¢ and the non diagonal terms S3 and Sy

vanish [7]. The scattering angle dependence of S; is expressed using angle dependent
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functions 1, and T, [6], which read as:

R (it " x (2.12a)
n= -1 MUTTp—1 1 n-2 .
Tp=nun,—((n+ 1), (2.12b)

where, p = cosf. The scattered field is the superposition of the normal modes with
coefficient a,, and b, (also known as Mie coefficients). Therefore for each n, there are two

distinctive modes each representing the magnetic (b,) and electric modes (a;,).

2n+1

2n+1
=) — 2.1
Sz ; nn+ D (@nTy+ bymy) (2.13b)

The measurement at a scattering angle of 6 = 90° allows to assess the strength of the
optical magnetism of the scatterers. At this scattering angle, the scattering coefficients
are simply related to the electric dipole ED (a;) and magnetic quadrupole MQ (b,) for S,
and the magnetic dipole MD (b;) and the electric quadrupole EQ (a.) for S,. Contribution
from higher order multipoles were neglected since simulations showed us (for the typical
size and volume fraction of clusters under analysis) that other high order multipoles are
either too low or absent. Therefore by restricting to only dipoles and quadrupoles (n < 2),
the following expressions of S; and S, are obtained:

S ~3a 5b (2.14a)
17 a1 =50 .

3 5
So~—-by—-a 2.14b
2501~ S a ( )

The intensities measured along the two output polarizations for isotropic scatterers
then read:

_ |Sl(90°)|2 2. 2
I,s=Iy(A) n, —z dQT(A) g(A,0Q) cos“d = Ay (M) cos“d (2.15a)
oy12
Iis =To(A) nc w QTN g(A,8Q) sin®p = Ay (M) sin’P (2.15b)

in which I (A) is the spectral irradiance of the incident beam, 7, is the number of clus-
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ters in the scattering volume, and 8Q is the solid angle of the detection window. g(A, 6Q) is
an unknown function that accounts for the spectral sensitivity of the detector and optical
transmission or reflection of all optical elements. The spectral transmission T(A) accounts

for the absorbance of the suspension.

The intensities in both polarizations is measured with varying ¢ angle from the x di-
rection by steps of 10° for each wavelength ranging from 400 to 800 nm. A model graph
representing the measured perpendicular and parallel signal for a cluster of gold NPs at
wavelength A = 660 nm is plotted on Fig: 2.7 (left) and the plots are also fitted to the fol-

lowing simple functions:

1,5 =By +Aycos’d (2.16a)
Ijs = By + Agsin®} (2.16b)

The background signal B, identical for the two functions, does not exceed a few per-
cent (at most 5% across the wavelength range) of the amplitude Ay, which fully validates
the assumption of isotropic scatterers [8]. The values of Ay and Ay are extracted for all
studied wavelengths, and their ratio is plotted as a function of the wavelength on Fig: 2.7

(right)
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Figure 2.7: (left) Measured intensity (symbols) as a function of the incident polarization angle ¢
with output polarizations perpendicular (black squares) and parallel (red circles) to the scattering
plane at a wavelength A = 660 nm and a scattering angle 6 = 90°. Simple fits (lines) of Aycos?¢p + B
(black) and Ay sinzq) + B (red). (right) Experimental ratio of Ay (intensity measured parallel to the
scattering plane) to Ay (intensity measured orthogonal to the scattering plane) as a function of the
wavelength A.

To extract the contribution of MD+EQ and ED+MQ modes separately, the measured
intensities were normalized with a reference dispersion of silica NPs in water or ethanol.

Silica NPs were used as the model dispersion due to the ease of their synthesis with a high
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precision in their particle size. The scattering cross section of silica NPs for a given size
is then calculated using Mie theory [6]. The scattering intensities measured for samples
(gold NP clusters) in both polarizations are normalized using the intensity measured for
silica in the perpendicular polarization I f, since at scattering angle 6 = 90° silica does
not exhibit any MD (from Mie theory).

The reference signals were collected using the same experimental conditions as the
ones used for the samples. Therefore the quantities Iy(A), Q2 and g(A, 6Q2) are the same
for the sample as well as the reference. Dividing Equation 2.15 for measured intensities
for the sample by the reference yields the differential scattering cross sections (o) of the

sample along the particular direction (0,}):

|S1(6=90%)| _ KAVU\)Trer\) 6=90°

0 =90 = 2.17
oo [S2(06=90%] AT\ gogge
0(0=90°) = = =K AFTOUTO) o (2.17b)

where, K = n”—“f is the ratio of scatterers concentration in the sample (n.) and the ref-
Te!

Tref ()\)
TA)

is simply equal to 1 since transmission of highly diluted samples are dominated by the

erence silica system (7n,f), it is a constant independent of wavelength. The ratio

solvent. A model plot of the extracted scattering cross section for both polarizations are
shown in Figure 2.8. Their absolute values cannot be extracted from the experimental
data because the concentrations of clusters and reference silica beads in the respective
suspensions are not known. However, we fully determine the spectral positions and rela-
tive amplitudes of the two resonant modes.

The measurements recorded at this scattering angle (6 = 90°) indicate the presence
of the MD resonance. The relative amplitude as well as the spectral position of the MD
resonance with respect to the ED resonance cannot be estimated due to the significant
presence of the EQ mode. As stated in Section 1.2.1, directional scattering properties are
only obtained when both the dipolar modes resonate in the same frequency with equal
amplitude. Therefore to study the directional scattering properties of the clusters, the
SLS setup was modified to allow the scattering angle to be varied between 20° (forward

scattering) to 140° (backward scattering).

The precision of the setup at all scattering angles was first checked using the model
dispersion of silica NPs in a solvent. The ratio of the scattering intensities Ay;/Ay for silica
particles (much smaller than the wavelength) as a function of scattering angle 0 follows a
simple function (from Mie theory):

A

0 _ cos%0 (2.18)
Ay
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Figure 2.8: The scattering cross section extracted for ED+MQ (black lines) and MD+EQ (red lines)
for a suspension of gold NP clusters in dodecane.

The plot representing the experimental ratio and theoretical values are shown in Fig-

ure 2.9. The plot indicates a good overlap between the experimental and theoretical data.
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Figure 2.9: Experimental (black square) and expected values (red dots) of the ratio of Ay/Ay.

The scattering intensities for the two polarizations, Igy(¢,0) and Isy (P, 0), for scat-
tering angles 0 = 20° to 140° with an interval of 6 = 5° are measured for all values of the
wavelength (A). These measured values were all fitted to Equation 2.16, from which we
extract Ay (A,0) and Ay (A, 0), using the same normalization with a model dispersion of

colloidal silica as before.

The extracted data are then used to build a polar plot for different wavelengths which

will further be explained in Section 4.1.2. It is not possible to measure the scattering in-
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tensities below 0 = 20° since the influence from the direct beam is hard to avoid. It is also

not possible to go beyond 6 = 140° due to the limit of the setup.

The total scattering intensities (Ay (A, 0)+Ag(A, 0)) for each angle as a function of wave-
length is plotted using a polar plot to indicate the directional scattering properties (also

shown in Section 4.1.2).

The directional scattering properties can also be indicated using an assymetry param-
eter (g) which can be estimated from the polar plots. g is calculated by taking a sum of
total scattering intensity (VH+VV) at each scatting angle and multiply with cos 0. Since
the value cos 0 is positive for 6 < 90 and negative for 8 > 90, the sign of the summation will

indicate the degree of forward scattering.

Y20" (VH+VV) sin 6 cos 0

=<cosf>=
§ 20 (VH+VV) sin 6

(2.19)

where,

e g =0for all isotropic scatterers,
* g is positive for forward scattering and

* gisnegative for backward scattering

2.2 Small Angle X-Ray Scattering

2.2.1 Background

Small angle x-ray scattering (SAXS) is a non-destructive analytical tool used to determine
the structure of a system in terms of averaged particles size, shapes and interaction within
the system. Systems that can be analyzed using SAXS include solids, liquids or a combi-
nation of both materials. In general, an X-ray radiation is passed through the sample
and every particle that happens to be inside the beam scatter the incident radiation in
all directions. An average is taken over all objects and over all orientations of the ob-
jects to produce an average value that depends on their structure. SAXS measures the
scattering intensities at scattering angles very close to zero. This angular range contains
information regarding the structure of the scattering objects at sizes typically comprised
between 0.5 nm and 100 nm, which includes for example nano and microparticles, and
macromolecules among others. In this study, SAXS profiles were obtained for gold NPs

suspension and clusters of gold NPs suspensions, to study their size and structure.
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2.2.2 Working principle

When an X-ray radiation encounters a medium, two main phenomena may occur: scat-
tering and absorption. A fraction of the radiation passes through the sample, a fraction
gets absorbed and transferred into other forms of energy (heat, fluorescence, etc.) and a
fraction will be scattered into other directions of propagation. Scattering can occur with
or without energy loss (inelastic or elastic scattering respectively), that is, the scattered ra-
diation can have the same or different frequency than the incident radiation. The former
is known as elastic scattering and the scattered radiation has no phase relation with the

incident radiation.

Elastic scattering occurs when the electrons start oscillating at the same frequency
as the incident radiation. These oscillating electrons emit a secondary source of radia-
tion with the same frequency as the incident radiation. The scattered waves emitted by
the neighbouring atoms interfere at the detector to produce an interference pattern. The
interference can be constructive (in phase), destructive (out of phase) or in-between de-
pending upon the scattering angle and the distance r at which they are measured. A con-
structive interference causes a bright spot at the detector and a destructive interference
causes a dark spot at the detector. This results in a 2D interference pattern with varying
intensity as a function of position in the detector. This interference pattern contains the

information on orientation and distance of atoms relative to each other.

SAXS produces structural information on objects whose size range is typically com-
prised between 0.5 nm and 100 nm [9]. The scattering intensity (I) in SAXS experiments
are measured as a function of the scattering wavevector g that reads:

4T 0

where A [nm] is the wavelength of the incident radiation, 0 [°] is the scattering angle
(angle between the incident and scattered beam). The dimension of g is ﬁ The scat-
tering intensity I(g) depends upon the electron density p of the system. The higher the
electron density, the higher is the I(g). For instance, if the sample is composed of a very
dilute suspension of particles with a volume V and electron density p, the scattering in-

tensity can be expressed as:

1(g) =1,.0°.V2.P(q) (2.21)

where, P(g) is the form factor of the particles, which by definition only depends on
the size and shape of the particles (further discussed in Section 2.2.4.1 below), and I, is
the intensity of the incident beam. By "very dilute", we mean a solution in which any in-
cident ray is only scattered once before exiting the sample area. SAXS can also be used
to study the interaction between the particles within the suspension in case of a concen-

trated sample suspension.
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2.2.3 SAXS instrumentation and data acquisition

During the course of my PhD, two different SAXS instruments were used to analyse the
sample. For each SAXS profile, the instrument used will be indicated as either SAXS 1 or
SAXS 2.

SAXS 1:

SAXS profiles were acquired in transmission on a Nanostar-U device (Bruker SAXS)
with a copper anode source, Goebel mirrors and a HiSTAR 2-D detector giving access to
scattering vector q values from 0.1 to 8 nm~!. The resulting 2D images were found to
be isotropic, and the data were azimuthally averaged to yield the scattering curve of the
intensity I(q) corrected from experimental background versus q = (47t/A) sin(0/2), where
A =0.154 nm is the wavelength of the Cu Ka radiation and 0 is the scattering angle. The
scattering profiles for both individual NPs suspension and gold NP clusters suspension

are acquired by exposing the samples for 16 hrs.

SAXS 2:

SAXS profiles were acquired in transmission on a XEUSS device (Xenocs) with a mi-
crofocus copper anode source, a scatterless collimation system and a PILATUS 2-D de-
tector, giving access to scattering wavevector g values ranging from 0.08 to 8 nm~!. The
scattering intensity of dilute suspensions of gold NPs suspended in water and dilute sus-
pensions of clusters of gold NPs suspended in oil (silicone oil or dodecane) were recorded.
The sample suspensions were put in thin glass capillaries. The resulting 2D images were
found to be isotropic, and the data were azimuthally averaged to yield the scattering curve
of the intensity 1(q), corrected from experimental background, versus q = (4nt/A) sin (8/2),

where A= 0.154 nm is the wavelength of the Cu Ka radiation and 0 is the scattering angle.

Detector 2D

Sample holder

Capillar
Incident beam P Y

Figure 2.10: Schematic illustration of the SAXS instrument used for data acquisition.
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2.2.4 Data analysis

In the case when the concentration of the sample is no longer dilute enough, the recorded
scattered intensity may contain some information on the form factor as well on what is
called the structure factor of the particles (further in Section 2.2.4.2 below). In that case,

the expression of the scattered intensity reads:

I(q) =P(q).S(q) (2.22)

where P(g) and S(q) represent the form and the structure factor of the suspended

particles respectively.

2.2.4.1 Form factor

The form factor P(q) describes the scattering from a single particle, which strongly de-
pends on its size and shape. The scattering of one particle, which is made of many atoms,
can be explained as the interference pattern produced at the detector when the scattered
wave from each atom/electron interfere. In practice, many particles are illuminated at the
same time and thus the theoretical form factor must be scaled to match the experimental
data.

The theoretical form factor of a sphere of radius r is expressed as:

(sin(gr) — greos(qr))?
q° ’

Which can be convoluted with a Gaussian size distribution in order to describe a dis-

P(g,r) = (2.23)

persion of particles

D(r, 75) = 5o

1 (r—rg)?
0\/ﬁexp (——) , (2.24)
where r; is the average size of the particle and o is the size distribution of the particles.
If all the illuminated particles are identical in shape and size, and the particles are far away
from each other with no interaction among them, then the scattering pattern is simply the
form factor multiplied by the number of particles. In the case of a polydisperse dispersion,

the form factor of all the particles are summed to obtain an average scattering pattern.

As an example, we present the calculated scattering intensity I(q) = P(q) for spherical
particles of radius r; = 6.7 nm using Equation 2.23 on Figure 2.11.

2.2.4.2 Structure factor

When a system of densely packed particles are irradiated with x-ray, the correlations be-

tween particles give rise to additional contributions to the interference pattern apart from
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Figure 2.11: Form factor of a sphere with r; = 6.7 nm and ¢ = lnm

the P(g). This additional contribution factor is known as the structure factor and contains
information on the position and interactions of the particles with respect to each other.
For example, a repulsive interaction between the particles leads to a decrease in the scat-
tering intensity at g values corresponding to the distance between the particles. On the
contrary, an increase in the intensity indicates an attractive interaction, which may cause
the aggregation of the particles in the solution [10]. The aggregation of particles eventu-
ally leads to a sharp scattering peak when the particles align themselves into an ordered
(or quasi ordered) arrangement. This peak is known as the Bragg peak and the position
of its maximum (gpeax) indicates the center to center distance (dpragg) (nm) between the

particles:

27

Apragg = (2.25)

qpeak
As gold NPs are assembled in a dense clusters, a Bragg peak is observed that leads to
the average aggregating distance of the NPs in the clusters. For example, Fig. 2.12 presents
the observed Bragg peak in clusters of gold NPs constituted of methoxy poly(ethylene
glycol) thiols (PEG-SH) (800 g/mol) covered NPs. We used this technique to study the
internal structure of the gold NP clusters made of NPs capped with different polymers

and polymer molecular weights in Chapter 3.
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Figure 2.12: Graph indicating the Bragg peak for clusters of gold NPs capped with PEG (800 g/mol).
Obtained using SAXS 2

2.3 Spectroscopic techniques

2.3.1 UV-Vis spectroscopy

UV-Visible spectroscopy is a type of absorption spectroscopy which measures the atten-
uation of a beam of light (in the UV/Vis part of the spectrum) after passing through a
sample. The spectrometer works on the principle of Beer-Lambert law which states that
the absorbance A of light is directly proportional to the sample path length / and the con-
centration c of the absorbing specie as follows:

I
A= log(TO) —elc (2.26)

where, € is the molar extinction coefficient of the studied species, I, and I are the inci-
dent and transmitted light intensities respectively.

