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Résumé en francgais

L’étude et la réalisation de métamatériaux auto-assemblés possédant une réponse
magnétique aux fréquences optiques font ’objet d’un champ de recherche trés actif depuis
plusieurs années. Les matériaux ayant une perméabilité magnétique et une permittivité
neégative sont des matériaux non conventionnels et inconnus dans la nature. Des études
théoriques et expérimentales ont démontré la possibilité de générer une réponse magnétique,
par des surfaces métalliques nanostucturées de types « fishnet » élaborées par lithographie [1-
2]. Ces études ont démontré qu’une réponse magnétique peut étre générée dans I’infrarouge
ainsi qu’un indice de réfraction négatif.

La fabrication de métamatériaux actifs aux longueurs d’onde du visible représente un
réel challenge. La taille de ces nanorésonateurs doit étre inférieure a la longueur d’onde
considérée et donc étre dans la gamme 100-200 nm. La methode « top-down » permet la
conception de microrésonateurs ayant des réponses actives dans [I’infrarouge [3-6].
Cependant, cette méthode ne permet pas ni un contrdle fin de la forme et de la taille des
résonateurs, ni une réponse optique isotrope. Pour palier a ces inconvénients, la méthode
« bottom-up » s’avere étre plus pertinente.

De nombreuses études ont demontré que les nanorésonateurs de type « framboises »,
basés sur l'utilisation de nanoparticules d'or ou d'argent disposees autour d'un noyau central
diélectrique, permettent un couplage plasmonique générant un magnétisme artificiel [7]. Par
ailleurs, il a été démontré qu’un nano-objet ayant un cceur de silice de 100 nm décoré de 12
nanoparticules d’or sphériques de 80 nm permettrait d’optimiser le phénomeéne de
magnétisme optique [8]. Ma thése repose sur I’élaboration de ces objets a partir de particules

constituées d’un cceur de silice et 12 nodules de polystyrene (Schéma 1).
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Schéma 1 : Stratégie adoptée pour I’élaboration de nanorésonateurs : (i) synthése des particules de silice a fossettes,
(if) synthese de clusters dodécaédrique d’or (iii) synthese de clusters dodécaédrique d’argent.



Dans un premier temps, nous avons revisité les étapes successives suivantes: (i) la
synthése de particules de silice de taille contr6lée, (ii) la polymérisation ensemencée en
émulsion du styréne pour élaborer des dodécapodes de type polystyréne/silice, (iii) la
recroissance du cceur de silice et la dissolution des nodules de polystyréne, (iv) la
fonctionnalisation des résidus de polystyréne de maniére a les rendre « collants » pour des
germes d’or de 2-3nm [9-12]. Nous avons mis en évidence la répétabilité et la
reproductibilité de la synthese des dodécapodes polystyrene/silice avec un rendement
morphologique de 50%, mais aussi la présence de satellites de polystyrene polydisperses en
taille. Nous avons étudié 1’influence de différents paramétres : la proportion tensioactif/co-
tensioactif, la concentration totale en tensioactifs, et la concentration en styréne. En
augmentant le nombre de nuclei de polystyrene a la surface de la silice, nous avons augmenté
le rendement en morphologie des dodécapodes a 75 %. Cependant, lors de la préparation de
ces lots de dodécapodes, certains sous-produits persistent notamment : (i) des multipodes
contenant plusieurs cceurs de silice pouvant provenir de la destabilisation des germes de
silice ; (ii) des clusters avec moins de 12 satellites de polystyrene résultant d’une distribution
trop large du nombre initial de nuclei ou de phénomeénes de coalescence intersatellite
inopinés. Ainsi pour porter le rendement morphologique en dodécapodes au-dela de 75 %, des

étapes de purification, par exemple par centrifugation en gradient de densité, pourraient étre

envisagées.
[Silica seeds] L™ 7.3x10”  7.3x10"°  7.3x10"
[Styrene] g/L 45 45 45
[Surfactant] g/L 3 3 4
NP30/SDS mass ratio 95/5 93/7 93/7
Monomer—tF)—ponmer 89 85 0
conversion (%)
Ry™ 14.4 13.7 129
Ry~ 12.2 13.5 11.2
% Hexapods ‘ 3 H 6
% Octopods ‘ 9 [ 19| 3
% Nonapods H 10 l 12| 6
% Decapods H 12 [ 6
% Hendecapods ‘ 4
% Dodecapods o W sg il 75
% Multi-silica clusters | 11 H 6l 10

Figure 1: Tableau récapitulatif des conditions expérimentales et parametres utilisés lors de I’étude de ’influence de la
proportion de tensioactif/co-tensioactif SDS/NP30 et de la concentration totale en tensioactifs sur le rendement
morphologique en dodécapodes polystyrene/silice ; Image de microscopie électronique a transmission du lot riche &
75 % en dodécapodes.

Ces nodules de PS pouvant étre éliminés ultérieurement par dissolution dans le

tétrahydrofurane, ces objets ont permis de générer de grandes quantités de particules de silice



décorées d’un nombre précis de « patchs », appelés ici « fossettes » (Figure 2). Ces particules

ont éte utilisées pour élaborer des clusters dodécaédriques plasmoniques.

Diametre total (nm) 175
Profondeur des fossettes (nm) 43
Diameétre externe des fossettes (nm) 81
Pureté en particules a 12 fossettes ( % ) 75

Figure 2: Clichés de microscopie électronique des particules de silice a 12 fossettes; tableaux récapitulatifs des
dimensions des particules a 12 fossettes.

Dans un deuxiéme temps, nous avons revisité par croissance ensemencée des germes d’or
permettant la synthese des clusters dodécaédriques dorés. Chaque étape de la synthése a été
optimisée, ce qui a permis de contr6ler de maniére précise la taille des satellites d’or ainsi que
la distance entre ces satellites (Figure 3). Lors de la croissance des germes d’or, des
phénomenes de dissolution du cceur de silice ont eu avoir lieu. Ce phénomene de dissolution
s’est avéré dépendant de I’age de la solution de précurseurs d’or : plus la solution est agee,
moins la silice est attaquée. Ce phénomeéne de dissolution semble provenir de 1’absorption des

contre-ions présents dans la solution de précurseurs d’or.



Figure 3: Clichés de microscopie électronique a balayage et cartographies EDS de clusters dodécaédrique dorés
obtenus en utilisant 0.2 and 0.9 mM de solution de précurseurs d’or. Barre d’échelle : 100 nm

Chaque satellite est constitué¢ de nanoparticules d’or de quelques nanométres de diamétre
agglomérés. Pour pouvoir densifier ces agrégats d’or, nous avons procédé a un traitement

thermique (Figure 4).

Figure 4: Clichés de microscopie électronique a balayage avant (gauche) et apreés (droite) le procédé de densification
des clusters dodécaédriques dorés. Barres d’échelle : 100 nm.

Les propriétés optiques de ces objets ont été mesurees. Nous avons déemontré qu’elles
pouvaient étre modulées en fonction de la taille des satellites, et la distance entre ceux-ci. Ces
clusters basés sur le modele des particules de type « framboises », proposée par Simovski
posseédent une réponse magnétique et isotrope [13-15]. Les mesures de propriétés optiques de
ces clusters dodécaédriques dorés ont mis en évidence une réponse optique plus intense que

celle des particules de type « framboises » ayant des nanoparticules d’or distribuée de maniére



aléatoire autour d’un cceur de silice (Figure 5). Nous avons aussi démontré la possibilité de
moduler cette réponse optique en fonction du taux de densification des agrégats d’or au

niveau des fossettes.
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Figure 5: Comparaison des propriétés optiques de framboises plasmoniques (spectre rouge) et de clusters
dodécaédriques d’or (spectre bleu) [16].
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Nous avons développé une stratégie permettant de faire croitre de I’argent a la surface de
petits germes d’or ancrés au fond des fossettes. Cette méthode permet de moduler la
composition or/argent des satellites en ajustant la concentration des clusters dodécaédriques

d’or par rapport a la concentration en précurseurs d’argent (Figure 6).



Figure 6: Clichés de microscopie électronique a balayage et cartographies EDS des clusters dodécaédriques Au/Ag
50/50. Barres d’échelle : 100 nm.

Les modes magnétiques optiques des nanoclusters AuAg sont encore plus intenses que

ceux observés pour les systémes a base d’or (Figure 7).
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Figure 7: Comparaison des spectres de diffusion des framboises ayant des satellites d’or (spectre rouge) [16]; des
clusters dodécaédriques d’or (spectre bleu) ; des spectres clusters dodécaédriques or/argent (spectre orange).



Les voies de synthese de type « bottom-up » des nanorésonateurs permettent la
fabrication en grande quantité de clusters dodécaédriques dorés et ouvrent ainsi la voie pour la
fabrication de métamatériaux 2D et 3D.

Pour fabriquer une surface 2D, nous avons employé la méthode de dépbt par « dip-
coating ». Nous avons étudi¢ 1’influence de paramétres tels que la concentration en
suspension de clusters, la nature du solvant, la vitesse de retrait du substrat et la température
sur I’épaisseur du film de clusters déposée sur le substrat. Ces expériences ont permis la

fabrication d’une monocouche de clusters dodécaédriques dorés (Figure 8).
(A) Critical parameters (B)
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Figure 8: (A) Principe de dép6t par « dip-coating » [17]; (B) Clichés MEB de la surface de clusters a base d’or.
La méthode de microfluidique par évaporation a permis la fabrication d’un matériaux 3D
suffisamment dense et épais pour permettre des mesures optiques par ellipsométrie

spectroscopique de maniére a déterminer 1’indice de réfraction de celui-ci (Figure 9).