Due to the presence of a surface plasmon resonance, metallic NPs exhibit a sharp ab-
sorption peak in the visible spectrum, which is characteristic of their chemical nature,
size, shape and optical index of their environment. Spherical gold NPs have an absorp-
tion peak around 520 nm and exhibit a Stokes shift when their size or the refractive index
of their surrounding medium is altered. In this study, UV-Vis spectroscopy was used to
study the optical characteristics of both gold NPs and clusters of gold NPs suspended in a
solution, and to calculate the concentration of gold NPs dispersed in water. The measure-
ments were carried out using a UV-Visible Jasco V-730 spectroscope in the wavelength
range from 350 to 800 nm. The sample suspensions were studied in PMMA cells with 1

cm optical path and a pure solvent cell was used as a reference.
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2.3.2 ATR-FTIR spectroscopy

Attenuated Total Reflectance-Fourier Transform Infra-Red spectroscopy (ATR-FTIR) is a
type of IR spectroscopy where the sample is analyzed directly in the liquid or solid state
without any sample preparation. In ATR-FTIR spectroscopy the sample is in contact with
the ATR crystal, the IR radiation travels through the crystal and interacts with the sample
that is in contact with the ATR crystal. Because of the differences in refractive indices (1,
and n,) of both materials, total internal reflection occurs as the ray exhibits an angle larger
than the total reflection limit angle 0y, = Arc sin(Z—f). In such case only an evanescent wave

is formed that exponentially decay in the direction perpendicular to the interface.

2.3.2.1 Principle of ATR-FTIR

The sample is placed on the ATR crystal (typically made of a high refractive index mate-
rial). Upon total reflection of the incident light at the interface where the crystal touches
the sample, a small fraction of the light extends into the sample as an evanescent wave.
Based on the composition of the sample, a small part of the infrared light is absorbed
when the evanescent wave interacts with the sample, resulting in a slightly attenuated
total reflection. Therefore by analyzing the totally reflected IR light, information on the

composition of the sample can be obtained.

Evanescent Wave
Bulk Sample

/ ATR Crystal

Incoming
IR Beam

Figure 2.13: Schematic illustration of total internal reflection at the surface of a ATR crystal

The penetration depth is a measure of how far the evanescent wave extends into the
sample, it is calculated using the equation shown below:

A
dp= (2.27)

Znnl\/sinz(ei) - (Z—f)z

where, A denotes the wavelength, n; and n;, are the refractive index of the germanium
crystal (n; =4.052 at A = 2.8um) and the sample respectively. The d, was calculated to be
~ 0.14 pm at A = 2.873 pum (for both silicone oil, n, = 1.52, and dodecane, n, = 1.42).
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Infra-red spectroscopy in the ATR-FTIR mode was performed using a Nicolet 6700
spectrometer Thermo Scientific equipped with a MCT detector cooled at 77K. For each
spectrum, 200 scans were recorded at a resolution of 8 cm™!. The IR radiation is directed

on a germanium crystal at an incidence angle 6 = 45°, above the critical angle.

ATR-FTIR setup was used in this study to estimate the volume fraction of water in the
emulsion as a function of ripening time. IR was chosen since the influence of scattering

is low at high frequency.

2.4 Electron Microscopy

In this thesis, electron microscopy techniques were employed to obtain images of indi-

vidual NPs as well as clusters of NPs to study their size, shape and structure.

2.4.1 Transmission Electron microscopy

Transmission electron microscopy (TEM) employs a high energy beam of electrons through
a very thin sample. The interaction between the electron beam and the sample is used to
produce high resolution black and white images. The TEM operates on the same basic
principles as the light microscope but uses electrons instead of light. Because the wave-
length of electrons is much smaller than that of light, the optimal resolution attainable
for TEM images is about 2 to 3 orders of magnitude higher than that from a light micro-
scope. And since the electron beam cross through the sample, TEM can be used to study

the inner structure of the sample, such as its crystalline structure, morphology etc.

In order to ensure the transmission of electrons through the sample it has to be very
thin and as flat as possible. Therefore, the sample preparation is very crucial in a TEM
experiment. To obtain TEM images of individual gold NPs, a few drops of the NPs solu-
tion (gold NPs suspended in water), are deposited on a copper grid. Once the water is

completely evaporated, the samples are ready to be viewed under the electron beam.

The sample preparation of clusters of gold NPs is more complicated than individual
particles. The clusters are dispersed in an oil solution which can be much harder to com-
pletely eliminate before its exposure to the electron beam. Therefore a solvent exchange
method was employed to completely exchange the oil solution with a volatile fluid such
as Hexane. This was achieved by centrifugating the cluster solution and replacing the su-
pernatant with Hexane. This process was repeated twice to ensure the complete exchange
of solvents. The final solution of clusters dispersed in hexane is used to prepare the cop-
per grids. Although TEM gives a rough estimate of the structure of the clusters, the harsh
treatment of the sample during the sample preparation could have altered the structure.

Moreover, the effect of capillary forces on the clusters during the drying process is unclear.
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2.4.2 Cryo-Transmission Electron microscopy

Cryo-transmission electron microscopy technique (CRYO-TEM) was employed by Oren
Regev and Einat Nativ-Roth at the University of Beer Sheva (Israel) to study the structure of
clusters of gold NPs in the liquid phase. Unlike TEM, the samples do not undergo vigorous
centrifugation step, instead they are frozen in their liquid state and directly viewed under

the electron beam.

Samples for Cryo-TEM imaging were prepared using a fully automated vitrification
device (Leica, EM GP). First, 3 pL of the cluster suspension in dodecane was deposited
onto a glow discharged 300 Mesh Cu grid covered with a lacey-carbon film (Ted Pella,
01883-F) held inside a 100% humidity chamber. The grid was then mechanically blotted
and immediately plunged into liquid ethane cooled by liquid nitrogen in order to vitrify
the dodecane. The frozen grid was mounted in a Gatan cryo-TEM holder, and examined at
low dose below —175 °C in a FEI Talos S200C microscope operated at 200 kV. Images were
collected using a Ceta camera (4k x 4k) and analyzed using Digital Micrograph Gatan Inc.

software.

2.5 Synthesis of gold nanoparticles

Colloidal solutions of gold NPs dispersed in water were synthesized using the Turkevich
method [11]. Turkevich method is based on chemical reduction of gold salt (HAuCl4,3H,0)
to metallic gold atoms which then form nucleation centers and grow into NPs. The syn-
thesis is performed at 100°C and sodium citrate is used as a reducing agent. In fact sodium
citrate has two main roles in this synthesis process: 1) it reduces the gold salt (HAuCls,3H,0)

then, 2) it acts as a ligand in order to stabilize the NPs.

The ratio of gold salt (HAuCly,3H;0) to sodium citrate determines the size of the gold
NPs. In this study, a ratio of 3.5: 1 was used, which allows us to obtain objects with a radius

of about 6.5 nm and a very narrow size distribution.

2.5.1 Synthesis steps

Cleaning: The glass beakers necessary for the synthesis of gold nanoparticles were first

thoroughly rinsed using aqua regia (1/3 HNOs ; 2/3 HCL), followed by deionised water.

* 0.5 Molarity solution of gold salt is prepared by adding 0.14 g of HAuCly in 0.7 ml of

water.
e 500 mL of ultra-pure water is heated using a hot plate until it reaches boiling point,

* 0.246 mL of 0.5M of gold solution is added to the boiling water
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* Once the water reaches boiling point again, 3 mL of 0.385 g of sodium citrate in 9

mL of water, is added to the boiling water under vigorous stirring.

The solution initially turns into a dark purple color indicating the formation gold NPs.

The temperature and agitation is maintained till the solution reaches a bright red colour.

The solution is allowed to cool down and the size and volume fraction is calculated using

different methods. Transmission electron microscopy image of the synthesized gold NPs

is shown in Figure 2.14.
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Figure 2.14: a) TEM image of the synthesized gold NPs. b) Size distribution of gold NPs estimated

from TEM images.

2.5.1.1 Calculation of volume fraction

Molecular weight of gold salt = 393.83 g/mol

246 ml
Mass of salt used = 0.14 g x % =0.0492 g

Ngaie = 25492 _ 1 9%x10~* mol =N

393.83 Au

Molecular weight of gold = 196.97 g/mol

Mass of gold used = 1.2 x 1074 x 196.97 = 0.0246 g

Density of gold = 19.32 g/cm?®
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0.0246 g

1932g/cm3 — 1.27x1073 ml

Volume of gold =

: : _ 127x1073 _ -6
Volume fraction og gold in water = =<7"— = 2.5x10

This synthesis produces a suspension with gold volume fraction approximately 2.5 x

1075. The experimental value of volume fraction is calculated using Uv-Vis spectroscopy.

2.6 Emulsification Technique

Emulsions are heterogeneous mixtures of at least two immiscible liquids, generally, wa-
ter and oil, one of which is dispersed as droplets throughout the other liquid phase by
an external energy source. The phase existing as small droplets is called the dispersed
phase and the surrounding liquid is known as the continuous phase. An emulsion is most
often described as either oil-in-water (O/W) or water-in-oil (W/O) where the first phase

mentioned, refers to the dispersed phase.

In this thesis, water-in-oil emulsions were used to fabricate clusters of gold NPs. The
emulsions were created using two techniques, namely the bulk emulsion technique and

microfluidics.

All the bulk emulsions in this study were performed using a Ultraturax mixer (T-18)
which creates a mechanical stirring. The speed of agitation was fixed at 1000 rpm for all
emulsions. The water-in-oil emulsions were obtained by first mixing the oil solution (con-
tinuous phase) with the surfactant. The water solution was then added drop wise under
vigorous agitation. The resulting emulsion was characterized using optical microscopy

and granulometry.

Monodisperse water-in-oil emulsions were also produced using a glass microfluidic
chip. The resulting emulsions were characterized using an optical microscope. The glass

chips were purchased from Micronit Microtechnologies.
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Chapter 3

Formulation of clusters
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Summary: This chapter will provide a detailed account on the fabrication route em-

ployed to synthesis clusters of gold nanoparticles which can further be used as optical

resonators.

which results in the production of large quantities of gold NP clusters with a polydisper-

sity in size. The second part of this chapter will detail the challenges faced while using the

The first part of this chapter focuses on the bulk emulsification technique,

microfluidic technology to produce a monodisperse cluster suspension.
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3.1 Introduction

In this study, clusters of gold NPs were synthesized using a water-in-oil emulsion based
formulation route. The fabrication technique employed can be divided into two main
steps: the first step involves emulsifying a liquid suspension of gold NPs (water phase,
average diameter dyp ~14 nm) to create droplets (of diameter dgropiers =8 pm) of this
suspension in an oil phase using surfactant molecules. In the second step, the size of
the water droplets is reduced in a controlled manner, by evaporating the water using a
rotavapor, to bring the NPs closer to each other and form the final clusters. A schematic

illustration of the formulation technique is shown in Figure 3.1.

The surface of the individual NPs composing the final clusters were covered by two
different polymers namely, polyvinylpyrrolidone (PVP) and methoxy poly(ethylene gly-
col) thiol (PEG-SH) and their influence on the stability of the NPs suspension as well as
on the final volume fraction of the cluster were studied. The surface modification of the
NPs is a required step of the process as the polymer layers prevents direct contact between
particles within the clusters, which is a condition to retain the SPR properties of the indi-

vidual NPs [1]. Indeed, the SPR is essential to obtain the targeted optical properties.

Ripening

Low Pressure

Figure 3.1: Schematic illustration of the NP cluster formulation route.

3.2 Formulation and ripening of the emulsions

3.2.1 Formulation parameters

The first step of the cluster fabrication technique involves the formulation of stable water-
in-oil emulsions, which is obtained with the help of adapted surfactant molecules. Sur-
factants are amphiphilic molecules, which contain both a hydrophilic (polar) head group
and a hydrophobic (non-polar) tail. Therefore, surfactants are attracted to both polar and
non-polar compounds and adsorb at the oil-water interface. In this way, surfactants lower
the interfacial tension between the oil and water phases, stabilizing the droplets and pre-

venting them from coalescing. The stability of emulsions largely depends upon the ability
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of the surfactant to cover the water droplet surface.

. Surfactant Surfactant commercial . a1e
Continuous phase . Emulsion stability
chemical formula name /and source
Mixture of
Polydiméthylsiloxane | Cyclopentasiloxane /Dlzvcv Eéizrifn stable
and PEG/PPG-18/18 &
Polyethylene
Polydiméthylsiloxane glycol oleyl Brij 93 unstable*
ether
o . PEG 10 KF6017
Polydiméthylsiloxane Dimethicone / Shin Etsu stable
o . . P,EG 9 . KF6028
Polydiméthylsiloxane | Polydiméthylsiloxane . stable
. . / Shin Etsu
Dimethicone
Polyglyceryl-3 KF6104
Polydiméthylsiloxane | Polydiméthylsiloxane . stable
. . / Shin Etsu
Dimethicone
KF6104
Dodecane - / Shin Etsu unstable
Dodecane - DC 5225c¢ stable
Oligomeric ester
Dodecane based surfactant Hypermer stable
Hexadecane Sorbitan mono Span80 unstable*
oleate
Hexadecane - Brij 93 unstable
Hexadecane PEG-PPG-PEG PL121 unstable

Table 3.1: Table indicating different surfactants and continuous phase used in this study. *Al-
though the water-in-oil emulsion was stable, these surfactants interact with the NPs in the water
phase, leading to their unwanted aggregation inside the droplets.

In this study, the stability of water-in-oil emulsions were tested using various commer-
cially available surfactants in different continuous phases. The different surfactants and
different continuous phases studied are listed in Table: 3.1. Only the combinations lead-
ing to stable emulsions were then tested to fabricate the clusters. One particular difficulty
in this study was that some of the surfactant tested (namely Span 80 and Brij 93) interacted
with the nanoparticles contained inside the water droplets, which led to their irreversible
aggregation. This has of course to be avoided. This can be identified easily by noting the
colour of the emulsion, a pink color emulsion means the NPs within the droplets are sta-
ble and a blue color means the NPs have aggregated inside the water droplet. The stability
of emulsions was studied using macroscopic observations, microscopy investigations and
granulometry measurements. From this first screening, it comes that the surfactant DC
5225c¢, purchased from DOW CORNING, could very efficiently stabilize the water droplets
in both PDMS and dodecane and was thus chosen for the clusters fabrication. Thus, it was

used to prepare a 20% by volume water-in-silicone oil emulsion. First, the influence of the
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surfactant concentration on the water droplet size is studied using granulometry (shown
in Figure 3.2). From these measurements, it comes that the optimal surfactant concen-
tration can be set to 15 wt %. Similar results (not shown) were obtained in dodecane in

which the surfactant concentration was fixed at 10 wt%.
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Figure 3.2: Dependence of droplets size distribution on the concentration of surfactant DC 5225c.