(A)
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Figure 9: (A) Principe de la microfluidique par évaporation; (B) Image de microscopie a balayage d’un assemblage
3D de clusters dodécaédriques d’or.
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General introduction

Metamaterials are unconventional materials which are made of artificial sub-units
called resonators or meta-atoms. They generate fascinating optical properties such as artificial
magnetism. Materials which have both negative magnetic permeability and dielectric
permittivity are called double negative materials and do not exist in Nature. Thus, research in
such a topic have considerably grown in the past few years.

Pendry et al. theoretically reported for the first time the possibility to generate a
magnetic response from a split-ring resonators (SRR) [1]. This device was made of a
concentric and incomplete loops of metal embedded in a dielectric, with a size smaller than
the considered wavelength. A strong coupling is generated between the incident
electromagnetic wave and the circulating current modes. Shelby et al. confirmed
experimentally this theory fabricating two-dimensional arrays of copper SRR.[2] They
demonstrated that such devices can have both negative permeability and permittivity in the
microwave regime yielding to a negative refractive index at microwave frequencies.

The fabrication of a metamaterial active in the visible range is particularly challenging and
promising to revolutionize optics. The resonators should have a specific shape and the size
has to be lower than the considered wavelength, i.e. in the 100-200 nm size range. Top down
methods were reported to fabricate two-dimensional, i.e. anisotropic, microresonators
therefore restricted to the IR range [3-6]. For nanosized resonators, bottom-up approaches are
a good alternative that can pave the way to engineer finely the meta-atoms shape and size and
can allow the fabrication of a 3D material by (self-)assembly.

Among the meta-atoms that have been reported so far, the metallodielectric
nanoresonators called “raspberry-like” nanoparticles received a specific attention. They are
made of a central dielectric core surrounded with plasmonic nanoparticles whose size and in-
between gap are supposed to be finely tuned. This particular design allows a plasmonic
coupling between the satellites leading to a circulating current around the dielectric core,
which generates a magnetic resonance orthogonally to the incident electric field and the
electric resonance [7].

Several approaches were reported to synthesize raspberry-like nanoparticles by self-

assembly approach [8,9] or seeded growth of silver or gold nuclei on the dielectric core



[10,11]. Those experimental studies reported the occurrence of the magnetic response of such
clusters in the visible wavelength.

The goal of the present work was to optimize the isotropic magnetic optical response
of metallodielectric nanoresonators in the visible range, by specifically controlling the
number, the size and the in-between gap of the satellites. Previous studies already reported the
importance of controlling such parameters on the generation of the magnetic response [12,13]
Simulations of the optical properties of clusters made of a silica core and a precise number of
gold satellites were performed at the Centre de Recherche Paul Pascal. The influence of the
number of the gold satellites, keeping constant their volume and the silica core size was
investigated. It appears that gold dodecahedral clusters made of a silica core of 100 nm and
twelve gold satellites of 80 nm with an in-between satellites gap of 2 nm are the most
promising candidates with regard to the maximization of the magnetic response.

Thus, inspired by previous works performed at the university of Bordeaux [14-17], we
focus our work on the synthesis of functional dodecahedral-dimpled silica (DDS)
nanoparticles to serve as a scaffold to synthesize discrete and isotropic dodecahedral clusters
made of twelve gold or silver satellites.

The first chapter presents the state-of-the-art of the subject summarizing the different
approaches of metallodielectric nanoresonators synthesis and the optical investigations of
their electromagnetic properties. At the end of this chapter, the strategy of the present work is
fully developed and justified. The second chapter reports the synthesis of functional
dodecahedral-dimpled silica nanoparticles from PS/silica dodecapods in high yield and
quantity. The third and fourth chapters describe the synthesis of gold and silver dodecahedral

clusters by a seeded-mediated growth approach and the study of their optical properties.
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1. Metamaterial concept

A metamaterial is an artificial composite material whose internal structure generates
electromagnetic properties that do not exist in natural environments. In general, those
structures are artificially engineered and made of periodically or randomly distributed
structured elements called “meta-atoms” or “nanoresonators” (Figure 10A). Their size and
spacing should be much smaller than the wavelength (A) of electromagnetic waves (Figure

10B) since the metamaterial has to be considered as an effective medium in order to avoid any
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Figure 10: Scheme of (A) a conventional material made of atoms (left) and a metamaterial with artificially structured
“meta-atoms™ (right); (B) an electromagnetic wave, based on an oscillating electric field and an oscillating magnetic
field

diffractive effects.

This thesis focused on electromagnetic metamaterials for visible light. Such materials can
be characterized by a complex refractive index fi, which is dependent on the wavelength A of

the electromagnetic wave[1]:

a(A)=n)+ik (1)

Equation 1
where n is the real part of the refractive index, also called optical refractive index and k is the
imaginary part and represents the absorption coefficient, i.e the energy loss of an
electromagnetic radiation which passes through the medium [2]. If n (A) becomes real at
some wavelength, the electromagnetic wave can go through the medium without being
absorbed (with k(1) = 0), leading to a transparent medium at this wavelength. For all media, f
(A) can be defined as:

fi () = VEQRQR)

Equation 2
where £(1) is the complex electrical permittivity, and (1) the complex magnetic

permeability. They quantify the response of the medium to electrical and magnetic
excitations, respectively.
Materials can be classified according to their real part of electrical permittivity €(A) and

magnetic permeability {i(A)[3],[4]. Figure 11 shows materials classification into 4 quadrants:



Quadrant I corresponds to materials called “Double Positive” (DPS) with Re(g) and Re(i) >0
which include most dielectric materials; Quadrant Il defines materials with Re(g)<0 and
Re(u)>0, called “€ negative media” (ENG), which include metals, ferroelectric materials, and
doped semiconductors; Quadrant III represents the category of “double negative (DNG)”
materials , which have both Re(fi) and Re(€) <0 and cannot be found in nature; Quadrant 1V
corresponds to “u negative (MNG)” materials such as ferrite materials, with Re(g) > 0 and

Re(f)<0.

o Re(f)
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ENG L DPS

Metal# ===
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Figure 11: Classification of materials by the values of Re(ff) and Re(£).[5,6] DPS: double positive media, ENG: ¢
negative media, MNG: [ negative media, DNG: double negative media, ENZ: € near zero media, MNZ: p near zero
media, ZIM: zero index media.

The permittivity and permeability of a conventional material depend on the response of
the different atoms (structural units) constituting the material. An appropriate structuring of
the material is required to induce the original electromagnetic properties of a metamaterial.
Indeed, metamaterials properties depend on the precise design of their meta-atoms, i.e. their
shape, geometry, size, orientation and arrangement. This gives them their smart properties to
manipulate electromagnetic waves by blocking, absorbing, enhancing, or bending waves in

order to go beyond of what is possible with conventional materials.

1.1 Brief history

The concept of metamaterials was introduced in 1968 by Veselago, who investigated the
behavior of an electromagnetic wave in a material with a negative permittivity, by applying
the Maxwell equations to this material [7]. He reported that the electromagnetic wave could
propagate through these materials in a very unusual way. Such media were called “left-
handed materials” as the trihedral formed by the electric field, the magnetic field and the
wave vector does not obey to the usual right hand rule, contrary to conventional materials for
which the trihedral is indirect.

In this case, when light goes in a negative material medium, the law of refraction

(Equation 3) is still satisfied at the interface, but the angle of refraction is negative.



n1sinf;= N,sinb,
Equation 3
It means that the propagation direction of light changes at the interface between two
media and the refracted beam lies on the same side of the normal as the incident one (Figure
12h).

(a) \ 8 (b)\ o,
ng ny
n,>0 X\ n,<0
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Figure 12: Light refraction at the interface (green) between two media. (a) In a conventional material, (b) in a
material with a negative refractive index

The idea of negative refractive index was considered physically impossible for thirty years
because of the absence of materials with a negative magnetic permeability. It is in 1999, that
Pendry et al. theoretically reported for the first time the possibility to generate a magnetic
response from objects without magnetic properties, i.e. a split-ring resonator (SRR) (Figure
13B) [8]. SRR are planar devices based on a concentric and incomplete loops of metal
embedded in a dielectric, with a size smaller than the considered wavelength. Therefore, a
strong coupling can occur between the incident electromagnetic wave and the circulating
current modes that can be tuned through the geometry of the device. Such resonator can be
compared as a LC circuit (Figure 13A). Indeed, the concentric rings of metal give the device
inductance L, while the gaps in the metal and the close proximity of concentric rings provide
capacitance C. The resonant frequency of the LC circuit can be engineered by the ring design
and the gap. Therefore, the circulating current in the plane generates a magnetic dipole

pointing out of the plane.

Shelby et al. confirmed experimentally the theory of Pendry et al. by fabricating two-
dimensional arrays of copper SRR [9]. They showed that millimeter-scaled resonators with
the design shown in Figure 13C can display both negative permeability and permittivity in the
microwave regime. They reported that the refractive index of such metamaterial was negative

at microwave frequencies.
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Figure 13: (A) A split-ring resonator uses external electromagnetic waves to establish a circulating current resonance,
like that found in an LC circuit; (B) lllustration of a square array of SRR [8]; (C) Photograph of the first left-handed
metamaterial consisting of square copper SRR and copper wire strips on fiber glass circuit board material [9].

1.2 Applications

The unique electromagnetic properties of metamaterials can pave the way for many
applications in optics. Superlenses devices were fabricated by the use of metamaterials to go
beyond the diffraction limit and to overcome the limitation in the conventional optical devices
or lenses [10,11]. Indeed, the emission or scattering of the light from an object requires the
propagation and the evanescence of the waves. Thus, the evanescent waves lead to a
diffraction-limited image, as they cannot be collected at the image plane by using a
conventional lens. The use of a superlens, made of a planar metamaterial with a negative
refractive index, allows to overcome those waves decay and to reconstruct the image of the
object in the near field.

Another application is the cloaking devices used to bend light around an object and so
make it partially or wholly invisible (Figure 14A). The first experimental device was
fabricated by Pendry et al. in the microwave range [12,13]. The metamaterial consists in a
multilayer with an ensemble of circular films on which SRR are printed (Figure 14B). The
size of resonators evolves regularly from the inner circle to the outer circle conferring them
different magnetic resonances. Thus, the electromagnetic wave is guided by the modulation of

the refractive index and more exactly of the magnetic permeability in the material.
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Figure 14: (A) Sketch of an electromagnetic cloaking device; (B) Photograph of the first prototype cloaking device
operating in microwaves range [12,13].

1.3 Bottom-up vs. top-down fabrication routes

As previously mentioned, the fabrication of metamaterials active at the visible range
requires a nanoresonator with a specific shape and a size which should be lower than the
considered wavelength. It is thus challenging. Historically, top-down methods such as
electron-beam lithography and focused ion beam milling were used to fabricate the first
metamaterial [14-17]. Even if those methods enable the fabrication of nanoresonators such as
SRR, they have several drawbacks: the fabrication of a bulk material with a millimeter size,
which requires 10*2-10"® nanoresonators is time consuming, costly, and resolution-limited by
the spot size (~ 10 nm) [18]. Another drawback is that top-down methods produce only two-
dimensional nanoresonators leading to a system anisotropy: the incident wavelength needs to
be in a particular direction to interact efficiently with the material and to exhibit meta-
properties.

Nowadays, many applications require metamaterials with an isotropic response.
Therefore, the fabrication of a nanoresonator with a well-controlled design and size becomes
trickier. Thus, bottom-up approaches can be good candidates to engineer in a precise way the
meta-atoms shape and size. If a colloidal suspension of isotropic subwavelength
nanoresonators can be synthesized: (i) the meta-atoms orientation relative one to another and
relative to the incident light would have no effect on the optical properties of the
metamaterial; (ii) their random dispersion in a suspension would still respond to incident
light. Thus, a concentrated colloidal nanoresonators suspension would be a fluid
metamaterial, also known as metafluid [19]. Additionally, a metafluid can be manipulated in
microfluidic devices and hence shaped into 3-dimensional (3D) materials.

Consequently, the use of a bottom-up method to control the design of the nanoresonators,

and the use of a self-assembly technique to fabricate a highly organized 3D metamaterial
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active in the visible range represents a challenging way to fabricate metamaterials with

original optical properties.
2. Raspberry-like nanoparticles as nano-sized split-ring resonators

2.1 Theoretical investigations

The concept of raspberry-like nanoclusters was introduced by Alu et al. and Simovski et
al. by theoretical investigations [20-22]. Their design consists in a central dielectric core
surrounded with gold or silver plasmonic particles (Figure 15).

Figure 15: (A) Proposed design for isotropic nanoresonators; (B) Electric and (C) magnetic resonant modes of a
raspberry-like nanocluster [23].

Simovski et al. reported indeed that this particular design allows a plasmonic coupling
between the satellites due to their size and their in-between satellites gap leading to an
artificial magnetism. Indeed, this architecture enables a circulating current around the
dielectric core, which generates a magnetic resonance orthogonally to the incident electric
field and the electric resonance [23]. This creates a negative magnetic permeability in a
certain frequency range within the optical spectrum. Additionally, it has been shown that, in a
given frequency region, a material made of the self-assembly of these magnetic nanoclusters

would be a DNG operating in the visible range.

2.2 Synthesis, optical characterization, and assembly into materials

2.2.1 Synthesis approach and optical investigations
Several synthesis methods were developed to fabricate raspberry-like nanoclusters. In
most cases, silica or polystyrene (PS) beads have been used as a dielectric core because of
their easy synthesis, modulation in size and surface functionalization. Until now, two main
approaches based on (i) the self-assembly of plasmonic particles on the silica core or (ii) the

seeded growth of a silver or gold nucleus on the silica core were carried out.
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2.2.1.1 Self-assembly of small plasmonic particles on a dielectric core
Muhlig et al. extended the method of Halas et al. to functionalize silica nanoparticles
(NPs) by an organosilane bearing amine groups [24]. Thus, 150 nm silica particles were
modified by using N-[3-(trimethoxysilyl)propyl]-ethylenediamine (EDPS) and 8 nm size gold
NPs were attached onto the dielectric core by electrostatic interactions (Figure 16A). Xue et
al. reported that in the case of large size (from 13 to 32 nm) plasmonic NPs, such a ‘glue’ is
not robust enough due to the high difference of density between silica and gold [25,26] .
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Figure 16: (A) TEM image of raspberry-like clusters made of EDPS modified silica core and 8 nm gold seeds;
Measured extinction spectra of: (B) fabricated core-shell clusters in solution (blue dashed curve) and single gold
nanospheres (red solid curve); (C) Simulated contributions of the relevant multipole moments: Py: Electric dipole;
my: magnetic dipole; Qvyz, electric quadrupole and Cs,: Scattering cross section of the core shell clusters as a function
of the wavelength [24].

Muihlig et al. investigated the optical behavior of such clusters produced by self-assembly
approach [24]. They carried out UV-absorption spectroscopy of gold NPs before and after the
assembly onto a silica core. They reported a red-shift and a broadening of the extinction
spectrum of the gold nanoparticles, after the assembly onto the silica core. They carried out

simulations to evidence the magnetic, multipole and electric components.

2.2.1.2 Self-assembly of larger plasmonic particles on a dielectric core

Dionne et al. carried out the self-assembly of large silver NPs ( > 20 nm) on a 90 nm PS
core via protein-directed interactions [27]. The PS core was functionalized with streptavidin
and the 35 nm silver satellites with biotin-terminated polyethylene glycol (Figure 17A). The
specific chemical recognition of streptavidin to biotin allows silver NPs to strongly interact
with PS particles to form raspberry-like nanoclusters (Figure 17B). They reported a gap in-
between the satellites of 3.8 nm. They performed the very first time experimental
investigations of the magnetic properties of the nanoclusters. They showed the presence of an
isotropic magnetic dipole in the visible range, by dark field spectroscopy and angle

polarization-resolved scattering spectroscopy (Figure 17C).
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Figure 17: (A) Schematic representation of the raspberry made of a PS core (90nm) and large silver NPs (35 nm) via

protein-directed assembly; (B) TEM image of the raspberry-like NPs; (C) Optical characterization of the bulk

metafluid by angle polarization-resolved light scattering spectroscopy highlighting the electric (ED) and magnetic

(MD) mode at 633 nm; the control curve represents the magnetic mode of a suspension of silica NPs with unassembled

silver NPs [27].

Scattering Intensity (a.u.)

Le Beulze et al. and Gomez-Grana et al. reported another fabrication routes based on the
use of polyelectrolytes [28,29]. They pre-deposited polydiallyldimethylammonium chloride
(PDDA) and poly(sodium 4-styrenesulfonate) (PSS) onto the surface of 100 nm silica
particles. Subsequently, citrate-stabilized gold NPs (30 nm) were successfully adsorbed onto
the silica cores (Figure 18A). The authors showed that poly(1-vinyl-4-methyl-1,2,4-triazolium
iodide) (PVMe'l) may be alternatively used alone, especially with silver plasmonic NPs
(Figure 18B). For both methods, a thin layer (5 nm) of silica was grown on the surface of the

raspberry-like assemblies to make them more robust and colloidally stable.
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Figure 18: TEM images of raspberry-like NP made of: (A) a silica core (106 nm) and 26 gold satellites (30 nm)
encapsulated in a thin silica layer; (B) silica core (90 nm) and 22 silver satellites (25 nm) with a thin silica layer of 5
nm; (C) to (E) Molecular structures of PSS, PDDA and PVMe*I" [28,29].

The scattering intensity of magnetic and electric modes were investigated by static light
scattering at 530 nm and 444 nm vs. the direction ¢ of the incident polarization for both gold
and silver raspberries, respectively. Figure 19-insets shows transverse (red circles) and axial
(blue triangles) scattering measured at 530 nm and 444 nm vs. the direction ¢ of the incident
polarization for both gold and silver raspberries, respectively. They are fitted for each
wavelength to oscillating functions B +A.cos’e and By +A;sin’e, respectively. For both
clusters, the common background B, = By is less than 4% of the amplitude of the ED mode,
confirming the isotropic response of the gold and silver raspberries. The scattering intensities

of magnetic and electric modes were investigated in the whole visible spectrum. The
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magnetic-to-electric scattering ratio exhibits a clear maximum of 4.5% at 540 nm for the
gold-based raspberries consistently with numerical simulations (Figure 10A). For the silver-
based raspberries, the magnetic to electric scattering ratio exhibits a sharp maximum of 28 %
at 450 nm (Figure 10B).
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Figure 19: Ratio of axial-to-transverse scattering vs. wavelength: (A) experimental data (red circles), and numerical
simulation of gold raspberry-like particles with varying satellites number; (B) of silver raspberry-like particles. The
inset shows transverse (red circles) and axial (blue triangles) scattering measured at A = 530 nm and X = 444 nm, for
gold and silver raspberries, respectively; the solid lines are fits to the sin’p and cos?p functions [28,29].