At this concentration however, DC 5225c was not completely soluble in silicone oil
and, before its use, the DC solutions were centrifuged to get rid of the immiscible part
of the surfactant. As a reminder, DC 5225c is a mixture of several compounds and some
of them are apparently insoluble in the oil phase. We then used only the supernatant
(containing only the miscible part of the surfactant) for the emulsification process. Due
to this centrifugation step, the exact concentration of the surfactant in the continuous

phase is not precisely known.

Other surfactants were also probed to stabilize water-in-silicone oil emulsions. Three
different surfactants labeled KF6017, KF6028, KF6104 were purchased from Shin-Etsu Sil-
icone. These surfactants have been previously used in the literature to produce stable
water-in-silicone oil emulsions [2]. Among the three surfactants, except KF6017 the re-
maining surfactants were completely miscible with silicone oil and therefore did not re-
quire an additional centrifugation step. These surfactants, were then used to produce 20
% in volume water-in-silicone oil emulsions and the size of the water droplets were mea-
sured using granulometry. All the three sufactants produced a very stable emulsion, but
only KF6104 produced a single size distribution of water droplets. All the emulsions were
produced with 4 wt% of surfactants in 8 ml of silicone oil. A decrease or increase in the
surfactant concentration did not give any significant change in the droplets size distribu-
tion. Therefor surfactant KF6104 was found to be more suitable to produce a single size

distribution of clusters.
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Figure 3.3: Size of water droplets as a function of different surfactants. Red-KF6017, black-KF6028,
and violet-KF6104.

Although silicone oil as the continuous phase yielded stable emulsions, we also pro-
duced water-in-dodecane emulsions. This is because, once the final clusters are pro-
duced in dodecane, it can be exchanged with volatile solvents such as hexane in order
to image the clusters using transmission electron microscopy. DC 5225c could also be
used to stabilize water-in-dodecane emulsions. Further in the manuscript, we will also
use Hypermer as a surfactant since it appeared to be well adapted for the fabrication of

water-in-dodecane emulsions using microfluidics.
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Figure 3.4: SAXS curves of gold clusters (black dots) dispersed in dodecane, hypermer+dodecane
solution (blue dots) and theoretical form factor of a sphere with radius 1.3 nm (red line). Obtained
using SAXS 2.

77



CHAPTER 3. FORMULATION OF CLUSTERS

Though the Hypermer surfactant produced a stable emulsion, one also observed the
appearance of an intense light scattering that we attributed to the presence of micelles
in the solvent. Indeed, as time passes, the continuous phase becomes whitish, which we
attributed to the swelling of the micelles by the water either coming from the droplets
or from the surrounding atmosphere. The presence of these micelles in the final cluster
suspension is witnessed using SAXS (Figure: 3.4). From Figure: 3.4 it can be seen that
the SAXS curve of a cluster solution has a first peak at about 0.4 nm~! corresponding to
the interparticle distance within the cluster and a bump well accounted for by the form
factor of spherical objects of radius 1.3 nm. Finally, the presence of these swollen micelles
makes it difficult to study the optical properties of the final clusters and, as much as we

could, we tried to eliminate this surfactant in our forthcoming system.

Thus, DC 5225c in dodecane and KF6104 in silicone oil were the chosen surfactants+oil

solutions to fabricate the clusters in the process used in the forthcoming section.

3.2.2 Ripening process

All the glassware used in this step were first rinsed with aqua regia.

The 20% vol water-in-oil emulsion is transferred to a glass balloon which is then fixed
to a rotavapor. The water droplets are ripened at a constant pressure comprised between
2 and 10 mBar and maintained at room temperature. The balloon is also rotated at a
constant speed of 240 rpm, to ensure that all the water droplets in the system are ripened
at the same time. The rotation of the balloon also keeps the droplets from colliding with

each other.

The word “ripening” here describes the evaporation of water from the droplets. The
ripening process involves three steps: first, the water from the droplets dissolve into the
oil phase. Then, the water molecules diffuse towards the surface of the sample through
the continuous phase due to the applied pressure. Finally, they pass from the liquid to
the gas phase at the continuous phase/gas interface. The rate of evaporation therefore
depends upon several factors: the solubility of water in the oil phase, which itself is a
function of temperature, the surface area of contact between the continuous phase and
the gas phase and the applied pressure. The solubility of water in the oil phase should
be low enough to create a stable emulsion but still high enough to help in the ripening
process. The solubility of water is 40 mol/m?® and 33 mol/m?® in PDMS and dodecane
respectively. The surface area available for the evaporation of water depends upon the
size of the glassware used and the rotation speed. In this thesis, a 100 mL round-bottom

flask was used to ripen all the systems.

The applied pressure fluctuates between 2 to 10 mbar. Although increasing the tem-
perature will fasten the process, this is avoided for two main reasons: 1) The ripening

speed partly determines the final structure of the cluster, going too fast might lead to a
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non spherical object [3]. 2) The polymer chains that will be used for the stabilization of
gold NPs may exhibit attractive interactions at high temperature, as expected from such
LCST systems.

3.3 Fabrication of cluster

3.3.1 First tests

The structure and size of the gold NP clusters largely depend upon the size, the initial
concentration, and surface coverage of the NPs in the water phase. The initial NPs sus-
pension in water should of course be stable in order to avoid unwanted aggregation. The
stability of the initial dispersion is first checked using different analytical tools such as UV-
Vis spectroscopy, DLS and SAXS. These techniques will be also used for the final systems

(shown below).

The clusters of gold NPs were first fabricated using the Turkevich solution (gold NPs
stabilized with citrate ions in water) as the dispersed phase and silicone oil as the contin-
uous phase. However, the presence of citrate and sodium ions in the water phase compli-
cated the fabrication process. First, the surfactant (Brij, Span 80) used for the stabilization
of emulsions interacted with the gold NPs inside the water droplets leading to their un-
wanted aggregation. Secondly, the presence of ions inside the water droplets create an
osmotic pressure, which further prevents the droplets from ripening completely. Thus,

the NPs do not come very close to each other to form a final dense cluster.
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Figure 3.5: UV-Vis spectra of gold NPs stabilized by citrate before (black line) and after ripening
(blue line).

This osmotic effect can be deduced from the curves of Figure 3.5, which shows the
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evolution of the UV spectra before and after the ripening of water droplets in the solution.
As discussed in Section 1.4.1, with the wavelength of the peak A ax One can estimate the
distance between the NPs within the cluster. Before ripening, the observed A =519 nm
is compatible with the presence of individual NPs. After ripening, the peak slightly shifts
to 525 nm.

The red shift in the A« value is indeed due to the plasmonic coupling between gold
NPs inside the cluster. Therefore, this red shift can be used to estimate the edge-to-edge
distance between the NPs forming the clusters [4]. In this case, one can deduce a dis-
tance of around 17 nm, which corresponds to a NPs volume fraction of around 0.05 in the

cluster.

In order to increase the volume fraction of NPs inside the cluster, and also to in-
crease the stability of the NPs in the water phase, the surface of the individual gold NPs
were capped with different polymers. The impact of the polymer used as well as its mo-
lar mass and surface density was studied using different analytical tools. First, we used
poly(vinylpyrolidone) (PVP) at three different molar mass. In a second set of experiments,

we used thiol- poly(ethylene glycol) molecules of four different molar mass.

3.3.2 Clusters of Au-PVP NPs

In a first experiment, PVP chains with different molar mass (Mw = 10 kg/mol, 29 kg/mol
and 55 kg/mol) were adsorbed on the surface of the gold NPs. The resulting suspensions
are labelled as Au-PVP10k, Au-PVP29K and Au-PVP55K respectively. These suspensions

were then used as the dispersed phase to create a water-in-oil emulsion.

3.3.2.1 Capping of gold with PVP and ripening of water droplets

The stability of gold NPs in the water phase can be improved by capping the surface of the
gold NPs with polyvinylpyrrolidone (PVP) [5]. In such case, the polymer chains physically
adsorb at the NPs surface. This will prohibit the surfactants used for the emulsion process
from interacting with the NPs and also lead to a repulsive force between the NPs. The
surface modification of the NPs surface with PVP is achieved by exchanging the citrate
ions adsorbed on the NPs with PVP . In order to completely exchange all of the citrate ions,
an excess of PVP (about 5 times the concentration of citrate ions) was added to the NPs
solution. The concentration of citrate ions used in the Turkevich method is 0.88 mmol/L
(see Section 2.5). Therefore a 0.05 wt% of PVP (in case of 10000 g/mol) in water is used for
the ligand exchange process.

The excess of citrate ions present in the Turkevich suspension is first removed by cen-
trifuging the solution at 12000 rpm for 45 min and replacing the supernatant with a solu-
tion of PVP molecules in the right concentration suspended in water. This NPs suspension

was then stirred at room temperature for 6 hrs. After 6 hrs, the solution is once again cen-
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trifuged and the supernatant is replaced with pure water. This step is repeated 2 to 3 times

to remove the excess PVP and the remaining citrate ions from the final solution.

The resulting suspensions, addressed as Au-PVP10k, Au-PVP29K and Au-PVP55K, were
analyzed using UV-Vis spectroscopy (Figure 3.6).

1.0

0.6

0.4

Normalized UV spectra

0.0 : | : : . - .
400 450 500 530 600 630 700 730 800
Wavelength (nm)

Figure 3.6: UV-Vis spectra of gold NPs stabilized using citrate (black), Au-PVP10k (red), Au-PVP29K
(purple) and Au-PVP55K (wine red) dispersed in water.

The UV-spectra of the solutions before ripening is shown in Figure 3.6 and exhibits a
small red shift in the resonance wavelength between gold NPs stabilized by citrate (Apax =
519 nm) and PVP (A ax = 523 nm). This shift can be attributed to the change in the refrac-
tive index of the immediate surrounding of the NPs. Indeed, in Turkevich suspension, the
citrated NPs are surrounded by water molecules, but when the polymer molecules adsorb

onto the NPs surface the refractive index changes from water to water-swollen PVP.

The curves obtained for Au-PVP stabilized using different molar mass do not have any
prominent shift in the A5« value (see Figure 3.6). However, a small difference is observed
at longer wavelengths (= 550 nm), this could either be due to the absorption arising from

the excess polymer in the solution or due to small NPs aggregates.

These suspensions (Au-PVP10k, Au-PVP29K and Au-PVP55K) were used to create water-
in-oil emulsions and ripened to produce clusters. The cluster suspensions are labelled as
Cau-pvp10k, Cau-pvpeok and Cay-pypssk- The UV spectra of the resulting cluster suspensions

are shown in Figure 3.7.

The broadening and red-shift of the UV spectra obtained for the gold cluster (Cay-pypiok,
Cau-pvr29k and Cay.pypssk) in comparison to the individual NPs (Au-PVP10k, Au-PVP29K
and Au-PVP55K) are due to the electromagnetic couplings between NPs within the clus-
ter. The spectra (Fig 3.7) indicates a clear increase in the value of A ,x with decrease in
molar mass of PVP. This shows that the edge-to-edge distance between the NPs within
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Figure 3.7: UV-Vis spectra of gold NP clusters obtained from Au-PVP10k (dark blue), Au-PVP29K
(blue) and Au-PVP55K (light blue).

the cluster increases with the increase in the PVP molar mass. The smallest distance was
found for the sample Cay_pypiok, and is of the order of 3 nm. For samples Cay_pypogk and

Cau-pvpssk) the edge to edge distance is calculated to be = 4 and 5 nm respectively.

3.3.2.2 Kinetic study of the ripening process

To understand the factors influencing the ripening of the water droplets, the process was
studied by sampling aliquots from the rotavapor at regular intervals of time and subject-
ing them to different analytical tools. For this purpose, water-in-oil emulsions made using
Au-PVP10k suspensions as the dispersed phase and silicone 0il/DC 5225c solutions as the

continuous phase were selected.

The samples were taken at 15 min, 30 min, 45 min, 60 min, and 75 min and the sus-
pension after 75 mins of ripening and two days of stirring in a dry atmosphere at nor-
mal pressure. These samples were labelled PVP-R15, PVP-R30, PVP-R45, PVP-R60, PVP-
R75 and PVP-R75V2, respectively, and were studied using UV-Visible, IR spectroscopy and

small angle X-ray scattering.

ATR-FTIR spectra of the aliquots were obtained to estimate the rate of the ripening
process by measuring the volume fraction of the water remaining in the solution as a
function of time. This was achieved by measuring the intense band at 1640 and 3480
cm™! which corresponds to the stretching and bending of the O-H bonds of the water
molecules. In order to quantitatively estimate the volume fraction of water in the aliquots,
a master curve is first created by measuring emulsions with different volume fraction of
water in oil phase. The IR spectra obtained for 1, 5 and 10 wt% w/o emulsion are shown
in Figure 3.8. The decrease in the intensity of the peaks at 1640 and 3480 cm™! with the
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Figure 3.8: ATR-FTIR spectra for different w/o volume fraction. a) Full spectrum b) Zoom of the
spectrum in the v(OH) wavenumber domain.

decrease in water volume fraction is clearly visible. Thus a master curve is produced (Fig-
ure 3.9) by measuring the IR spectra for w/o emulsion with volume fraction ranging from
0.5 to 10 wt%. The decrease in water volume fraction gives rise to a linear decrease in the

intensity of the peak at 1640 cm™! (refer Figure 3.9).
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Figure 3.9: Intensity measure at 1640 cm™! (black triangle). Linear fit of the measured intensity
(red line).

The IR spectra of the aliquots are show in Figure 3.10 a. An ATR-FTIR spectrum was
also taken for sample PVP-R75V2 but did not display the water bands, indicating that wa-
ter had been fully removed after this level of ripening, at least up to the detection limit of
the spectrometer. With the help of the master curve (Fig. 3.9), the water volume fraction
remaining in the system as a function of time is quantitatively estimated. The decrease in

water volume fraction seems to follow an exponential decay with a function:

t
b(1) = cb(O).eXp(—;) 3.1)
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Where ¢(t) and $(0) are the water volume fraction at time ¢ and time 0, respectively
and T is the characteristic ripening time.
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Figure 3.10: a) IR-spectra of samples PVP-R15 (blue), PVP-R30 (green), PVP-R45 (red), and PVP-
R75 (black) b) Volume fraction as a function of time (black triangles) with an exponential fit (red
line).