2.1.1.3 Seeded-growth of metal satellites on a dielectric core

The seeded-growth approach is based on the adsorption of tiny gold or silver seeds on the
dielectric core, and then their subsequent regrowth. Typically, Qian et al. carried out
experiments using Ag seeds adsorbed onto carboxylate-modified PS particles [30].
Subsequently, they mixed this suspension with a growth solution containing an aromatic
surfactant, e.g. benzyl dimethyl hexadecyl ammonium chloride, HAuUCI,, silver nitrate, and
ascorbic acid and obtained raspberry-like clusters with gold satellites. They studied the
influence on the optical properties of the satellite size adjusted through the volume ratio
between the seed and the growth solution (Vseed/Vgrowtn) (Figure 20B-C) and the PS core size
(Figure 20F-G). They highlighted that increasing the satellites size leads to a red-shift of the
plasmon band and a broadening of the overall bandwidth. For each extinction spectra, two
main peaks in the visible and near-IR region can be observed. They carried out finite-
difference time-domain (FDTD) modeling to investigate the broad profile of the extinction
spectra, demonstrating that features and major peak positions of simulated extinction spectra

are consistent with the profiles and trends of experimental ones.

15



(A) . ) (D) W
Au bead size &
Do : ~ Experimeént:

Extinction (norm.)

Simulation
400 600 800 1000 1200

=l | L
@ R

ing core size Experiment

= [P
t

| Simulation —————
400 600 800 1000 1200
Wavelength (nm)

Figure 20: (A) and (E) Schematic description; (B-C) and (F-G) SEM images of raspberries with: (B) Deyre = 96 Nm,
Nsatetiites = 100, Rsatetiites = 12 NM, and (C) Deore = 96 NM, Ngattelites = 100, Rsateniites = 19 NM; (F) Deore = 56 NM, Nsateliites = 70,
Rsatetiites = 11 NM; (G) Deore = 184 NM, Nsatenites = 800, Rsatenites = 11 nm; (D) and (H) Experimental (top) and simulated
(bottom) extinction spectra of the samples [30].
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Another study was carried out by increasing the silica core size and the number of seeds
and by decreasing their size (Figure 20E-G). It led to the broadening of the extinction spectra
which is extended into the near IR region. By decomposing the scattering cross section of the
raspberries into individual multipole components using FDTD simulations, they highlighted
that the spectra broadening arise from absorption, scattering, but also magnetic and electric
dipoles and multipole dipoles and thus assigned the magnetic dipole resonance at 1207 nm
and the magnetic quadrupole resonance at 995 nm. They also measured experimentally the
magnetic and electric contributions of the cluster made of a silica core of 184 nm with 800
satellites of 14 nm by angle polarization-resolved scattering spectroscopy. They reported a

magnetic resonance with an intensity comparable to the electric one at 900 nm.

Later, Li et al. extended this method to tune the gap in-between the satellites by varying
the chain length of the surfactants [31]. By reducing this gap a red shift of the extinction
spectra is observed (Figure 21A-B). Simulations were carried out highlighting that peaks 680
and 900 nm could arise from the electric resonance and magnetic resonance modes,
respectively. The authors claim that the magnetic resonance can be influenced by several
parameters: (i) the in-between satellites gap, indeed the increase of the in-between satellites

gap, leads to an increase and a red-shift of the magnetic resonance (Figure 21C); (ii) the
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increase of the satellites size could exhibit stronger and more red-shifted electric and magnetic

resonance modes.
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Figure 21: (A) Extinction spectra of raspberries with a PS diameter of 102 nm, 98 satellites of 38 nm using surfactants
of different lengths; (B) Simulated far-field extinction spectra of the raspberries varying the gap; (C) Simulated
magnetic scattering intensity [31].

To summarize, Qian et al. and Li et al. reported the synthesis of raspberry NPs claiming
the tunability of the dielectric core size from 56 nm to 180 nm, the satellites size from 15 nm
to 50 nm and their in between gap from 3.1 nm to 3.9 nm. Their approach has the advantage
to produce raspberry-like particles with large satellites size. However, even if they mentioned
that the gap in between the satellites can be controlled by the length of the surfactant, they did
not mention how they control the number of seeds on the silica core. Additionally, it seems
that the morphology and the satellites dispersion on the dielectric core is not well controlled.
Several drawbacks can be highlighted, such as (i) the different shapes of the satellites (spiky
and non-spherical); (ii) the satellites seem to be anisotropic; (iii) the size of the aggregates
seems to be highly polydisperse. Moreover, Qian et al. reported that the scattering of the
magnetic and electric dipoles are in the near infrared and not in the visible range. Later, Li et

al. reported by simulation that those clusters could generate a magnetic resonance [30,31].

2.2 2 Material fabricated from raspberry-like sub-units and evidence of the refractive
index of the material

Up to now, the observation of a strong artificial magnetism at frequencies of visible or
near-infrared light has been reported in several types of 2D anisotropic nanostructures [32-
36]. Among the reported works dedicated to the 3D material, only Gomez-Grana‘s work led
to the fabrication and the optical properties of a bulk material. The material was elaborated by
microfluidic evaporation and had typical dimensions of 10 mm thick, 100 mm wide and 3-5

mm long. Thus, the sample is thicker than the absorption length of the material and allows the
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material to behave as a semi-infinite material. Numerical and experimental values of the
refractive index was evaluated (Figure 22C). The refractive index value is less than 1 in the
blue region of the spectrum.
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Figure 22: (A) and (B) High-Resolution Scanning Electron Microscopy images of the material made of silver
raspberry-like NPs at different scales; (C) Real part of the refractive index of the material. The blue and red curves
correspond to the experimental data from spectroscopic ellipsometry at two different positions in the sample, and the
black curve corresponds to the finite element numerical simulation of the optical properties of a cubic lattice of
homogeneous spheres [29].

3. Plasmonic dodecahedral cluster as a new challenging design

3.1 Theoretical investigations of raspberry like nanoparticles vs. dodecahedral clusters

Our goal was to optimize the magnetic optical response of metallodielectric
nanoresonators by specifically controlling the number, the size and the in-between gap of the
satellites. Urzhumov et al. theoretically investigated the optical properties of a symmetric
cluster made of four spherical plasmonic particles whose center were located along the
vertices of a tetrahedron [19]. The four gold NPs were spaced by a gap of few nanometers,
which yielded to a strong coupling coming from the closely-packed structure and an isotropic
magnetic resonance at optical frequencies. They showed that the magnetic resonance was
strongly affected by the satellites gap. They also demonstrated that several other structures,
i.e. octahedron, icosahedron and dodecahedron, can exhibit a similar feature. In 2011,
Capolino et al. investigated the effect of parameters such as the number of satellites, their size
polydispersity and position irregularities. They reported that the magnetic resonance is more
affected by those parameters than the electric resonance. They confirmed that the magnetic
response is sensitive to the satellites number as well as their size inhomogeneity [37].

Simulations of the optical properties of clusters made of a silica core and a precise number
of gold satellites have been performed at the Centre de Recherche Paul Pascal by P. Richetti.
Hypothetical clusters in which the satellites position, size and in-between gap can be
specifically controlled were considered. The electromagnetic response of those clusters was
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computed numerically by the Generalized Multi-particle Mie (GMM) theory, a semi-
analytical solution to Maxwell’s equations for a system of non-intersecting spheres.
Following the Mie theory describing the scattering of a single sphere[38], the scattered fields
are expanded in series of modes (electric magnetic and electric quadrupole modes and so on)
computed for the whole cluster. In the simulations, the silica relative dielectric permittivity

was Esio, =2.25 and the environment medium was water, with a relative dielectric

permittivity en,o= 1.77. The scattering efficiency can be described as the ratio between the

cross section to the clusters area:

y — T3catt
scatt a2
Equation 4
where QY_.., is the scattering efficiency of the “y” which may consider the sum of the all

dipoles (tot), electric dipole (ED), magnetic dipole (MD), or electric (EQ) and magnetic (MQ)

y
scatt

The nature of the various resonances of the nanoclusters can be attributed by decomposing the

quadrupolar modes; o is the cross-section of the “y”; and a is the radius of the cluster.

total scattering efficiency Q%2¢,, into the contributions originated by the induced electric and
EQ QEQ

magnetic dipole moments Q¢.qee aNd Qgtqarrs Qgcares Cscare -

respectively, which were plotted
separately.
.g(c)(gtt = Qscatt T Qscare + Q;rclgéi
Equation 5
As a first attempt, the scattering properties of clusters made of a silica core of 100 nm and
a specific number of gold satellites made of 4, 6, 8 and 12 were investigated. For each cluster,
the total volume of gold was kept constant and implies that the radius of the N satellites scales

as N -1/3

(Figure 23). Thus, the radius of the gold satellites for each cluster was (i) 57.7 nm for
the tetrahedral; (ii) 50.4 nm for the hexahedral; (iii) 45.8 nm for the octahedral and (iv) 40 nm

for the dodecahedral clusters.
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Figure 23: Sketch of the gold: (A) tetrahedral. (B) hexahedral. (C) octahedral and (D) and dodecahedral clusters.