The UV-Vis spectra of the aliquots were also obtained to estimate the edge-to-edge
distance between the NPs inside the water droplets as a function of ripening time. Figure
3.11 shows the UV-Vis spectra of samples PVP-R60, PVP-R75 and PVP-R75V2 as well as
that of the initial gold NPs suspension.
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Figure 3.11: UV-Vis spectra Au-PVP10K (red) and samples PVP-R60 (green), PVP-R75 (blue) and
PVP-R75V2 (black).

The spectra presents increasing broadening and red-shift of the absorption band as
the ripening time is increased. The increasing confinement of the Au NPs within the
droplets of reducing size decreases the distance between NPs, resulting in the occurrence
of plasmonic couplings and therefore to a red-shift in the LSPR peak. The LSPR band
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remains, nevertheless, well-defined, which hints at a good homogeneity of the distance
between NPs. This process is accompanied by a color change of the solution from pink
to blue. According to Mie theory calculations (see e.g. Fig. 3 in [4]), the broadening and
red-shift of the plasmonic extinction band observed for the final sample are compatible
with electromagnetic couplings between NPs, with an edge-to-edge distance on the or-
der of 3 nm. The aliquots taken at times before 60 mins could not be analyzed by UV-Vis

spectroscopy since they scatter too much light.
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Figure 3.12: SAXS profile for samples (black symbol) a) PVP-R60, b) PVP-R75 and c) PVP-R75V2.
The red line denotes the form factor of individual NPs with radius 6.7 nm. The blue arrow indicates
the onset of the NPs correlation. Obtained using SAXS 1.

The evolution of the interparticle distance were also studied using small angle X-ray
scattering. The SAXS instrument was used to study correlation between the NPs forming
the clusters. The SAXS spectra of the aliquots together with the form factor of individual
NPs are shown in Figure 3.12. The spectra obtained for aliquots at time 15 min, 30 min

and 45 min did not differ much from the form factor of individual NPs, meaning there was
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no detectable correlation between the NPs. However, a correlation peak begins to appear
from time ¢ = 60 mins at g = 0.27 nm™! and shifts to = 0.3 nm™! at time ¢ = 75 mins. The
final correlation peak is obtained for sample PVP-R75V2 at g = 0.37 nm™'. The shift in the
correlation curve with time is witnessed from Figure 3.12. The onset of the correlation
curve is used to estimate the edge-edge distance between the nanoparticles to be 3.6 nm.

This value is in good agreement with the value obtained from UV-Vis spectra.

This dramatic decrease in the interparticle distance is compatible with the evolution
of the global size of the objects. Figure 3.13 shows that the size of the initial droplets is
decreased by a factor 40 upon ripening, inducing a ~ 6 x 10* - fold multiplication of the
internal gold volume fraction f. The hydrodynamic size of the final clusters was measured

using dynamic light scattering (DLS).
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Figure 3.13: Granulometry and DLS measurements, respectively, of the size of the initial emulsion
droplets (red curve) and of the clusters in the PVP-R75V2 suspension (black curve).

TEM images of the synthesized clusters were obtained by depositing few drops of the
cluster solution (silicone oil) on a TEM grid. The prepared TEM grid was placed under
vacuum overnight for drying. The TEM images obtained were very difficult to analyze,
since the presence of silicone oil induced scattering when viewed under the electron
beam. The clusters were then produced in dodecane (surfactant-DC 5225c) using the
same procedure as mentioned above. After ripening, the clusters were washed with hex-
ane by centrifugation cycles and a small portion of the clusters dispersed in hexane were
deposited onto a TEM grid. Since hexane evaporates easily, the clusters could be imaged

in good conditions using TEM.

The TEM images shown in Figure 3.14 shows the difference in the image resolution
when the TEM grids are made using clusters dispersed in silicone oil and hexane. In sili-
cone oil (pictures a-c), the presence of remaining oil on the sample cannot be eliminated
using vacuum. Consequently, it is not possible to obtain good focused images of the sam-

ples. Nevertheless, we observe spherical objects having the expected average size but
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Figure 3.14: Transmission microscopy images of Au-PVP10K NP clusters dispersed in a), b) and c)
silicone oil (scale bar 500 nm) and in hexane d) scale bar 10 pm e) and f) scale bar 100 nm.

their internal structure cannot be depicted. When dodecane is used and replaced by hex-
ane, we get much cleaner samples for TEM (pictures d-f) and the internal structure can
be resolved. Clearly, the images exhibit rather homogeneous and spherical objects, which
seems to indicate that the clusters are not too affected by the centrifugation process and
the capillary forces that act on them during drying. However, TEM images may not be

considered as a statistical representation of the cluster’s suspension.

3.3.3 Clusters of Au-PEG NPs

The gold NPs initially obtained with the Turkevich method were also capped with methoxy
poly(ethylene glycol) thiols (PEG-SH). The resulting suspensions are labeled as Au-PEG.
The difference between Au-PVP and Au-PEG is that, while PVP chains are physically ad-
sorbed at the surface of the NPs, the PEG chains are covalently bonded to the NPs surface
through the thiol group (SH). This creates a polymer brush which extends into the solu-
tion when suspended in water. A schematic of the expected structure of the layers in each

case is shown on Figure 3.15 b.

3.3.3.1 Peglation of gold nanopartricles

To cap the gold NPs with PEG, four different PEG-SH of molar mass M,, = 800 g/mol, 2000
g/mol, 5000 g/mol and 6000 g/mol were grafted on the gold NPs. The grafting process in-

volved adding a quantity o (mol) of PEG-SH to the aqueous suspension of citrate-coated
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_oNa
gold NPs, so that 7

the Avogadro number, np the number of NPs in the suspension and dyp the mean diame-

is the nominal grafting density at the gold surface, with Ny

ter of the gold NPs. Several suspensions were produced with the different PEG-SH ligands
and different nominal densities ranging between 0.5 and 4 ligand molecules/nm?. The re-

sulting suspensions are labeled Au-SH-PEGa-X, where X is the number of molecules/ nm?.

Hydrodynamic radius (Ry) of gold NPs capped with different molar mass of PEG and
different grafting density were measured using dynamic light scattering. All the measure-
ments were carried out with gold NPs suspended in water with a volume fraction 6x10™%.
Figure 3.15 a) represents the hydrodynamic radius distributions of gold NPs stabilized
with citrate, PVP (Mw = 10* g/mol), and PEG (Mw = 5000 g/mol). As expected, the Ry of
Au-citrate is slightly smaller than the one of Au-PVP and much smaller than the one of
Au-PEG, since this length includes both the NP and the polymer layer. The increase Ry
in case of Au-PEG when compared to Au-PVP is due to the fact that, in the case of PEG,
the polymer molecules extend into the solution to form a brush whereas PVP is randomly
adsorbed on the NPs surface (see Fig: 3.15 b). Figure 3.15 a. also shows a small increase

in the Ry when the density of PEG polymer grafted onto the NPs surface is increased.
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Figure 3.15: a) Hydrodynamic radius of Au-citrate (black), Au-PVP10K (red), Au-SH-PEG5000-2
(green), Au-SH-PEG5000-4 (pink) and Au-SH-PEG5000-7 (blue). b) Schematic illustration of PVP
and PEG molecules grafted on the NPs surface.

DLS measurements were also performed to study the influence of the molar mass of
PEG used for grafting the NPs surface on Ry. From Figure 3.16, one observes a quasi linear
increase of Ry as a function of the molar mass, as expected for such a “brush” geometry
(6].

The UV-Vis spectra of the gold NPs stabilized with different molar mass PEG are shown
in Figure 3.17. A small shift in the Ap,5x from Au-citrate to Au-PEG is due to the change in
the refractive index of the immediate surrounding of the NPs. No prominent difference in
the UV spectra is observed for NPs stabilized with different PEG molar mass. This denotes
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Figure 3.16: a) Hydrodynamic radius of Au-citrate (black), Au-PVP10K (red), Au-SH-PEG800-4
(pink), Au-SH-PEG2000-4 (green), Au-PEG5000-4 (blue) and Au-SH-PEG6000-4 (brown). b) Hy-
drodynamic radius of gold NPs as a function of polymer molecular weight (black).
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Figure 3.17: UV spectra of gold nanoparticles stabilized with citrate (black), PEG800-4 (pink),
PEG2000-4 (green) and PEG6000-4 (brown).

that the NPs capped with PEG with different molar mass and nominal densities are all

stable in water without any aggregations.

The size of the PEG stabilized gold NPs were also probed using transmission electron
microscopy (Figure 3.18) and small angle x-ray scattering (Figure 3.19). Due to the differ-
ence in contrast between gold and PEG, TEM images of the gold NPs stabilized with PEG
(shown in Figure 3.18) only show the gold core and not the polymer layer and thus the
images obtained for different Au-PEG suspensions were very similar. The SAXS curves of
three different Au-PEG suspensions obtained from the same batch of Turkevich solution
are shown in Figure 3.19. As expected from the UV spectra, all the gold NPs (Au- PEG) sus-
pended in the water phase are rather monodisperse and fully dispersed in the suspension

and exhibit a radius of 6.6 nm and a standard deviation (o) o = 0.6 nm.
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Figure 3.18: TEM images of Au-PEG2000-4 (left) and Au-PEG800-4 (right). The scale bar is 100 nm.
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Figure 3.19: SAXS signal of the Au-PEG6000-4 (light blue), Au-PEG2000-4 (dark blue ) and Au-
PEG800-4 (black). The red line is the theoretical form factor of polydisperse homogeneous spheres
(refer Equation 2.23 and 2.24) adjusted to the NPs signal. The curves are vertically shifted for clar-
ity. These SAXS signals were acquired using SAXS 2.

3.3.3.2 Study of the clusters density

The different Au-PEG suspensions were used to fabricate clusters of gold NPs using the
rotavapor in the same pressure and temperature conditions as given before. All emulsions

were made using dodecane as the continuous phase and DC 5225c as the surfactant.

The resulting clusters were then analysed using UV-Vis spectroscopy and SAXS. Figure
3.20 a and 3.20 b. depict the normalized UV spectra as a function of grafting density and
molar mass of the polymer ligands. These spectra clearly indicate that the decrease in the
polymer length or the density of the polymer molecules causes a red shift in the resonance
wavelength. This red shift is due to the decrease in the interparticle distance between

the NPs within the cluster, meaning the volume fraction of gold NPs within the cluster
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increases. When the surface density is decreased to a minimal value, the resulting clusters
have a shoulder peak in their UV spectra (Figure 3.20 a. black curve - Au-PEG2000-0.5 NP
clusters and brown curve - Au-PEG800-1 NP clusters). This type of shoulder peaks has
been used to demonstrate the presence of a magnetic dipolar (MD) resonance in addition
to an electric dipolar resonance (ED), for instance in [7]. This will further be elaborated in

Chapter 4.
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Figure 3.20: Normalized UV spectra of a) Au-PEG800, Au-PEG2000 and Au-PEG6000 NP clusters
suspension. The density of polymer molecules used is shown using colour code, 0.5 mol/nm?
(black), 1 mol/nm? (pink), 2 mol/nm? (brown) and 4 mol/nm? (blue). b) Normalized UV spectra
for 1 mol/nm?, 2 mol/nm? and 4 mol/nm?. The polymer length is shown using colour code, PEG-
6000 NP clusters (black), PEG-2000 NP clusters (brown) and PEG-800 NP clusters (blue).

This clearly indicates that the ligand molecules not only help stabilizing the NPs in wa-
ter and avoid interparticle attraction, which would lead to uncontrolled aggregation, but
it is also provides a lever for controlling the final cluster structure. This is also confirmed
by the SAXS analysis. Figure 3.21 displays the SAXS signals of three samples with different
ligand length: the Au-PEG6000-2 cluster suspension (light blue), the Au-PEG2000-2 clus-
ter suspension (dark blue) and the Au-PEG800-2 cluster suspension (black). They display
a clear evolution of the interparticle correlation peak position depending on the length
of the NPs ligand, for the same nominal surface density (2 molecules/ nm?): the positions
g1, q» and gs lead to edge-to-edge distances d._, 0of 1.9 nm, 4 nm and 6.9 nm, respectively
for the Au-PEG800-2, Au-PEG2000-2 and Au-PEG6000-2 NP cluster systems.

Figure 3.22 displays the SAXS signal of three samples with same ligand length but dif-
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ferent nominal densities at the gold surface: the Au-PEG2000-2 cluster suspension (light
blue), the Au-PEG2000-1 cluster suspension (dark blue) and the Au-PEG2000-0.5 cluster
suspension (black). Again, we see a clear evolution of the interparticle correlation peak
position with positions ¢, g2 and g3 leading to edge-to-edge distances d,_, of 4.4 nm, 2.7
nm and 1 nm, respectively for the Au-PEG2000-2, Au-PEG2000-1 and Au-PEG2000-0.5 NP
cluster systems. These values show that the gold NPs get closer to each other within the
clusters when the ligand molecules are shorter or less densely grafted at the gold surface:
the choice of the NPs ligand, which defines the thickness of the organic spacer between

adjacent nanoparticles, controls the final gold volume fraction within the clusters.
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Figure 3.21: Study by SAXS of the internal structure after complete ripening as a function of the
length of the polymer ligand grafted onto the NP surface. The curves are vertically shifted for
clarity. Interparticle correlation peaks are at positions g; = 0.31 nm™~! (Au-PEG6000-2 NP clusters,
light blue), g» = 0.36 nm™~! (Au-PEG2000-2 NP clusters, dark blue) and g3 = 0.41 nm~! Au-PEG800-
2 NP clusters, black).

The experimental volume fraction of the clusters can then be estimated using the
SAXS data. Assuming a homogeneous packing over the whole cluster volume, the ob-
tained center-to-center distances d._. = 2n/g* can be related to the gold volume fractions

f within the clusters, which can be estimated as close to:

3
f=pY, with‘P:( 2“) , (3.2)
dC—C
where p is the packing density of a close-packed sphere assembly and can typically
range between 0.64 for moderately polydisperse spheres [8] and 0.74 for monodisperse
spheres, and V¥ is the fraction of gold in the volume of the equivalent packed spheres
(gold + ligand shell).

A summary of the SAXS results obtained for different Au-PEG NP clusters is shown in
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Figure 3.22: Study by SAXS of the internal structure after complete ripening as a function of the
surface density of the organic ligand grafted onto the NP surface. The curves are vertically shifted
for clarity. Interparticle correlation peaks are at positions g; = 0.35 nm™! (Au-PEG2000-2 NP clus-
ters, light blue), g, = 0.40 nm™~! (Au-PEG2000-1 NP clusters, dark blue) and g3 = 0.44 nm™~! (Au-
PEG2000-0.5 NP clusters, black).

Table 3.2. The Table 3.2 gives the values of f obtained from the X-ray study, if we take
p = 0.64 for all studied samples. The values of the gold volume fraction f, as given by
Equation (3.2) with d._. extracted from the SAXS measurements, range from f = 0.19
for sample Au-PEG6000-2 to f = 0.50 for sample Au-PEG2000-0.5. Obviously, the cluster
density decreases from the top left corner (small ligand quantity) to the lower right corner
(large ligand quantity) of the Table 3.2.