The gold dodecahedral clusters scattering efficiency of the different modes are displayed
in Figure 24A. It exhibits a broad electric mode (blue curve) and a magnetic dipole resonance

(orange curve) at 720 nm, which has a higher scattering efficiency than the electric one. An
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electric quadrupole mode is also generated at 600 nm. Figure 24B shows the magnetic
contribution of the four clusters represented in Figure 23. The gold dodecahedral structure has
the highest magnetic response. The magnetic dipole scattering efficiency, defined as the

scattering cross-section normalized by the geometrical cross-section, reaches 1.1.10° nm?.
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Figure 24: (A) Extinction and scattering cross-sections of a gold dodecahedral cluster in water. The radii of the silica
core and of the gold satellites are 50 and 40 nm, respectively; (B) Magnetic (MD) scattering efficiency computed for
the tetrahedral, hexahedra octahedral and dodecahedral clusters with a silica core radius of 50 nm and a satellites
radius scaling as N [unpublished results].

Therefore, on the basis of these numerical simulations, the gold dodecahedral clusters
were chosen as the most desirable ones for the optimization of the magnetic response. The
metallodielectric nanoresonators should be designed with a 100 nm silica core and 80 nm size

gold satellites with an in-between gap of 2 nm.
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Figure 25: Scheme of the targeted dodecahedral nanoresonators

3.2 How to adjust to 12 the number of satellites on a dielectric core?

3.2.1 Virus templating
Fontana et al. reported a synthesis method based on a Cowpea mosaic virus (CPMV)
which is a well-characterized plant virus with an icosahedral symmetry produced in gram
amounts [39,40]. This virus symmetry enables to define the location of gold NPs on the virus
scaffold. Therefore, they engineered CPMV to present specifically cysteine amino acids with
thiol groups at the twelve vertices of the icosahedron. They demonstrated that gold NPs of 17

nm size can be attached to the thiol groups, leading to a cluster with twelve gold satellites.
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However, they reported that the control of the number of gold satellites per virus was difficult

when increasing their size.
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Figure 26: (A) CPMV structure; The inset shows the protein subunit; in pink is a single cysteine (thiol containing
amino acid) in the loop; (B) False-colored TEM image of the virus with 18 nm size gold NPs attached. (d) Model of a
nanocluster (NC) with 30 nm gold NPs with a similar orientation to (B). The dotted black lines represent a five-fold
symmetry axis; (D) Representative TEM images of NC with 30 nm gold NPs attached [39].

3.2.2 Controlled aggregation

Manoharan et al. reported a strategy to fabricate clusters of cross-linked PS microspheres
of 844 nm, with sulfate groups covalently bonded to their surface and typically packed
together in a water/toluene system [41]. The spheres were initially dispersed in toluene, a
good solvent of polystyrene (PS). In such conditions, the dissociation of sulfate groups is
limited, but the Van der Waals forces between the particles are much smaller than in water
[42] leading to the particles to swell with the solvent and to interact only through a short
ranged steric (entropic) repulsion. Further, water was added and mixed to create an oil-in-
water emulsion consisting of small droplets of toluene leading to a strong bounding of the PS
microspheres to the droplet interfaces. The evaporation of toluene enabled the particles to
pack together and to form clusters with a certain number of PS spheres (Figure 27A). Indeed,
the number of spheres into each droplet was not the same due to the fact that, initially, the
droplets were not uniform in size, leading to polydisperse clusters. Density gradient
centrifugation was used to separate the clusters based on the difference in sedimentation
velocity, or average hydrodynamic radius [43]. This method allows the synthesis of clusters
made of a controlled number of PS spheres from 4 to 15 spheres (Figure 27A). Thus, with
such a strategy, dodecahedral clusters can be fabricated. Further, Urban et al. extended this
method to plasmonic particles [44]. Indeed, they functionalized 15 nm size citrate-stabilized
gold NPs with thiol-terminated PS (PSi15—SH, M,= 12,000) and incubated them in
dimethylformamide (DMF) with amphiphilic diblock copolymer, i.e. polystyrene-block-
poly(acrylic acid) (PS-PAA). A small amount of water was introduced leading to pack the
particle into clusters. The same method was used for 60 nm silver NPs. This strategy enabled

the formation of clusters of various morphologies (Figure 27B-C), including dodecahedral
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ones. However, the authors were not able to purify them and to extend this method to larger

gold NPs. In addition, the yield of the gold dodecahedral clusters is low.

Figure 27: (A) Typical PS clusters obtained by Manoharan et al.; Typical clusters obtained by Urban et al. and made
of (B) 17 nm gold NPs and (C) 60 nm silver particles [41,44].

3.2.3 Templating with colloidal crystals?

Yuan et al. developed a strategy to synthesize dodecahedral clusters from poly(N-
isopropylacrylamide) (PNIPAM) microgel spheres of 310 nm and 800 nm [45]. Those
particles were synthesized via free radical precipitation polymerization [46]. Two sets of
PNIPAM particles were specifically modified with vinyl and thiol groups, respectively.
Further, highly ordered colloidal crystals were prepared by the self-assembly of those
particles with a HS-PNIPAM to vinyl-PNIPAM particles ratio of 40. Subsequently, the crystal
was irradiated with UV light, in the presence of a photo-initiator, added before the
crystallization of the sample leading to thiol-ene click reaction between the vinyl groups on
vinyl-PNIPAM microgel particles and the thiol groups on the neighboring HS-PNIPAM
microgel particles (Figure 28AB).
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Figure 28: (A) Thiol-ene reaction between vinyl- and HS-PNIPAM, (B) Synthesis of microgel clusters by first
assembling the microgel spheres into colloidal crystal, followed by bonding vinyl-PNIPAM microgels with the
surrounding SH-PNIPAM microgels, (c) Reconstructed 3D confocal images of fluorescently labelled clusters (first
row, scale bar: 1pum)

(B)

Therefore, dodecahedral clusters were obtained when one vinyl-PNIPAM microgel is

located in the center of twelve SH-PNIPAM microgels and can be linked to them by thiol-ene
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bonds. This process also allowed the fabrication of other by-product clusters of more or less
than thirteen spheres and it also involves the fabrication of clusters made of several vinyl-
PNIPAM particles surrounded with several HS-PNIPAM particles. Finally, the particle
batches were purified by density gradient centrifugation [41].

By extending this method to silica particles and specifically modifying silica surface by
thiol and vinyl groups, respectively, silica dodecahedral particles could be synthesized
[26,47]. Indeed, as mentioned previously, the dodecahedral clusters fabricated by this strategy
are made of a central core and twelve satellites functionalized with thiol groups. Thus, by
adding gold seeds on the HS-silica and by using a conventional seeded growth method
implying a gold precursor such as HAuCl, and a reducing agent, a gold nanoshell can be
formed [48]. This method via self-assembly is interesting and could be extended for our
investigations. However, the size of the particles should be reduced to reach the previously
mentioned particle design specifications. As we can see in Figure 28C, the spheres seem to be
in contact leading to a small gap in between the satellites. Consequently, it is difficult to grow
gold seeds on the SH-silica satellites; otherwise, the satellites would touch each other. Using
larger vinyl-silica NPs or smaller HS-silica NPs satellites should lead to an increase of the in-
between satellites gap and then a gold shell could be grown around the satellites.

Another strategy based on this self-assembly method could also be implemented. Indeed,
gold and silica NPs could be synthesized and specifically functionalized with thiol and vinyl
groups, respectively [47,49]. To form colloidal crystals from these two types of precursors a
gold suspension can be first kept to sediment on a substrate to form a monolayer. Secondly, a
small amount of silica particles can be added, and finally an excess of gold NPs can be
deposited following with the irradiation of the sample in order to form thiol-ene bonds
between gold and silica NPs (Figure 29). By adding sequentially the colloidal suspensions, we
could expect to avoid any problem due to the density contrast between gold and silica. Indeed,
as the gold density is higher than the silica one, the deposition of a mixture of both
suspensions could lead to a fast sedimentation of all gold NPs and the deposition of the silica
particles on the top of the gold NPs layer. Side-clusters with less or more gold satellites or
with several silica particles could also be formed. A purification step, such as density gradient

centrifugation would be required to remove these non-desired clusters.
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Figure 29: Hypothetical strategy to synthesize gold dodecahedral clusters via the self-assembly method.

To reach a high yield of gold dodecahedral clusters, the position of the silica and gold
particles should be carefully controlled. Indeed, several situations can occur: (i) if the gold
NPs have an important gap between each other, side-product clusters can be formed, reducing
the clusters yield; (ii) the silica NPs deposition should be homogeneous and should maintain a
certain distance between each other in order to avoid the formation of clusters with multiple
silica NPs. The distribution of the gold particles around the silica core should be
homogeneous to form regular dodecahedral clusters. Therefore, the yield of those clusters
could be low due to those limitations. Additionally, this method could be costly because of
the use of a large quantity of gold NPs. Due to these several drawbacks, this method was not

envisaged.

3.2.4 DNA origami as a scaffold

Over the last decade, numerous progress in the programmable DNA-assembly have been
done to fabricate original building-block structures with a controlled shape, including the
preparation of periodic and aperiodic 2D nanopatterns [50-52] and 3D polyhedra [53-55].
Zhang et al. synthesized icosahedral origami by a two steps synthesis method based on (i) the
self-assembly of three DNA single strands and (ii) the self-assembly of a motif (tile) through
sticky-end association between the tiles (Figure 30A) [56]. This tile corresponds to a five-way
branched vertex in the final icosahedra structures. In the icosahedra, the five-point-star tiles

are not planar, they bend out of the original plane by 32°. In order to obtain specifically
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dodecahedral clusters, the tiles should be enough flexible for such a degree of bending. Thus,
the central single-stranded loops (red color segments, Figure 30 center) should have a specific
design. The icosahedra fabrication consists in mixing and slowly cooling down the five-way
branched DNA vertex mixture from 95°C to 23°C, leading to the DNA single strand to first
recognize the complementary DNA and assembled into individual five-point-star tiles that
further formed the icosahedra through sticky-end association between the tiles (Figure 30A2-
A3). Each sticky end is made of an ensemble of four G-C base pairs. The strong G-C base
pairing imposes Kkinetic controls in the assembly process and ensures the stability of the final
assemblies.