In an effort to maximize the cluster density, we have also formulated the samples Au-
PEG800-1 NP clusters and Au-PEG2000-0.5 NP clusters, in the upper left corner of the Ta-
ble 3.2, but these samples showed no peak or a non-reproducible peak in the SAXS study,
which indicated that the ligand quantity surrounding the NPs in the initial emulsions is
too low to insure their colloidal stability and thus the regular building up of the clusters.

These samples were therefore discarded.

PEG800 | PEG2000 | PEG6000
0.5 mol/nm? - 0.53 0.24
1 mol/nm? - 0.40 -
2 mol/nm? 0.43 0.27 0.19
4 mol/nm? 0.46 - -
8 mol/nm? - - -

Table 3.2: Experimental values of the gold volume fraction f in the clusters as a function of the
length and nominal surface density of the PEG-ligands grafted on the gold NPs, when taking the
value 0.64 for the packing factor p in Equation 3.2.
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The kinetics of ripening of the clusters were also studied by taking aliquots at regular
time intervals. Aliquots extracted during the ripening of the system Au-PEG2000-1 emul-
sion were also studied by SAXS, and Figure 3.23 displays the SAXS signal of the emulsion at
3hrs 40min, 3hrs 45min and 3hrs 50min (from bottom to top). During most of the ripen-
ing process as well as for the 3hrs 40min aliquot, the SAXS signal is dominated by the scat-
tering of the individual NPs. In the 3hrs 40min SAXS signal, an increase in the scattered
intensity at the smallest wavevectors can be attributed to the onset of some large-scale
correlations between NPs. Clear deviation from the NPs form factor appears for the later
ripening times. Peaks are visible at ¢; =0.40 nm™! and g, = 0.41 nm™!, for 3hrs 45min and
3hrs 50min, respectively, which we interpret as due to a spatial correlation between the
NPs inside the droplets.
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Figure 3.23: SAXS signal of the initial suspension of Au-PEG2000-1 in water (pink dots), and of
the Au-PEG2000-1 emulsion after 3hrs40min (light blue), 3hrs45min (dark blue) and 3hrs50min
(black). The peaks are at positions g; = 0.40 nm™! and g, = 0.41 nm™!, respectively. The red line
is the theoretical form factor of polydisperse homogeneous spheres (Equations (2.23) and (2.24))
adjusted to the NPs signal. The curves are vertically shifted for clarity.

Surprisingly, the correlation appears quite suddenly and evolves only slightly between
3hrs 45min and the end of the ripening. The absence of such correlation at earlier stages
of the ripening demonstrates that there is no uncontrolled aggregation of the NPs until
the confinement of the droplet walls forces it. The characteristic time for the NPs to ex-
plore the droplet volume due to Brownian motion is Ts ~ d>

droplets
8 um is the mean initial droplet size and dnp = kgT/ (61N, 1) is the diffusion coefficient

/dnp , where ddroplets =

of the NPs of hydrodynamic radius r;, in water of viscosity n,,. dxp was measured by dy-

namic light scattering to be 0.2 x 10711 m?s™!

, which leads to 15 = 10 s, several orders of
magnitude smaller than the ripening duration 1, = 4 h, meaning that the NPs can retain

their Brownian dynamics essentially unaffected by the droplet walls motion until the last
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stages of the ripening.

The observed interparticle correlation at the latest time corresponds to a center-to-
center distance of d,_. = 2n/q, = 15.3 nm, i.e. an edge-to-edge distance of do_, = d¢—¢ —
2rs = 1.9 nm, which is a reasonable value for the thickness of the organic shell produced
by the NP ligands. Indeed, d._./2 can be equated to the radius of the NPs decorated by
the dry organic ligand shell, while r; is the radius of the bare gold spheres.

The homogeneous distribution of NPs within the cluster volume is also witnessed us-
ing Cryo-TEM images, provided by E. Nativ-Roth and O. Regev (Ben Gurion University,
Israel). Figure 3.24 shows the cryo-TEM images obtained for sample Au-PEG2000-1 NP
clusters. The images show that the objects are dense and globular clusters of NPs, with
a submicron size. Their internal structure cannot be fully resolved by TEM due to the
large NP density, but it appears very regular, and images of the same object at different
tilt angles show no evidence of large voids within the object. Cryo-TEM images were also
obtained for clusters of Au-PEG6000-2 NPs. However the images could not be understood
very clearly. Since the Cryo-TEM images analysis were only carried out once, their re-

peatability was not checked.

SN N

16 nm

_45° 30° 0° 30° 45°

Figure 3.24: Schematic representation (upper part) of how the sample is tilted for observation.
Cryo-TEM images (lower part) of Au-PEG2000-1 NP clusters under different observation angles.
The scale bar is 100 nm.

In summary, so far we have presented a bulk emulsion based formulation route to
fabricate clusters of gold NPs with a polydispersity in size. Control over the final structure
of the clusters is attained by varying the molar mass and surface density of the polymer
used to stabilise the individual gold NPs, this is demonstrated using SAXS. In the next part,
we focus on producing a monodisperse suspension of clusters by employing a droplet

based microfluidic technique.
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3.4 Introduction to microfluidics

The bulk emulsion based formulation route employed above resulted in a polydisperse
suspension of gold NP clusters. Although these clusters showed very promising results
in the optical analysis (refer chapter 4), comparing these results to simulations is difficult
due to the polydispersity in the cluster size. Therefore in this part of the chapter we de-
tail a droplet based microfluidic technology which can potentially be used to produce a

monodisperse water-in-oil emulsions and thus monodisperse clusters.

3.4.1 Droplet-based microfluidic technology

Droplet-based microfluidics involves the generation and manipulation of discrete droplets
within an immiscible fluid carrier inside micro-channels. This method has been used
to produce highly monodisperse droplets in the nanometer to micrometer size range, at
rates of up to twenty thousand per second [9, 10]. More specifically, droplet-based two-
phase flow microfluidic devices can be used to control the formation (and/or the merg-
ing) of droplets at the nanoliter scale. This feature is ideally suited in the field of chemistry
and biology as the reaction time and chemical concentration in each droplet can be pre-

cisely controlled [11].

In this project, the key feature of this technology is its ability to produce emulsions
with droplets of narrow size distribution [12]. The size of the droplets can also be var-
ied by changing the droplet production parameters such as flow rate and viscosity of the
fluids. The droplets are typically generated by a surface induced instability using differ-
ent device geometries depending on the required droplet fabrication frequency, droplet
monodispersity, or variability in droplet size. Similar to bulk emulsions, surfactants are
introduced along with the continuous phase to improve the monodispersity of the gener-

ated droplets and to guarantee and prevent unwanted coalescence [13].

3.4.2 Chip geometry and material

Microdroplets can typically be generated by using three different microfluidic geometries,
namely, the co-flow, T-junction and flow-focusing junction (shown in figure 3.25). In a co-
flow chip geometry, the dispersed phase flows into the inner channel, and the continuous
phase flows in the outer channel in the same direction [14]. The dispersed phase forms a

thin stream that may break into drops away from the orifice (figure 3.25 a).

In the case of a T-junction geometry (figure 3.25 b), the breakup of a continuous stream
of one fluid is caused by shear from the cross flow of a stream of a second immiscible fluid
[13]. In this geometry the droplet generation is quite robust with respect to identifying ap-

propriate operational parameters.

The flow-focusing geometry is similar to the co-flow geometry but in addition, the two
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Figure 3.25: Schematic representation of junction geometries for droplet formation: (a) Co-flow,
(b) T-junction and (c) Flow-focusing. The arrows indicate the direction of the continuous (blue)
and dispersed (red) flow.

co-flowing immiscible liquids are focused through a small orifice or nozzle where they
undergo a large elongational flow and thus generate smaller droplets (figure 3.25 c). This
geometry provides a larger flexibility in terms of droplets size by adjusting the operational
parameters such as viscosity or the flow rates of the fluids etc.

Apart from the geometry of the microfluidic chips, the surface wetting properties of
the microfluidic channels should also be adjusted to the type of targeted emulsion (w/o or
o/w). For instance, hydrophobic channel walls are required to generate water droplets in
an oil phase. And vice versa, hydrophilic channel wall is necessary to generate oil droplets
into a water phase. The wetting properties of the channels can be adjusted by coating the
channels with either a hydrophobic/ hydrophilic molecules [15].

In this thesis, glass microfluidic chips with a flow-focusing geometry were purchased
from Micronit Microfluidics. Glass chips were chosen over PDMS chips since the oil phase

(Silicone oil) used in this project tends to swell the PDMS chips [16].

3.4.3 Droplet formation

Regardless of the channel geometry used, several modes of droplet breakup have been
observed in shear-based droplet generation, the most common ones are: squeezing [17],
dripping and jetting [18]. The three different modes are represented in Figure 3.26.
Among them, the mode 1 (Figure 3.26 a. leads to the formation of droplets which are
typically bigger than the nozzle and with a narrow size distribution. As for the mode 2
(Figure 3.26 b), it produces droplets which are a little smaller than the nozzle and with
a larger size distribution . However, this mode 2 may lead to the formation of satellite
droplets (undesired smaller droplets formed along with the main ones). Finally, the jet-
ting regime (Figure 3.26 c) is characterised by droplets which are much smaller than the

nozzle, having a larger size distribution [19, 20].
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Figure 3.26: Illustration of the different breaking regimes [19].

3.5 Experimental work

In this thesis water-in-oil emulsions were produced using suspensions of gold NPs in wa-
ter as the disperse phases and different continuous phases were tested to study their abil-

ity to stabilize the water droplets.

Figure 3.27: Optical microscopy image of the microfluidic chip used as well the droplet produc-
tion.

Here we will elaborate on three different oil phases (i.e. a surfactant mixed in an oil),
namely Hypermer 2296 mixed with dodecane and KF6017 mixed with silicone oil with
two kinematic viscosities: 10 and 5 centi-Stokes (cSt). The KF6017 solutions were cen-

trifugated for 10 min at 10,000 rpm to remove the immiscible parts.

The microfluidic chips (DGFE75.2, Micronit microtechnologies) were purveyed by
glass syringes put up on micropumps (NEM-B101-02 B, neMesys UserInterface). The flow
rates were fixed at 90 and 10 pL/min for the oil phase and the water phase respectively.

Pictures of the droplets were taken during their formation at regular intervals (100 pics
per sec each 10-20 min) with a camera Phantom v411® (16GB Monochrome, software:
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PCC 2.14) linked to an optical microscope. From these images, with the software Image],

the diameter of the droplets was measured using a macro.

3.5.1 Dodecane-Hypermer

Hypermer mixed with dodecane as the continuous phase was used to produce a stable
water-in-oil emulsion using the microfluidic chip. The influence of hypermer concentra-
tion in the continuous phase on the droplet size and its polydispersity were first studied.
Figure 3.28 shows the evolution of the mean diameter of water droplets as a function of

hypermer concentration.
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Figure 3.28: Mean diameter of water droplets in the oil phase as a function of hypermer concen-
tration (black squares). The bars around the data points represent the standard deviation from the
mean diameter.

For each surfactant concentration, approximately 6000 droplets were considered to
estimate the mean diameter and standard deviation (SD). The mean diameter decreases
when the surfactant concentration is increased. The size distribution of the droplets is
represented by calculating the SD of the droplet size from the mean diameter. Although
the mean diameter of the droplets decreased with the increase in hypermer concentra-
tion, the estimated SD remains approximately the same.

Before ripening these droplets using the rotavapor, the stability of the water droplets
were checked using optical microscopy as a function of time. Figure 3.29 represents the
mean diameter of the water droplets measured using optical microscopy after 7days. It
can be seen that the mean diameter decreased drastically (= 16 pm) without any external

influence (pressure or temperature). The estimated SD deviation also increased with the

99



CHAPTER 3. FORMULATION OF CLUSTERS

time. This decrease in size might be due to the presence of excess micelles in the oil phase
which seems to pump the water away from the water droplets. A phenomena which was

also observed in bulk emulsions when hypermer was used as the surfactant.
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Figure 3.29: Mean diameter and SD of water droplets in the w/o emulsions 7 days after producing
using the microfluidic chip.

The resulting water-in-oil emulsion is then transferred to the rotavapor for the ripen-
ing of water droplets. Although this system seemed stable before the ripening process,
the droplets destabilized in the rotavapor during the ripening process. Thus, this system

could no longer be used to produce the clusters.

3.5.2 Silicone 0il-KF6017

Silicone oil with two different kinematic viscosities (5 and 10 cSt) mixed with surfactant
KF6017 (2.5 wt%) were then used as the continuous phase. The mean diameter and the
SD of the resulting droplets are shown in Figure 3.30. The decrease in viscosity led to an
increase in the mean diameter, but it also decreased the size distribution of the produced
droplets. The stability of the droplets as a function of time were checked using the optical
microscope and no drastic changes in the droplet size or SD were observed. The emul-
sions were then transferred to the rotavapor for the ripening process. During the ripening
process, no visible destabilization of the droplets was observed. After ripening, the final
solution obtained was transparent unlike the final solution from the bulk emulsion which
exhibited a blueish colour. This is due to the low concentration of clusters in the final

solution.
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Figure 3.30: Mean diameter and SD of water droplets in the w/o emulsions as a function of silicone
oil viscosity.

All the three systems detailed in this chapter led to the formation of satellite droplets
with size in the range of 4 um. The impact of these satellites was neglected since they
would contain just about 3 gold NPs when compared to the other water droplets which
contain about 3400 to 8000 NPs for droplets with size 47 to 63 pm.

In-order to increase the concentration of water droplets in the oil phase (compara-
ble to bulk emulsions), we produced droplets continuously for about 4 days and the final
emulsion was ripened using the rotavapor. Due to the high volume of water in the emul-
sion it took about 5 days to completely ripen the water droplets. However, the concentra-

tion of clusters were still very low to exhibit a visible color difference in the sample.

3.6 Bulk emulsion vs Microfluidics

The droplet based microfluidic method, although it has the advantage of producing a
monodisperse system, still lacks many key features which makes it difficult in producing
monodisperse NP clusters. One of the main challenge faced in microfluidics was finding
the right system to produce the emulsion. Unlike bulk emulsion, for which more than
one system was identified to produce a stable emulsion, it was hard to find a surfactant
which could stabilize the droplets in the microfluidic chips. Surfactants such as DC5225
which worked well in the bulk method were not good enough to stabilize the droplets
produced by the microfluidic method even when the surfactant concentration was in-

creased to 20 wt%. This is due to the key difference between the surfactant adsorption in
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the bulk method and microfluidic channels. Depending on the time scale of droplet for-
mation, adsorption of the surfactant has to be fast enough to ensure stabilization before
droplet coalescence. Within the microfluidics channels, the surfactant transport towards
the droplet occurs by diffusion unlike the convective process which dominates in the bulk
emulsion. Therefore the emulsions in the bulk process can be stabilized within minutes

which is not the case in microfluidics.

Another key difference is the concentration of clusters that can be produced as a func-
tion of time. In a bulk emulsion, approximately 10° water droplets per 8 ml of solution
can be produced within 20 min. To produce the same number of water droplets using
microfluidics it would take about 4 days, even then these droplets would be dispersed in

a much higher volume of oil phase when compared to bulk emulsions.

The time taken to ripen the water droplets from the bulk emulsion is also drastically
less than the time taken to ripen the droplets from the microfluidics experiments. This is
due to the fact that the microfluidics produces much larger droplets (= 50 um in diam-
eter) when compared to bulk emulsion (= 7 um in diameter). It is possible to produce
smaller droplets using microfluidics by using microfluidic chips having a smaller nozzel.
These chips also come with a filter at the input channel in order to avoid clogging of the
channels, however the polymer molecules used for the stabilization of the NPs as well as
some insolube part of the surfactant also seemed to get stuck at the filter thus altering the
fluid flow rates with time. The change in the flow rates will cause a change in the size of

the droplets thus introducing more polydispersity to the final droplet size.

3.7 Conclusion

In conclusion, in this chapter we presented two different methods to produce a water-in-
oil emulsion, which was further used to fabricate clusters of gold NPs. The bulk emulsion
method resulted in a stable suspension of clusters although the clusters were polydisperse

in size. The control on the structure of the clusters were also demonstrated using SAXS.

On the other hand, the droplet based microfluidic method could not be successfully
used to produce a monodisperse suspension of gold NP clusters due to many challenges.
The first challenge arises in finding a suitable system to produce a stable emulsion. Even
though some surfactants succeeded in producing a stable emulsion, most systems desta-
bilized during the ripening process. The systems which did not destabilize, gave rise to a
final solution with a very low concentration of clusters that could not be detected by X-ray

scattering or UV-Vis spectroscopy.

An alternative approach would be to use an oil-in-water (direct) emulsions instead.
The main advantage of direct emulsions is that there are surfactants such as Sodium do-

decyl sulfate (SDS) or Polyvinyl alcohol (PVA) which can produce a very stable emulsion.
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These surfactants were also tested during this thesis and the stability of the droplets be-

fore and ripening were studied. However the challenge in this case is to produce NPs in

a volatile oil phase such as hexane. It is also possible to simply buy NPs (gold or silver)

dispersed in hexane.
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Chapter 4

Optical study of the resonators
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Summary: In this chapter, we describe the analytical tools and methods employed

to study the optical properties of the synthesized clusters. This chapter will detail on the

variable angle SLS measurements and their analysis, which will further be used to show

the resonant and directional light scattering properties of the clusters and the influence

of multipolar contributions in their scattering pattern.
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4.1 Static light scattering technique

The light scattering properties of clusters of gold NPs stabilized using different polymers
were studied using the SLS setup described in Section 2.1.3.2. In a first experiment, the
clusters were analysed at a scattering angle 0 = 7/2. At this scattering angle, information
on the presence of electric and magnetic dipolar and quadrupolar modes can be extracted
[1, 2, 3]. This setup was then modified to measure the scattering intensities at angles
ranging from 20 to 140°. This modification not only allows one to study the directional
scattering properties of the synthesized clusters, but also the influence of higher order
multipoles in their scatttering pattern.

4.1.1 Staticlight scattering measurements at 90°

The optical measurements were performed using the setup shown in Figure 2.5. As ex-
plained in Section 2.1.3.3, the light scattering properties of a dilute suspension of particles
(NPs or clusters) are studied across the wavelength range from 440 to 900 nm, at a scat-
tering angle 0 = /2. The light scattered with polarization parallel and perpendicular to
the scattering plane is collected using a spectrophotometer through a polarizer. The re-
lationship between the incident and the scattered light for an isotropic scatterer is shown
below:

Eis| etkr [S,(0,d) 0 E;cos¢d @
Eis|] —ikr| 0  S1(0,¢)]|E;sin '
S represents the amplitude scattering matrix, and is a function of 6 and ¢. However,

for isotropic scatterers S; does not depend on ¢ and the non diagonal terms S3 and S,

vanish [4].

For 6 =90°, the scattering multipoles split up into two separate series as:

3 5 7
Si=—-a1——-b,——az+... 4.2a
1= 54 =5 ( )

3 5 7
So==b;——a,—=b3+... 4.2b
2= 501 =52 2bs ( )

Where, a,, and b,, stands for the different polar orders of the electric and magnetic
contributions respectively. For the systems studied in this thesis, S; collects essentially
the electric dipole (ED, a;) and magnetic quadrupole (MQ, b,) contribution and S, corre-

sponds to the magnetic dipole (MD, b;) and electric quadrupole (EQ, a,) contributions.

106



CHAPTER 4. OPTICAL STUDY OF THE RESONATORS

By neglecting the high order terms, S; and S, can be written as the following:

S ~3a 5b (4.3a)
1% 5@ =50, .
3 5
So==-b;——a 4.3b
2R 501~ a ( )

The intensities measured along the two output polarizations for isotropic scatterers

then read:

0y12

Is=Ih(A) nc w QT g\, 8Q) cos’¢p (4.4a)
0y12

Ijis =Ip(A) nc w SQTA) g\, 8Q) sin®P (4.4b)

in which I (A) is the spectral irradiance of the incident beam, 7, is the number of clus-
ters in the scattering volume, and 8Q is the solid angle of the detection window. g(A, 6Q2)
is an unknown function that accounts for the spectral sensitivity of the detector and op-
tical transmission or reflection of all optical elements. The spectral transmission T(A)
accounts for the absorbance of the suspension. The two intensities are then fitted to a

simple function to obtain,

1,5 =By +Aycos®d (4.5a)
Ijs = By + Apsin®¢ (4.5b)

The background (By and By;) was measured to be very weak with, By = By < 0.05Ay,
stipulating that the optical response of the clusters is isotropic [5]. The amplitudes Ay and
Ap are then normalized using a model dispersion of silica NPs (refer Equation 2.17) mea-
sured using the same experimental parameters as the sample. This is done to eliminate
the unknown experimental parameters (Ip(A), 8Q and g(A, 6Q)) in Equation 4.4. A simple
way to access the presence or absence of MD and/or EQ is by calculating the ratio of the
two measured amplitudes (Ay/Ay) which can even be done without any normalization
step. Gold NPs suspension is a good example of a system exhibiting only electric dipolar
mode as shown in Figure 4.1.

The scattering properties of gold NPs dispersed in water are first measured and nor-
malized with the silica NPs (refer Equation 2.17). The scattered light measured for the
two output polarization (Ay and Ay) are shown in Figure 4.1. The measured Ay scattering
intensity exhibit a resonance at 610 nm. From Figure 4.1, it is obvious that the gold NPs

dispersion does not exhibit any MD mode, since Ay is zero.
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Figure 4.1: Experimental normalized scattering intensities of Ay (intensity measured with polar-
ization orthogonal to the scattering plane, blue line) and Ay (intensity measured with polarization
parallel to the scattering plane, red line) at a scattering angle 6 = 90° for a suspension of gold NPs
of diameter 13.6 nm in water.

The MD mode can be introduced into the system by bringing the NPs together to form
a cluster as shown through simulations [6, 7]. Simulations performed by Romain Dezert
[7] show the influence of the size of the gold clusters and the volume fraction (f) of gold
NPs inside the cluster on the final scattering efficiency of the clusters, see Figure 4.3 and
4.2 respectively. The scattering efficiency (Q) is defined as the scattering cross-section
of the scatterer divided by its geometrical cross-section. For an isotropic scatterer, the

scattering (Q;), extinction (Qex¢) and absorption (Qgps) efficiency are expressed as :

Qs =0o/m.R? (4.6a)
Qext = O'ext/ﬂ-Rz (4.6b)
Qabs = Tabs/T.R? (4.6¢)

Where, 0, 0ext and o4 TEpresent scattering cross-section, extinction cross-section
and absorption cross-section respectively. R is the radius of the scatterer. Simulations
performed using the Maxwell Garnet model and assuming a monodisperse cluster made
of gold NPs with radius 6.8 nm are shown in Figure 4.3 and 4.2. The refractive index of the
material in between the NPs is assumed to be 1.5 and that of the medium surrounding
the cluster is 1.33. These simulations indicate that both the increase in volume fraction
(f) as well as the radius of cluster (R) lead to a strong MD contribution along with a red
shift in their spectral position. Nevertheless, both MD and ED contributions occur at

approximately the same wavelength, which is a key feature to obtain Huygens scattering.
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Figure 4.3 also indicates that an increase in the size of the cluster induces an increase in
the quadrupolar contribution to the total scattering efficiency.
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Figure 4.2: Simulated scattering efficiency of a gold cluster with radius R¢ = 100 nm as a function
of volume fraction (f) of gold NPs in the cluster. The curves show the contribution of the ED (blue
line), MD (red line), EQ (green line) and MQ (pink line) to the total scattering cross section (grey

line). The absorption cross section (dotted line) and extinction cross section (dashed line) are also
shown.
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Figure 4.3: Simulated scattering efficiency of a gold cluster with f = 0.3 as a function of cluster
radius. The curves show the contribution of the ED (blue line), MD (red line), EQ (green line) and

MQ (pink line) to the total scattering cross section (grey line). The absorption cross section (dotted
line) and extinction cross section (dashed line) are also shown.

The optical properties of the clusters formulated using the emulsion formulation route
were then experimentally analyzed using the SLS setup. Figure 4.4 shows the results ob-
tained with the gold clusters made from NPs stabilized with citrate ions. The measured

intensities once again indicate no MD contribution. The absence of a resonance peak in
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Ay could signify the destabilization of the NPs leading to their uncontrolled aggregation
within the NP cluster. This further shows the importance of the stability of the gold NPs

through the emulsification and ripening process.
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Figure 4.4: a) Experimental normalized scattering intensities of Ay (blue line) and Ay (red line) for
the gold clusters made from citrate-NPs at a scattering angle 8 = 90°. b) Experimental ratio of Ay
to Ay as a function of wavelength A.

We performed the same measurements for clusters made with various ligands of gold
NPs. The experimental maximum Ay /Ay ratios measured for these clusters are shown in

Table 4.1. These results are discussed in detail in the following.

Sample name | Polymer M(()gljl;:;?ss Su(rrf;lsle/gglzs)iw Al:{/[xv f
Crnpvpsek PVP 55,000 - 0.063 | -
CauPYP29K PVP 29,000 ; 0.07 | -

Cawpvpiox (1) | PVP 10,000 ; 0.15 | -

Cawpvpior 2 | PVP 10,000 ; 06 | -
PEG6000-2 PEG 6,000 2 0.23 | 0.19

PEG6000-0.5 PEG 6,000 0.5 0.23 | 0.24
PEG5000-4 PEG 5,000 4 0.06 -
PEG2000-2 PEG 2,000 2 0.24 | 0.27
PEG2000-1 PEG 2,000 1 0.3 0.40

PEG2000-0.5 PEG 2,000 0.5 0.12 | 0.53
PEG800-4 PEG 800 4 0.65 | 0.46
PEG800-1 PEG 800 1 0 -

Table 4.1: Experimental Ay/Ay ratio obtained for clusters of gold NPs stabilized using different
polymer ligand.
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4.1.1.1 SLS results for clusters of Au-PVP NPs

Gold NPs stabilized with three different molar mass (55k, 29k, 10k g/mol) of PVP were
used to fabricate gold clusters. Table 4.1 shows that the increase in molar mass decreased
the experimental Ay;/ Ay ratio measured using the SLS setup. The value attained using PVP
10 Kg/mol ranged between 0.15 to 0.6. This differences in the ratio value even though the
molar mass was kept constant is due to the difference in the volume fraction of gold NPs
inside the cluster. The measured Ay and Ay intensities along with the TEM image for two
samples (which are named as Cay_pypiok (1) and Cpy_pypiok (2) in Table 4.1) are shown in
Figure 4.5. The TEM image in Figure 4.5 c, shows the presence of small apparent voids
within the spherical cluster. These voids are most probably due to the presence of excess
PVP molecules in the initial NPs suspension. Therefore, in order to increase the NPs vol-
ume fraction within the cluster, the initial gold NPs solution is washed several times by
centrifugation and pure water addition to remove the excess polymer. The resulting sus-
pension was then used to fabricate the gold NP clusters (Cay.pypiok (2)) with a higher f.
As it can be seen from Figure 4.5 f, the additional washing steps helped in removing the

excess polymer molecules thus increasing the NPs volume fraction within the cluster.
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Figure 4.5: Scattering intensities of Ay (blue line) and Ay (red line) at a scattering angle 6 = 90° for
sample a) Cpay_pvpiok (1) and d) Cau_pvpiok (2); b) Ratio of Agy to Ay as a function of wavelength A for
sample Cay.-pypiok (1) b) and Cay-pypiok (2) €). TEM images of the synthesized clusters for sample
Cau-pvpiok (1) ¢) and Cay.pvpiok (2) f). The scale bar is set to 100nm.

The increase in volume fraction not only increased the contribution from MD (and
EQ) but also caused their resonance frequency to red shift. This behaviour is also wit-
nessed in the simulations shown in Figure 4.2 when increasing the gold volume fraction f

inside the clusters. Although the Au-PVP system gave good results, the additional washing
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step sometimes led to the aggregation of the initial NPs suspension. Moreover, a precise
control over the quantity of PVP molecules adsorbed onto the surface of the gold NPs did
not seem possible to reach. For this reason PEG-SH molecules were chosen to be grafted

onto the NPs surface instead of PVP,

4.1.1.2 SLS results for clusters of Au-PEG NPs

SLS measurements were also performed on gold clusters fabricated using PEG-SH as the
NP stabilizing agent. The advantage of PEG-SH stabilized NPs over PVD is that, the quan-
tity of PEG-SH molecules adsorbed onto the NPs surface can be controlled more precisely.
As discussed in Chapter 3 Section 3.3.3.2, we were able to extract the gold volume fraction
f within the clusters from the SAXS data, as a function of the ligand molar mass and sur-
face density. The volume fraction of the synthesized clusters as a function of PEG polymer
molar mass and surface density is shown in Table 3.2 and also reported in Table 4.1. The
predicted increase in Ay/Ay ratio value is not obvious from the results shown in Table
4.1, which means that other parameters (possible presence of voids in the cluster) also

influence the optical scattering response of the clusters.
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Figure 4.6: Differential scattering cross-section of oy (blue line) and oy (red line) at a scattering
angle 6 = 90° for sample a) PEG-6000-2 and b) PEG-2000-2 and c) PEG-800-4. d) Ratio of Ay to Ay
as a function of wavelength A for PEG-800-4 (grey solid line), PEG-2000-2 (grey dashed line) and
PEG-6000-2 (black dots).

The experimental Ay;/Ay ratio measured for three different polymer molar mass are

shown in Figure 4.6 d. The absolute scattering cross-section values for the three sam-

112



CHAPTER 4. OPTICAL STUDY OF THE RESONATORS

ples were extracted by introducing the concentration of cluster (n.) and reference silica
beads (n.ef) in their respective suspension into the Equation 4.7. Due to the experimental
uncertainties on the cluster concentrations (6.8 x 10!° < n. < 8.8 x 10'° particles/L), the
minimum value of the concentration ratio, "n%f = 2160 was used, to extract a lower bound
of the clusters scattering cross-sections.