Veneziano et al. reported another method based on a top-down approach consisting in an
automatic inverse design procedure that programs arbitrary wireframe DNA assemblies and
which is able to fabricate several structures such as Platonic DNA origami via polymerase
chain reaction [57]. However, for both strategies the size of the obtained structures is too
small (~ 40 nm). Very recently, Wagenbauer et al. reported a strategy to synthesize large size
DNA origami with icosahedral shape [58]. For this, they designed a reactive vertex made of
(i) a triangular brick (blue sites) with three docking sites; (ii) V brick (light grey sites) with a
tunable angle; (iii) a connector brick (red sites) with recessed docking sites on one face and a
self complementary dock on the opposite face (Figure 30B1). The reactive vertex can be
programmed to self-assemble by adding salt. Tetrahedron, hexahedron or dodecahedron can
be obtained by tuning the angles in the wings of the reactive vertex, which should be 55°, 35°
or 22°, respectively. Figure 30B2 highlights the icosahedral structure fabricated by this
strategy.
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Figure 30: (Al) scheme of the two steps fabrication of the icosahedral DNA origami: (i) three single strands DNA
assemble into sticky-ended five-point-star motifs (tiles)[top], (ii) assembly of the sticky-ended five-point-star motifs
into icosahedra [center and down]; (A2) Comparison of class average of particle images with similar views (Upper)
and the corresponding computer generated model projections (Lower). (A3) Three views of the DNA icosahedron
structure reconstructed from cryo-EM images. (B1) Reactive vertices designed to self-assemble into a tetrahedron;
(B2) Typical TEM images of a dodecahedron [56,58].

Thus, those structures can be used as a scaffold due to their regular morphology with a
controlled number and well-defined vertices and in-between gap and can pave the way to add

in a specific position gold NPs. Thus, Gang et al. developed a strategy to self-assembled gold
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NPs on octahedral DNA origami structure [59]. The DNA frame was specifically designed
with vertices, which can be specifically encoded with distinctive single-stranded DNA ‘sticky
ends’. By functionalizing specifically the gold NPs (10 nm) by a complementary DNA to the
vertices, the NPs can be self-assembled on the vertices of the octahedral DNA origami
(Figure 31).
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Figure 31: (A) and (B) Series of selected raw cryo-EM images of the octahedron DNA origami with 6 and 4 gold NPs,
with corresponding views from the 3D design model

Therefore, we can envisage to combine the synthesis of icosahedra DNA frame and the
method to make sticky the vertices of the frame in order to precisely organize gold NPs in a
dodecahedral structure. However, Gang et al. noticed that the self-assembly of 15 nm gold
NPs leads to the distortion of the DNA origami framework [59]. Thus, we may wonder

whether such structure can be rigid enough to hold larger gold NPs (90 nm).

3.2.5 Using dimpled-silica particles as a scaffold

Désert et al. developed a strategy to synthesize silica particles with a controlled number of
dimples [60]. It is based on a multistep synthesis starting from PS/silica clusters prepared by a
seeded-growth emulsion polymerization reaction. Those clusters were prepared in high
morphology yield (up to 80 % for tetrapods, hexapods, and 74% for dodecapods) at the gram
scale. The first step was the production of highly size-monodisperse silica particles through a
seeded-growth approach followed by a surface modification using a hydrophobizing and
copolymerizing silane [61,62]. The second step consists in the seeded-growth emulsion
polymerization of styrene performed in the presence of a surfactant mixture made of
Synperonic® NP 30 and SDS and initiated by the thermal decomposition of sodium persulfate
(Figure 32). Tetrapods, hexapods and dodecapods were synthesized from silica seeds with
diameters of 55 nm, 85 nm and 85 nm, respectively. Chomette et al. extended this synthesis to
functional tetrahedral and hexahedral-dimpled silica NPs. Thus, the silica cores of the
tetrapods and hexapods were regrown through a hydrolysis/condensation reaction of

tetraethoxysilane and then the PS nodules were dissolved in tetrahydrofuran (THF). PS bumps
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remain at the bottom of the dimples, corresponding to the PS macromolecules covalently
bonded to the silica surface thanks to the copolymerization of styrene and MMS-derived
grafts [63]. The PS macromolecules were chemically modified for making them sticky and
thus capable to develop covalent bonds or electrostatic interactions [64,65]. For that, they
carried out a chloromethylation and subsequently an amination of the chloromethylated PS
residue by simple nucleophilic substitution reactions. Later, Chomette et al. developed a
general strategy to convert PS/silica multipods into gold/silica analogues. They used the
aminated PS as a glue to stick gold nanoseeds and carried out their growth using
formaldehyde as a reducing agent and a gold plating solution consisting of an Au(OH),
complex generated in water from HAuCl, and K,COs. This strategy enabled to obtain clusters
with large gold satellites (> 50 nm) (Figure 33D). Preliminary experiments were also carried
out leading to gold dodecahedral clusters. However, the gold dodecahedral clusters purity and

quantity weren’t high enough to allow optical measurements.
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Figure 32: Chemical formulae of the main reagents used for getting silica PS/clusters through a seeded-growth
emulsion polymerization: A) methacryloxymethyltriethoxysilane (MMS); B) styrene; C) Synperonic® NP 30; D)
sodium persulfate and E) sodium dodecylsulfate (SDS) [61,66].
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Figure 33: (A) Strategy of the fabrication of dodecapods PS/silica hybrid clusters from surface-modified silica seeds;
TEM images of: (B) tetrapods, hexapods and dodecapods (from top to down); (C) silica particles with four, six, twelve
dimples (from top to bottom); (D) gold tetrahedral, hexahedral and dodecahedral clusters (from top to bottom) (scale
bars: 100 nm).

4. Conclusion and strategy

This state-of-the-art shows that only a few isotropic metallodielectric nanoresonators were
reported up to now. Among the most efficient ones, raspberry-like NPs could be optimized by
increasing the size of the plasmonic satellites and therefore decreasing their number while
keeping an isotropic distribution. Dodecahedral arrangements combining twelve satellites are
the optimal design. Several synthetic routes to get such plasmonic dodecahedral clusters were
reported even if some of them didn’t aim to generate metamaterial capabilities. Among them,
only the route using the dimpled-silica NPs as scaffolds is the most interesting. It allows to
control of the satellite number, the satellite size and the in-between gap, and the possibility of
fabrication of these objects at the gram scale.

As a consequence, the objectives of this thesis was to (i) synthesize gold and silver
dodecahedral clusters (hamed GDC and SDC) from functional dodecahedral dimpled-silica
(DDS) NPs, (ii) study their optical properties as metafluids and (iii) assemble them in a 3D
(bulk) or 2D material to get metamaterials or metasurfaces, respectively.

An overview of the overall strategy is presented in Scheme 1.
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Scheme 1: The overall strategy guiding this study: the chapter Il describes the synthesis of patchy particles; the
chapters 111 and IV report the formation of plasmonic nanoclusters through a seeded-growth approach.
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Synthesis of functional
dodecahedral-dimpled silica
nanoparticles from

TEM images of PS/silica dodecapods (right and center) and silica dodecahedral-dimpled
nanoparticles (left). Scale bars: 100 nm, 500 nm and 20 nm, respectively

35



36



Introduction

In the previous chapter, we discussed about the synthesis pathways of well-controlled and
well-defined dodecapod-like clusters highlighting the complexity of such syntheses. The
approach that we chose is based on the seeded-growth emulsion polymerization route
developed and optimized successively by S. Reculusa, A. Perro, D. Nguyen and A. Désert,
successive PhD students at the university of Bordeaux [1-4]. S. Reculusa developed the
pathway to synthesize PS/silica multipods, especially raspberry-like and monopod-like
clusters [5,6]. However, it didn’t provide well controlled shapes because the morphology
yield was lower than 50 %. Later, A. Perro succeeded in controlling the number of PS nodules
per silica particle from two to twelve nodules, but at the expense of quenching the
polymerization progress at low monomer-to-polymer conversion (~30 %) [7]. Further, D.
Nguyen carried out cryo-TEM experiments highlighting (i) the presence of small PS nuclei
bound to the silica seeds in random arrangements from the beginning of the polymerization,
and (i) a decrease of Npssiica and position optimization of the PS satellites as the
polymerization runs and the satellites grow [8]. Those experiments also allowed to measure
the contact-angle that the PS nodules form at the silica surface. Finally, A. Désert optimized
the surface modification of the silica seeds and the polymerization recipe to achieve a
complete monomer-to-polymer conversion within 6 h by adding sodium dodecylsulfate (SDS)
as co-surfactant [9]. This leads to enhance the reaction Kinetics, to reduce the size of the PS
nodules and to get hexapods and tetrapods with a morphology yield over 80 %. He also
extended this method to other morphologies such as dodecapods using silica seeds with
diameter of 145 nm or 85 nm, achieving morphology yields of 45 % and 74 %, respectively
[10]. Further, A. Désert reported that, by growing the silica core using a sol gel process and

dissolving the PS nodules, silica particles with a specific number of dimples are obtained [11].