Nret Av(A) Tref(A)  g—gge
ne AT TO)
Nref AH(A) Tref(A)  g_gge
O et
ne AFO) TN

oy(0=90°) = (4.7a)

ou(®=90°) = (4.7b)

The spectral position and relative amplitudes of the two resonant modes are shown
in Figure 4.6. As shown in Fig.4.6, the differential scattering cross-sections (oy and op)
measured at 0 = 90° increases significantly between the PEG6000-2 (Figure 4.6 (a), gold
volume fraction f = 0.19) and the PEG2000-2 (Figure 4.6 (b), f = 0.27). Surprisingly, the
value of oy is decreasing upon increasing f further to 0.46, while oy increases strongly
(Figure 4.6 (c)), which will be explained in the next section. It is evident from the graphs
that increasing the cluster gold volume fraction f leads to a red shift, from A = 590 nm for
PEG6000-2 to A = 670 nm for PEG800-4, and to a spectral broadening of the resonances.
This trend is once again witnessed when the volume fraction is further increased from
0.46 to 0.53 (refer Figure 4.7). Although this sample exhibits a very low Ay /Ay ratio, it nev-
ertheless leads to interesting directional scattering results (further explained in Section
4.1.2).
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Figure 4.7: a) Differential scattering cross-section of oy (blue line) and oy (red line) at a scattering
angle 6 = 90° for PEG-2000-0.5 NP clusters. b) Ratio of Ay to Ay as a function of wavelength A for
PEG-2000-0.5 NP clusters.

The influence of the size of the clusters on the optical scattering properties was also

studied by synthesizing clusters of varying mean radius. This can be achieved by either
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varying the size of the initial water droplets in the water-in-oil emulsion or by varying
the concentration of NPs in the water phase. The latter method was chosen to produce
clusters of three different mean radius namely, = 60 nm, = 120 nm and = 140nm. The
differential scattering cross-section for the three samples are shown in Figure 4.8. First,
there is a significant increase of the MD contribution to the total scattering as the size of
the cluster increases. Secondly, there is no significant shift in the spectral position of MD
(Ap) resonance with the increase in the cluster size however, the spectral position of the
ED resonance seems to have blue shifted when the size of the clusters is increased from
120 to 140 nm. Hence the ratio Ay /Ay (shown in Figure 4.8 d) increases from 0.02 to 0.71
when the radius of the clusters varies from 60 to 140 nm.
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Figure 4.8: Differential scattering cross-section of oy (blue line) and oy (red line) at a scattering
angle 6 = 90° for PEG-800-4. a) 60 nm b) 120 and c) 140nm. d) Ratio of Ay; to Ay as a function
of wavelength A for PEG-800-4 with average radius 140 nm (grey solid line), 120 nm (grey dashed
line) and 60 nm (black dots).

4.1.2 Variable angle static light scattering

The directional scattering properties of the produced clusters along with the influence of
higher order multipoles in the total scattering were analyzed by measuring the scattering
amplitudes for different scattering angles 0 ranging from 20 to 140 ° with intervals of 5°.

The measured data for the samples are indicated as:

L} s(clusten) (d, 0, A) - scattering intensities measured with polarization orthogonal to the
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scattering plane as a function of polarization of incident light (), scattering angle (8),

and wavelength (A) of incident light for the gold clusters.

Ijs(clusten (P, 0, A) - scattering intensities measured with polarization parallel to the
scattering plane as a function of polarization of incident light (¢), scattering angle (0),

and wavelength (A) of incident light for the gold clusters.

Similarly, for the reference silica sample I | g(silica) (P, 0, A) and I sitica) (P, 0, A) were mea-
sured.

Similar to the analysis at 90° the scattering intensities measured with polarization or-
thogonal and parallel to the scattering plane are first fitted to a simple function as shown

below,

L1 s(clusten (@, 8, A) = B+ Ay cluster(8, ) c08* (b + P setup) (4.8a)
IIIS(Cluster) ((b; e; )\) =B+ AH,cluster (e; A) Sin2 ((b + q)o,setup) (4-8b)
IJ_S(silica) ((l), 0,\) =B+ AV,cluster (©, A)COSZ ((b + q)o,setup) (4.8¢)

where, B, the background is small and can be neglected. The fits allow us to extract

the scattering amplitudes Ay (0, A) and Ay (0, A) for all wavelengths, which then reads as,

Av(cluster) 0,A) =Ip(A) nc d3QT(A) g(A, 0Q) O'V,cluster(e) (4.9a)
Al (cluster) (0, A) =Io(A) ne B3QT(A) g(A, 8Q) ol cluster (0) (4.9b)
AV,(silica) (0,A) =Ip(A) ngilica OQT(A) g(?\, 06Q) 0'V,silical(e) (4.9¢)

where, Iy(A) is the spectral irradiance of the incident beam, 7. is the number of clus-
ters in the scattering volume, and 6( is the solid angle of the detection window. g(A, Q)
is an unknown function that accounts for the spectral sensitivity of the detector and op-
tical transmission or reflection of all optical elements. The spectral transmission T(A)
accounts for the absorbance of the suspension which is dominated by the solvent (water
in case of silica reference and oil in case of cluster suspension). The differential scattering
cross sections of the cluster and silica are denoted by oy cluster and Osjlica T€Spectively,
and are expressed in nm?/sr, where sr stands for steradians. The scattering cross-section
of silica beads for a given radius as a function of scattering angle was also calculated using

Mie theory.

Similar to the analysis at 6 = 90°, extracted scattering intensities (A and Ay) of the

clusters are normalized with that of reference silica beads to eliminate the unknown pa-
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rameters shown (Ip(A), 8Q and g(A, 6Q2)) in Equation 4.9. The normalized data are further
treated by multiplying the resultant with the calculated cross-section of silica (0 14,v;si1ica@®,d))-
This is done to extract the scattering cross section of the cluster (shown in Equation 4.10).
The normalization then reads:

Av cluster ((l), 0,A) ne
Normalized A ,O,A\) = — o ili = o 4.10a
V,cluster((p ) AV,silica ( (b’ 0,\) th,V,silica(0,d) Nsilica V,cluster ( )
AH cluster ((D, 0, A) ne
Normalized A LOA) = — o ili = o 4.10b
H,cluster ((D ) AV,silica ( (D, 0,\) th,V,silica(0,d) Neilica H,cluster ( )

where, 0 /5,vsilica,¢) 1S the theoretically calculated scattering cross section of silica NPs
Mie scattering. If the concentration of clusters and the silica beads are known, it is then

possible to determine the differential scattering cross-section o¢jyster quantitatively.

The total normalized scattering cross-section (ovy (A, 0)+og(A, 0), represented as o cjuster
from here), as a function of scattering angle and wavelength, for three samples (PEG-
6000-2, PEG-2000-2 and PEG-800-4) with different volume fraction but identical cluster
radius (R; = 120 nm) is shown in Figure 4.9. As can be seen, the scattering broadens spec-
trally, increases in strength and is directed towards smaller angles as the cluster density
increases (from (a) to (c) in Fig: 4.9), in accordance with an increase of oy relative to oy
(Figure 4.6). In particular, sample PEG-800-4 (Figure 4.6 c)) presents a narrow angle range
of strong scattering, which explains why the maximum of oy at 90° for this sample is lower
than the one of the less dense sample PEG-2000-2 (Fig: 4.6 b).
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Figure 4.9: Experimental scattering patterns: values of the differential scattering cross-sections
(Ocluster) as a function of the wavelength A and the scattering angle 6, for cluster samples a) PEG-
6000-2 (gold volume fraction estimated at f = 0.19), b) PEG-2000-2 (f = 0.27) and c¢) PEG-800-4
(f = 0.46). We measured only for 6 > 0, but assumed that oy (A, —0)+on (A, —0) = ay (A, 0)+ou (A, 8).
Note that the nm?/steradian color scale is enhanced by a factor 2 going from (a) to (b) and by 2
again from (b) to (c).

The scattering intensity in the forward direction and the broad range of wavelength for
which forward scattering is achieved both increases with the gold volume fraction. This is
clearly shown with the help of the guide lines in Figure 4.10 and Figure 4.11. In case of the
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Figure 4.10: Experimental scattering patterns: values of the differential scattering cross-sections
(Ocluster) a@s a function of the a) wavelength A and c) the scattering angle 6, for PEG-800-4 (f = 0.46).
The color code in graph a) is used to indicates the scattering wavelength A = 600 (black), 650 (red),
700 (blue) and 750nm (wine red) and in c) the scattering angle at 6 = 25 (black), 50 (blue), 75 (red)
and 90° (wine red).

denser sample (Fig. 4.10) the scattering intensity decreases drastically (>10 times) when
the scattering angle is moved from 25 to 50 ° (at constant A) as can be seen in Figure 4.10
c. For sample PEG-6000-2 the intensity decreases much more gradually (= 2 times)) with
increasing the angle (Fig 4.11 c). As a function of the wavelength, the scattering intensity
remains approximately the same from A = 550 to 800 nm for sample PEG-800-4 (Fig 4.10
a) whereas, in case of PEG-6000-2, there is a rather narrow peak at A = 600 nm and the

differential scattering cross-section is highly dependent on A (Fig4.11 a).

Another way to represent the forward scattering properties of the produced clusters
is to plot a polar graph to indicate the scattering pattern as a function of angle at a fixed
wavelength, as shown in Figure 4.12. Figure 4.12 a. also includes the scattering pattern
of silica beads of radius 120 nm calculated from Mie theory for comparison, in a water
solvent. The computed scattering intensity of silica beads is multiplied by a factor 100
(cyan line on Figure 4.12 a) so that it can be displayed on the same scale as the clusters
scattering intensities. The evolution of scattering intensities as a function of wavelength
for PEG-2000-2 is also shown in Figure 4.12 b. The scattering increases from A = 520 to 620

nm, then decreases from A = 620 to 750 nm, with the highest and most forward scattering
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Figure 4.11: Experimental scattering patterns: values of the differential scattering cross-sections
(Ocluster) as a function of the a) wavelength A and c) scattering angle 0, for cluster PEG-6000-2
(f = 0.19). The color code in graph a) is used to indicates the scattering wavelength at A = 600
(black), 650 (red), 700 (blue) and 750nm (wine red) and in c) the scattering angle at 8 = 25 (black),
50 (red), 75 (blue) and 90° (wine red).
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occurring at A = 620 nm, where the Ay /Ay ratio is maximum.

Both Figures 4.9 and 4.12 show that the scattering of the NP-clusters is strongly di-
rected forward and increases in strength as the cluster density increases. For the three
samples shown in Figure 4.12, the whole back hemisphere scattering, beyond 90°, is very
low compared to the forward scattering (below 90°), and even more so for the denser clus-
ters of sample PEG-800-4. Samples PEG-6000-2 (f = 0.19) and PEG-2000-2 (f =0.27) have
approximately the same Ay /Ay ratio at 90° (shown in Figure 4.6 d), but they exhibit signif-
icantly different scattering patterns: clusters of PEG-2000-2 NPs have a stronger forward
scattering. This indicates that the results obtained at scattering angle 90° do not always

accurately indicate if the sample is scattering forward or not.

This anomaly is also witnessed in sample PEG-2000-05: this sample presents a high
volume fraction f = 0.53 (estimated from SAXS), exhibits a low Ay;/Ay ratio at theta = 90°
(shown in Fig. 4.7) but still exhibits a very strong forward scattering, as can be seen on
Figure 4.13. The resonance frequency is shifted towards the longer wavelength, as is ex-

pected for high volume fraction clusters (see the numerical predictions in Figure 4.2). This
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Figure 4.12: (a) Logarithmic polar plot of the experimental differential scattering cross-section
(Ocluster) for the three gold clusters PEG-6000-2 (gold volume fraction estimated at f = 0.19, green
diamonds), PEG-2000-2 (f = 0.27, red circles) and PEG-800-4 (f = 0.46, blue squares) recorded at
the maximum of the Ay;/Ay ratio (620, 620 and 650 nm respectively). The full cyan line is the scat-
tering of a silica nanoparticle of comparable size (r; = 110 nm) computed from the Mie theory and
multiplied by a factor 100 for a better visibility. (b) Linear polar plot of the differential scattering
cross section for PEG-2000-2 NP clusters (f = 0.27) recorded at three wavelengths: 520 nm (green
circles), 620 nm (the red circles show the same PEG-2000-2 NP clusters data at same wavelength
on both polar plots) and 750 nm (brown circles). Note that the highest and most forward scatter-
ing occurs at 620 nm where the Apy/Ay ratio is maximum. Dotted lines are guides for the eye. The
radial scales are in nm?/sr.

sample scattering has a strong forward directionality, as sample PEG-800-4 NP clusters,
but its differential scattering cross-sections are about 5 times less than the one of sample
PEG-800-4.

The Ap/Ay ratio, although a good indicator for the presence of MD, is only valid in
cases where the samples have contributions coming mostly from lowest order multipoles
(dipoles and quadrupoles). From the simulations, we know that the contribution from
the lowest order multipoles (n < 2) occur at longer wavelength when compared to higher
order, and thus it seems that for sample-2000-0.5 NP clusters, the dipoles occur at wave-
length longer than 900 nm. This could explain the low Ay/Ay ratio obtained in the visible

range even though the obtained volume fraction is high (f=0.53).

The increase in forward scattering for a broad range of wavelength, together with a
modest value of Ay/Ay, with an increase in volume fraction could be due to the pres-
ence of higher order multipoles (refer to Figure 4.2). As explained in Chapter 1, Section
1.2.1 (Figure 1.12), forward scattering is achieved not only due to the overlap of magnetic
and electric dipoles (in both spectral position and intensity), but also due to the influence
of higher order multipoles. In fact, the influence of higher order multipoles increases
the directionality of the scattering pattern (as is the case for PEG-800-4 NP clusters and
PEG-2000-2 NP clusters). Thus, the overlap of the amplitudes of dipoles (a; and b;) at

longer wavelengths and of multipoles at shorter wavelengths gives rise to a system, which

119



CHAPTER 4. OPTICAL STUDY OF THE RESONATORS

TOO0D - E
G000D i
0000 i
40000 -] 4
30000 4
20000 -] 4
10000 ] -
2900 T T T T T T
E 850
800 < 500 1
1 750
TOD 00 -
600 1 k
500 i i
| T T T T T T

13000 26000 39000 52000 E5000 V000
Figure 4.13: Experimental scattering patterns: values of the differential scattering cross-sections
(Ocuster) as a function of the a) wavelength A and c) the scattering angle 6, for clusters of PEG-
2000-0.5 NPs (f = 0.53). The color code in graph a) is used to indicates the scattering wavelength
at A =700 (black), 750 (red), 800 (blue) and 850nm (wine red) and in c) the scattering angle at 0 =
25 (black), 50 (red), 75 (blue) and 90° (wine red).
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exhibits forward scattering for a broad range of wavelengths. In order to confirm this
hypothesis, the multipolar contribution to the scattering pattern of the clusters were ex-

tracted.

4.1.3 Determination of multipoles

The influence of the higher order multipoles in the scattering pattern of the produced
clusters can be witnessed from the polar plots of the respective sample. From Figure 4.12.
a. it is evident that with the increase in the volume fraction, a clear increase in the direc-
tionality of the scattering pattern is obtained (scattering cross-section decreases drasti-
cally with increase in scattering angle). This is especially true at shorter wavelengths. In
order to extract the number and orders of multipoles present in the scattering pattern for

different samples, the polar plots were fitted to a polynomial function.