Later, C. Chomette reported that the PS residues covalently bonded at the bottom of the
dimples may be readily modified to make them capable to develop covalent bonds or
electrostatic interactions [12,13]. For this purpose, he carried out a chloromethylation and
subsequently an amination of the chloromethylated PS residue by nucleophilic substitution

reactions.

The dodecapods from 85-nm silica particles are indeed those we targeted to fabricate
plasmonic dodecahedral clusters. Our ambition was to reach a higher morphology vyield.

Scheme 2 summarizes the overall synthetic pathway. The next sections describe the
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preparation of the DDS clusters (stages | to I11). Beyond the protocol previously developed by
Désert et al., we report our efforts for a better understanding and control of the final
morphology of the PS/silica dodecapods. The last section concerns the stage IV that we
visited again to make the dimples sticky with regard to gold, i.e. functionalized with amino

groups.
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Scheme 2: Multistep pathway to fabricate silica dodecahedral-dimpled (DDS) clusters
with reactive PS chains at the bottom of the dimples.

1. Stage I: Synthesis of size-monodisperse silica seeds

The synthesis of highly size-monodisperse silica particles was carried out according to a
seeded-growth strategy reported by Hartlen et al. [14] and optimized by Désert et al. [4]. The
first step (stage 1.1) consists in the synthesis of silica pre-seeds by the slow diffusion of TEOS
through the interface of a biphasic medium (Protocol 1) [15]. The reaction is carried out in an
L-arginine aqueous solution whose mild conditions allows to decrease the hydrolysis rate and

to control the nucleation stage.
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Protocol 1: Synthesis of the silica pre-seeds.

One hundred mL of 6 mM L-Arginine (99 %, Sigma- Aldrich) aqueous solution are
poured in a 150-mL double-walled vial and equipped with a reflux condenser (Figure
34A). When the temperature is stabilized at 60°C, 10 mL of TEOS (99 %, Sigma-
Aldrich) are added. The stirring setup is set to 150 rpm for a 3-cm cylindrical
magnetic stirrer to generate a stable vortex and therefore an interface between both
phases of constant surface area. The heating/stirring system is turned off when the
TEOS upper phase has disappeared, typically, after two days. A small volume of the
dispersion is collected in order to analyze the size of the pre-seeds by TEM and
determine their concentration by the dry extract method.

The pre-seeds were characterized by transmission electron microscopy (TEM) (Figure
34B). Their average size was measured by statistical analysis using ImageJ software
performed over 1000 particles and the polydispersity index (PDI) was calculated by

Yn; Ynd}

PDI = . = S nd; " 3 ndd

S|

Equation 6

where D,, and D,, are the weight average and number average particle diameters, respectively.
The typical average size of the pre-seeds was 26 nm with PDI of 1.02. The dry extract method
allowed to determine the silica concentration: 27 g/L. In a given volume, the number of silica
pre-seeds Nsiiica Was calculated from the silica concentration by assuming that the particles

were spherical and their density was 2.2 g/cm®.

(A)

TEOS
H,0+Arg.

60°C

Figure 34: A) Scheme of the pre-seeds synthesis setup; TEM images of (B) the silica pre-seeds and (C) silica seeds.

The second step consists in the regrowth of these pre-seeds to the targeted diameter by the
conventional Stober’s method (stage 1.2). The amount of TEOS is critical to control the final
size of the silica particles (Equation 7) and depends on the targeted diameter of the silica
particles Dy, the average diameter of the silica pre-seeds D, and the number of silica particles
Nsilica cONtained in a given volume of pre-seeds dispersion. Mreos is the molecular weight of
TEOS (208.32 g/mol); preos is the TEOS density (0.94 g/cm®) and Misiica is the molecular
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weight of the SiO, monomer unit (60.08 g/mol). The regrowth stage was performed at room
temperature in a typical Stober medium made of a mixture of ethanol and ammonia (Protocol
2).

_ MTEOS . Psilica T 3 3 Equation 7
Vreos = o —==—="% Nsjiica - - (Df — D;)
Silica -+ PTEOS 6

Protocol 2: Regrowth of the silica pre-seeds

In a 1L round bottom flask surmounted by a bubbler, 455 mL of ethanol (99%), 35 mL
of ammonia (28-30 %, J-T Baker) corresponding to [NH3] =3 M and 10 mL of
aqueous dispersion of pre-seeds were added and stirred. The proper volume of TEOS
calculated by Equation 7 is added to the solution with a syringe pump at the rate of
0.5 mL/h. The average size of seeds is determined by ImageJ analysis of the TEM
images and the concentration of the dispersion is determined by the dried extracts
method.

Targeting a final diameter of 85 nm, the analysis of the TEM images gave an average size
of the particles of 90 nm with PDI of 1.003 (Figure 34C).

Further, in order to promote the nucleation and growth of the PS nodules, the surface of
the silica seeds shall be made organophilic enough through the grafting of
methacryloxymethyl groups from methacryloxytrialkoxysilane (MMS) coupling agent (Figure
35).!

Désert et al. reported that a nominal surface density of 0.5 molecule/nm? of silica surface
is the optimal value to get PS/silica multipod-like clusters with the expected contact angle [9].
Indeed, a lower value leads to unstable clusters, e.g. PS nodules falling down on the TEM
grids, and a higher value leads to silica cores more or less perfectly embedded in a continuous
PS shell [16]. The required MMS amount was calculated by Equation 8 and grafted according

to Protocol 3.

_ 6. dyms- Mpus - Vsilica - Csilica

V = .
MMS qu ation 8
Na . pMMS - Psilica - Dsilica t

where dwws is the surface grafting density of MMS, Muws is the molar mass of MMS (262.37
g/mol for methacryloxymethyltriethoxysilane and 220.3 g/mol for
methacryloxymethyltrimethoxysilane), pwwvs is the MMS density (0.998 g/cm®), Viiica and

! Note: in this work, the coupling agent used was the methacryloxymethyltrimethoxysilane instead of the
methacryloxymethyltriethoxysilane used by Désert et al. It may exist some differences concerning their
reactivity just when the grafting to the silica surface occurs, but as soon as the alkoxy groups have left the
methacryloxymethyl grafts are expected to be strictly identical.
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Cisiiica are the volume and concentration of the silica seeds suspension, respectively, Dyiica IS

the diameter of the silica seeds, and Na is the Avogadro’s number.

/

®
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Figure 35: Chemical formula of the MMS coupling agents:
(A) methacryloxymethyltrimethoxysilane and (B) methacryloxymethyltriethoxysilane.

(

Protocol 3: Functionalization of the silica seeds by MMS.

A volume Vs;iica Of the hydro-alcoholic dispersion of the silica seeds obtained after the
Protocol 2 is added in a round bottom flask and stirred. The setup is surmounted with
a condenser. In this study, the grafting rate of MMS was fixed at 0.5 function/nm?. The
volume of MMS, calculated by Equation 8, is added to the mixture and stirred at room
temperature for 3 h, then the temperature is increased at 90°C for 1 h under reflux of
ethanol. The excess ammonium hydroxide was removed from the reacting medium by a
rotary evaporator and the silica particles were transferred into Milli-Q® water.
Further, the particles were purified by dialysis against water until neutral pH in order
to remove the remaining reactants.

There is no specific characterization at the end of this step: the MMS is supposed to be
grafted in a completed way and the surface density is therefore considered to be the nominal
surface density. The success of this stage is indirectly checked by the success of the following
stage. Table 1 summarizes the physico-chemical features of the four batches of the silica

seeds prepared for this study.

Table 1: Summary of the experimental conditions of the silica pre-seeds and seeds synthesis and physico-chemical
features of the four batches of silica seeds (the targeted diameter of the silica seeds was 85 nm)

Silica pre-seeds Silica seeds

VTEOS Dsilica PDI Csilica VTEOS Dsilica PDI Csilica seed batCh

(mL) (nm) (part./L) (mL) (nm) (part./L) | number
1 2 1.001 | 1.6x10"°

10 27 101 |1.208% — > = o 016 I
31 90 1.003 1.5x10 Il

1.001 | 1.3x10"° I

10 26 102 | 13x10% —2 ik %0 > 016

33 90 1.003 1.4x10 v

41



2. Stage |I: Synthesis of PS/silica dodecapods by seeded-growth emulsion
polymerization

2.1 Description of the reference experiment of Désert et al. [10]

The multipod-like silica/PS clusters are synthesized by seeded-growth emulsion
polymerization of styrene. Briefly, the emulsion polymerization is defined as a free-radical
polymerization in a direct emulsion made of water, monomer and surfactant. When
introduced above the critical micellar concentration, the surfactant molecules form micelles.
When the organic monomer is added, the monomer is mainly contained in the droplets, but a
fraction of the molecules diffuses through the water phase and swells the surfactant micelles.
The polymerization starts with the addition of a water-soluble initiator and its thermal
decomposition into free-radicals. By meeting the monomer molecules, active centers are
generated, become more and more hydrophobic as the monomer addition and are finally
captured by the micelles where the stocked monomer is polymerized according to the
conventional propagation and termination stages. The micelles are permanently fed in
monomer by diffusion from the reservoir droplets. From a colloidal point of view, the
micelles grow and become polymer particles stabilized by the surfactant molecules and are
generally called “latex” particles. It may be mentioned that (i) the air oxygen is an inhibitor
for the polymerization and shall be removed from the reactor and (ii) when the monomer-to-
polymer conversion increases from 20 to 50 %, the growing polymer particles are stickier and

some coalescence phenomena are generally observed during this period.