From Equation 2.17, we know that the normalized differential cross-section compo-
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nents can be written as:

S100F\ 1 e :
ov= k2 - ﬁfR ~ p(R)AR ;(“n(R)ﬂn(ean(R)Tn(G)) 4.11a)
S2(90°) 2 1 Bmax max 2
o= <| 2 . | >: ﬁfR ~ PRIAR] D (@n (RIT(6) + by (R),(0) (4.11b)

where, R is the radius of the clusters, a, and b,, are the Mie scattering coefficients and
p(R) is the number density of clusters with a given radius R. Since the clusters are not
monodisperse in size, it is considered that the radius are comprised between Rpi, and
Rmax- The angle dependent scattering of the cluster is a series of terms 1, and t,, which

can be expressed as:

2n—-1 n

n, = UTT—1 — jL ) (4.12a)
n—-1 n—-1

Tp=nun,—(n+1)m,_; (4.12b)

with mp = 0 and m; = 1, and n defines the order of multipole in p defined as:

p = Cosb (4.13)

We call 2np ., highest multipole taken in the Equation 4.11. From Equation 4.12 it is

easy to show that m,, is of order (n-1) in g and T, of order 2ny,,, and that we can write:

OV =Ag+AIU+ e+ App 2" (4.14a)
on =By +Bij+ ...+ By, p?" (4.14b)

Where, the exponent of p in the series (Equation: 4.14) can range from 0 to 2n,, 4, and

A, and B, depend on the size of the particles.

The order N = 2n should be high enough to fit the experimental data used to produce
the polar plots with A, and By as adjustable parameters. From the simulations, we also
know that the higher order multipoles occur at lower wavelengths and the dipoles occur
at higher wavelengths, therefore the polar plots obtained for different samples at different
wavelengths were fitted with different orders of N and the best fit was chosen to determine

the order of multipoles.
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Here, we represent the fits with an increasing order of multipoles. First, Figure 4.14
represents the fit obtained for sample PEG-6000-2 (f=0.19) for two different wavelengths,
A =750 nm (a) and 520 nm (b). At A = 750 nm, excellent fits were obtained by only consid-
ering the dipoles and quadrupoles (n = 2). But at shorter wavelengths for the same sample
(A =520 nm), higher order multipoles (octupole) up to n = 3 had to be included to get a
good fit. These fits clearly are in good agreement with the predictions from the simulation

which indicated that dipoles contribute more at the longer wavelengths.

T
270

A =750 nm A=520 nm
N=2n=4 N=2n=6

Figure 4.14: Logarithmic plots of experimental scattering patterns: oyster (black circle), oy (blue
circles) and oy (red circles). Polynomial fit of experimental values : g¢jyster (black line), oy (blue
line) and oy (red line), Sample PEG-6000-2 at wavelength a) 750 nm and b) 520 nm.

Fitting the experimental data obtained for high volume fraction samples was more
complicated than for low volume fraction samples. Indeed, as f increases, an increasing
number of multipolar contribution must be taken into account, which introduces more
fitting parameters to describe the experimental data. This makes the fits less reliable.
Figure 4.15 represents the fit obtained for sample PEG-800-4 (f = 0.46) for two different
wavelengths. At A = 750 nm, a good fit was obtained with n = 3. This fit can be trusted
since the number of fitting parameters are reasonably low (14). However at shorter wave-
length (A =520 nm), the experimental data could only be fitted when N = 12, indicating the
presence of multipoles a, and b, up to n = 6. This fit is less reliable since the number of
fitting parameters (4n+2) used is very high (26). It is hard to differentiate if the obtained fit
is good due to the presence of higher order multipoles or to the increase in the number of
fitting parameters. This can be improved by introducing more points in the experimental

data (specially with measurements >140 °).

Figure 4.15 a also shows a big loop at the backward direction, this is due to the pres-
ence of multiple loops in the backward direction for higher order multipoles (as explained
in Chapter 1 Figure 1.9 and 1.11). But again, as mentioned above this would need to be

confirmed by introducing more points to the experimental data.

It should however be noted that, although in the forward direction we collect data till
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A =520 nm
N=2n=12

750
2n
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Figure 4.15: Logarithmic plots of experimental scattering patterns: ocyster (black circle), oy (blue
circle) and oy (red circle). Polynomial fit of experimental values : ojyster (black line), oy (blue
line) and oy (red line), Sample PEG-800-4 at wavelength a) 750 nm and b) 520 nm.

20 °, in the backward direction the experimental data is obtained only until 140 °, and
including more points in both direction would make the fits shown in Figure 4.15 more
reliable. Nevertheless, the increase in multipole order as A decreases is clearly demon-

strated by this approach.

The presence of higher order multipoles not only increases the directionality of the
forward scattering pattern, but also broadens the wavelength range for which the forward
scattering is obtained. As explained previously in Chapter 1 section 1.2.1, a complete for-
ward scattering occurs when an odd and an even multipole overlap in wavelength and
amplitude, and since the multipoles occur at different wavelengths, under right condi-
tions, their overlap leads to forward scattering at different wavelengths. This could ex-
plain the broad range of wavelengths for which the forward scattering is obtained in the
case of the high volume fraction sample PEG-800-4 (see Fig 4.10) (f=0.46), which is not
the case for a low volume fraction sample PEG-6000-2 (f=0.19) (see Figure 4.11).

Finally, to compare the directionality of different samples, the average cos 0 value is

estimated from the polar plots using the Equation shown below:

Z;‘éo (VH+VV)sinBcos0

=<cos0>=
8 Ya) (VH+VV) sin 0

(4.15)

This helps us to determine the asymmetry factor ‘g’, which can further be used to es-
timate the wavelength range corresponding to the strong forward scattering. The highest
value of g obtained is 0.7 for the two high volume fraction samples, namely PEG-2000-0.5
and PEG-800-4. The presence of loops at the backward direction in the scattering diagram
for higher order multipoles explains why the asymmetry factor cannot go higher than 0.7

[8]. These high volume fraction samples behave like Huygens sources with a strong for-
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ward scattering property together with a high scattering cross-section (o).

For most samples (with the exception of gold NPs) the asymmetry parameter is slightly
larger at shorter wavelengths. This could be due to the presence of higher order multi-
poles, which increases the directionality of the scattering pattern. The asymmetry pa-
rameter is more or less the same for wavelength ranging from 550 to 750 nm, indicating
the broad range of wavelength at which forward scattering is achieved. Once again, it is
important to note that the asymmetry parameter is only calculated for experimental data
measured from 0 = 20 to 140°. By including more points mainly in the backward direction

(>140°), the complete asymmetry parameter could be assessed more accurately.

<cog 0>

T T I T I T
400 200 600 700 800 800

Wavelength (nm)

Figure 4.16: Asymmetry factor g’ for samples PEG-2000-0.5 (Red), PEG-800-4 (dark blue), PEG-
2000-2 (black), PEG-6000-2 (pink), PEG-800-4 (R=140 nm)(green),and gold NPs (purple).

4.2 Conclusion

In conclusion, this chapter detailed a new method by using a polarization-resolved multi-
angle light scattering setup, to probe the optical scattering patterns of gold NP clusters.
We have measured absolute values of the scattering efficiencies on a large assembly of res-
onators and in a spectrally and angularly resolved manner. This large body of experimen-
tal data evidences in particular strong resonant magnetic dipolar responses. We showed
the influence of volume fraction f of gold NPs inside the cluster and cluster radius R on

their scattering properties.

The differential scattering cross-section of the clusters for different volume fraction
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f of gold NPs was calculated. The calculated value for clusters with volume fraction f =
0.46 was approximately 10 times larger than the clusters with volume fraction f = 0.19 at
scattering angle 0 = 20°. The increase in volume fraction f also led to the broadening of

the wavelength range for which forward scattering is achieved.

The experimental data obtained was further used to extract the order of the multipolar
contribution to the scattering of the gold Np clusters. The results obtained in this thesis
are in good agreement with the simulations and indicate that dense clusters of gold NPs
could behave like Huygens sources, with a dominantly forward scattering in the visible

wavelength range, making them excellent candidates for functional meta-devices.
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The main objective of this thesis was to fabricate resonators which possess directional
scattering properties. This was achieved by employing an emulsion based formulation
route: a nanoparticles (NPs) suspension is confined into emulsion droplets and dried to
produce controlled NP-clusters. A brief insight on the main results and their future per-

spectives are given below:
Bulk emulsion formulation route:

Results:

* Awater-in-oil emulsification route was successfully established to fabricate clusters
of gold NPs suspended in dodecane. This two-steps fabrication route proved to
be less expensive and less time consuming when compared to techniques such as
lithography. This fabrication route allows to produce approximately 10'? clusters
per 1 liter of dodecane. The structural stability of these clusters was demonstrated

using small angle x-ray scattering and electron microscopy.

* The ripening process of the water droplets to form the final clusters was probed us-
ing IR spectroscopy, UV-VIS spectroscopy, dynamic light scattering and small angle
x-ray scattering. The results clearly indicate that the NPs inside the water droplets
do not undergo any uncontrolled aggregation and retain their brownian dynamics
until the final stages of the ripening process. In the final stage of the ripening pro-

cess, the droplet wall forces the NPs to come together to form the clusters.
Outlook:

* In this thesis we mainly focused on water-in-oil emulsions, it could be interesting to
fabricate clusters using oil-in-water emulsions. In this case, the final clusters will be
suspended in a water phase. The challenge however would be to synthesize the gold
NPs in a suitable organic solvent. Hexane would be an ideal choice since its boiling

point is lower than water and can therefore be easily ripened at room temperature.

e The formulation route detailed in this thesis can also be adapted to other NPs such
as silver or silicon particles. Simulations have shown that such clusters (made of Ag

NPs or Si NPs) show promising optical properties.

Droplet based microfluidics:

Results:

* We implemented the droplet based microfluidic technique to potentially improve
the results obtained with the bulk emulsion by diminishing the polydispersity of

the emulsion droplets size. However, this technique faced many problems starting

128



GENERAL CONCLUSION AND PROSPECTS

from the stability of the emulsions. The surfactants used in the bulk emulsion such
as DC 5225 or Hypermer were shown to be inappropriate to stabilize the droplets in

the microfluidic channels.

* Even though a stable emulsion was obtained using the surfactant KF 6017 in silicone
oil, this system produced very few objects and therefore could not be probed using
small angle x-ray scattering and static light scattering. This system also took days to

ripen in contrast to the bulk system which merely took 4 hours to ripen completely.
Outlook:

e The microfluidic chips were also used to test the stability of hexane-in-water emul-
sions. Due to the availability of various surfactants such as sodium dodecyl sulfate
(SDS) etc, these emulsions were easily stabilized unlike the water-in-oil emulsions.
This serves as a very good alternative to produce a monodisperse suspension of

clusters.

e The main advantage of microfluidics over bulk emulsions is its ability to produce
monodisperse emulsions which can then be used to produce monodisperse clus-
ters. However, it might be worth to simply try and improve the dispersity of water
droplets in the bulk emulsions by using different methods of emulsification such as
ultrasonic probes or using a controlled shear geometry (in a Couette cell for exam-
ple [T.G. Mason, J. Bibette, Phys. Rev. Lett. 77, 3481 (1996)]).

Control over cluster structure

Results:

e We have shown that the gold volume fraction f of the synthesized clusters can be
controlled by varying the molar mass or the surface density of the polymer lig-
ands used for the NPs stabilization. In this thesis work, we varied the volume frac-
tion f from 20 to 50 %, which was determined using small angle x-ray scattering.
The thickness of the organic layer (polymer ligand) separating the neighboring NPs
within the cluster is estimated to vary from 6.9 to 1 nm.

e For this purpose, we used two different polymers namely polyvinylpyrrolidone (PVP)
and poly(ehylene glycon) thiols (PEG-SH). Due to the presence of covalent bonds
between the gold and PEG-SH molecules, they provide better control against aggre-
gation and over the final f of the gold NP clusters.

Study of optical properties of gold NP clusters

Results:
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e We presented an experimental technique to study the angular and spectral light

scattering properties of a colloidal suspension of resonators. This technique was
used to experimentally demonstrate the influence of the volume fraction f and of
the cluster size R on the scattering properties of the clusters. It is shown that dense
gold NP clusters with f = 0.46 and R = 120 nm act as strong Huygens sources, with
a dominantly forward scattering in the visible wavelength range, making them ex-

cellent candidates for functional meta devices.

The scattering directionality was demonstrated by the angular measurements, which
were also used to extract the multipolar contribution to the scattering pattern of

the clusters. As predicted by simulations, the contributions from the dipoles occur

at longer wavelengths and that of higher order multipoles occur at shorter wave-

lengths. The number of multipoles contributing to the scattering pattern increased

gradually when the volume fraction f of gold NPs within the cluster is increased

from 20 to 50 %.

In addition we estimated the amplitude of the differential scattering cross-section
for clusters with three different volume fraction f. The experimental ratio of the
differential scattering amplitude in the forward direction (20°) for the two extreme f
(0.46 and 0.19) at their respective maximum resonance wavelength is = 10, whereas
at 90° it is = 1.7. This clearly shows the influence of the volume fraction on the

directionality of the scattering pattern.

We have shown that the increasing multipolar contribution to the scattering pattern
of the clusters not only improved their forward scattering directionality but also

increases the range of wavelength for which the forward scattering is occuring.

Outlook:

e The gold NP clusters analyzed in this thesis work were polydisperse in size R, which

made it difficult to compare the experimental results with the simulations. There-
fore it could be very interesting to measure the scattering pattern of a monodisperse
suspension of these clusters to make a clear comparison with the simulation data.
This might be achieved by either producing a monodisperse suspension or by sort-

ing the clusters using techniques such as centrifugation.

e With the increase in the number of multipoles contributing to the scattering pattern

of the cluster, the number of fitting parameters used to fit the experimental data
also increases, making it difficult to rely on the polynomial fit. This could however
be overcome by increasing the range of angles for which the experimental data are

obtained.
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In summary, in this thesis we established a simple, cost-effective method based on
emulsification process to produce a large quantity of gold NP clusters which exhibit very
interesting optical properties. This method can also be adapted to produce clusters made
of other NPs. Silver and silicon NPs are expected to provide resonant clusters with inter-
esting optical responses.

The next challenge would be to assemble these clusters on a surface to build a meta-
surface, with phase- and direction-specific scattering. It should be noted that the spatial
arrangement of these clusters have to be considered depending upon the application of
the metasurface. Simulations performed by Dezert et al, have shown that metasurfaces
built by arranging plasmonic NP clusters while producing a given spatial organization,
can achieve functionalities such as flat prisms and perfect absorption.

The assembly of these clusters to form a metasurface might be possible by applying
existing thin film colloid technologies such as Langmuir Blodgett self-assembly, spin coat-
ing, dip coating etc. Another interesting possibility is to employ nanopatterned template
assisted self-assembly to deposit these clusters on a surface while simultaneously con-

trolling their spatial arrangement.
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