Using seeds, i.e. the MMS-modified silica particles, is the opportunity for the latex
particles to nucleate preferentially at their surface. For getting regular multipod-like silica/PS
clusters, it was shown that the nature of the surfactant molecules is critical and that optimal
results are obtained by using a mixture of Synperonic® NP 30 (non-ionic surfactant) and SDS
(anionic surfactant) [9]. The latter boosts the polymerization reaction because it promotes the
nucleation stage and therefore leads to more numerous but smaller PS particles. But used

solely, it is not capable to control the cluster morphology [17].

Protocol 4: Synthesis of dodecapod-like silica/PS clusters.

In a 250-mL three-neck flask, equipped with a stirring anchor and a condenser itself
surmounted by a bubbler, 50 mL of an aqueous dispersion made of amounts of MMS-
functionalized silica seeds (7.3.10™ part./L) previously sonicated for 10 min, NP30
(Sigma-Aldrich) and SDS (Sigma-Aldrich) mixture (3 g/L including 5 wt.% of SDS)
are introduced and deaerated with nitrogen for 1 h. The stirring speed is set at 170
rpm. Then, 45 g/L of styrene (99 % Sigma-Aldrich) are added and the stirring speed is
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momentarily increased to 250 rpm for 15 min. The nitrogen flux is reduced in order to
keep a low over-pressure. The temperature is increased at 70°C with a thermostated
oil bath. Then, 1 mL of an aqueous solution previously nitrogen-degassed and
containing 25 mg of sodium persulfate (99 %, Sigma Aldrich) is added. The
polymerization is performed for 6 h. Then, the monomer-to-polymer conversion is
measured by the dried extracts method.

Following this method, Désert et al. obtained 74 % of dodecapods with by-products such
as pentapods/hexapods (4 %), octopods (5 %), nonapods (5 %), decapods (6 %) and
hendecapods (5 %) [10].

3;_\‘ dodecapod

Figure 36: Typical TEM image of the dodecapods obtained by Désert et al.
from silica seeds with a diameter of 85 nm [10].

2.2 The Thill’s model to rationalize the nucleation and growth of PS nodules
onto silica seeds

In order to understand and then control the growth process of the PS satellites onto the
silica seeds, A. Thill developed a simulation tool whose adjustable parameters are close to
those of the emulsion polymerization. Digital and chemical experiments were compared and
allowed to rationalize the process [10,18]. The Thill’s model is based on three main

simplifying assumptions:

- every attached and free PS particle had initially nucleated and begun to grow onto
the silica seeds surface in agreement with the heterogeneous nucleation regime;

- every PS nuclei was initially randomly distributed on the silica seeds and grew at
the same surface rate;

- the growth rate of the nodules is not strongly affected by the fact they are attached

to or detached from the seeds.

This model considers that when two growing PS satellites come into contact, one pushes
the other one on the seed surface to continue to grow. Therefore, if the silica surface becomes
too crowded for further motion, two mechanisms can stemmed from that: (i) two PS satellites

merge in a larger one by coalescence (with a probability P¢c) or (ii) one is expelled from the
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silica surface and continue to grow independently becoming a free PS latex particle (with a
probability 1 — P¢c) (Figure 37A). From these digital experiments, a Ry VS. Npgsilica diagram,
called here Thill’s diagram, was drawn showing the existence domain of the PS/silica clusters
where Ry is the PS-to-silica volume ratio and Npgsiiica IS the number of PS satellites per silica
seed (Figure 37B). Typically, in a production batch of PS/silica clusters, every cluster arises
from the bottom of the existence domain along vertical lines corresponding to the number of

initially growing PS nodules NF(’)S/silica' From that, two situations can occur:

(N if the possibility of merging or losing PS nodules is neglected, it “climbs” this line,
along which it stops as soon as the growth stage, i.e. the polymerization reaction, is
completed;

(i) if the geometrical boundary is reached, it implies that the PS nodules have become too
bulky and therefore, for ensuring their further growth, the value of Npgsiiica Shall be
reduced by at least one unit. Therefore, expulsion from the surface or coalescence
phenomenon can occur which gives rise to free PS particles or polydisperse PS
satellites, respectively, and the growth is extended along a vertical line corresponding

to a smaller Npssiiica Value.

(A) s (B) 1000

|Non existence domain

coalescence

contact between
two nuclei

expulsion

&

nucleation |

Existence domain

2 34 5 6 7 8 9 1011 12 13 14 15

repulsion

NPS/siIica
Figure 37: (A) Rules of the Thill’s model for the nucleation and growth of the PS nodules; (B) Existence domain of
PS/silica clusters expressed in the PS-to-silica ratio volume Ry, as a function of Npsgiiica; the green arrows show that
tetrapod, hexapod and dodecapod are the morphologies for which the exclusive existence domains are the largest
ones. Nevertheless, the synthesis of dodecapods represents a challenging task comparing to tetrapods and hexapods.

The final y axis position, i.e. R}, represents the PS-to-silica volume ratio at the end of the
polymerization and may be calculated as a function of the experimental parameters thanks to

Equation 9:

[styrene], . (styrene—to—polystyrene conversion)® 6 Equation 9

Ry =
v = d 3
PS T . Nsitica - (Dsilica)

where [styrene]y is the initial styrene concentration, and dps is the PS density (1.05 g/cm®).
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However, in the case where the amount of free PS particles is not negligible, R} is
necessarily over-estimated and an alternative value may be calculated from the geometrical
dimensions (extracted from TEM images) of the targeted cluster Ry**°¢*, defined by Equation

10 in the specific case of a dodecapod:

12. Djg Equation 10

3
Dsilica

oolocal —
Ry =

Lastly, the initial x axis position, i.e. N,?S/Siuca, may be estimated by Equation 11
considering the smallest isolated PS particles of size Df7,. ps observed on the TEM grids

assumed as having been expelled from a silica seed upon approaching the steric hindrance
boundary [10]:
w . Dsui
NgS/Silica = RV'(% )3
free PS Equation 11
According to Désert et al., 74 % of dodecapods can be achieved [10]. In order to improve
the morphology dodecapods yield, several parameters can be varied. Typically, the adjustable
experimental parameters are: (i) the surfactant concentration that should allow to control P,
(if) SDS fraction for controlling Dps, (iii) [silica] and [styrene]o for controlling Ry’ and (iv)

[silica] for controlling Npssilica.

2.3 Robustness of the dodecapods synthesis

Because the dodecapod synthesis reported by Désert et al. had been run once, we first
decided to check the reproducibility and repeatability of the Protocol 4 [10]. Six batches of
PS/silica clusters were so-prepared and characterized by TEM with statistical analyses of the
images (without software help) carried out from 200-500 particles. Multi-silica clusters were
also taken into account for the statistics. It corresponds to larger clusters made of two or three
aggregated silica cores, which can stemmed from an imperfect initial dispersion of silica
seeds or an unwanted inter-cluster aggregation during the polymerization process. It can be
mentioned that TEM is a suitable tool to determine the PS nodules number thanks to the
difference of contrast between silica and polystyrene. However, the identification of the
dodecapods is particularly tricky because of the large number of PS satellites and the same
size range of PS satellites and silica cores. The features of the six dodecapod batches and their
statistical morphological analysis are summarized in Table 2, and Figure 38A represents a

typical TEM image of the as-obtained dodecapods.
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Table 2: Morphology and geometrical parameters of the PS/silica clusters obtained after the following conditions:
preliminary sonication time of the seed dispersion = 10 min; [styrene]o = 45g/L ; [Na28208]0 = 0.5 g/L; [surfactant] =
3 g/L (including 5 wt.% of SDS); [silica] = 7.3.10"° part./LL and dywms = 0.5 function per nm?.

Entry #1 #2 #3 #4 #5 #6
= Seed batch number I I I I Il I
?G':; § Age of the seeds (days) 14 15 18 19 44 44
g g Monomer-to-polymer conversion (%) 83 88 82 82 80 89
:& S RY™ 14.5 14.2 13.6 13.4 12.9 14.4
- Ry ™o 13.4 13.1 12.5 11.8 12.4 12.2
% Hexapods ] 14] 71 22 | 13 3
% Octopods ] s s[]  14] s[] 14
_ % Nonapods | 0] 11] 7l 10]] 1] 10
I % Decapods D ZOH SH 9 D 12
é g % Hendecapods L 5“7 4! 3! 3 || 4
a3 % Dodecapods | sal | a3 | a9 |s6| |53 | 0
g % Multi-silica clusters | 2” 7 D 14[] SD 11
:Cg Unexpected morphologies * * *
§ Dps (nm) on dodecapods 114 90 111 106 121 118
’é’ PDI of Dyps on dodecapods 1.12 1.02 1.21 1.73 1.02 1.01
- ® Estimated amount + + € ++ g ++
e Direeps (NM) 119 111 107 110 129 123
= NCbs sitica 14.6 14.7 13.7 14.6 14.3 14.8

* some PS microparticles were also observed

Table 2 evidenced that the main morphologies obtained are systematically dodecapods
with yields between 43 and 56 % that is a good sign for the robustness of the experiment.
Nevertheless, the variability is higher on the nature and proportions of the by-products, and
more importantly the morphology yield is not as high as reported by Désert et al. (74 % of
dodecapods) [10]. Moreover, TEM images reveal the presence of size-polydisperse PS
satellites, which probably arise from the coalescence of some PS satellites during their
growth. This phenomenon seems to be accentuated for the by-products: for instance in
batch # 2, the average size of the PS satellites is 90 nm (PDI = 1.02) for dodecapods vs. 109
nm (PDI =

each other which is consistent with the low amount of free PS particles. This confirms that

1.12) for octopods (Figure 38A2). Lastly, Ry and R{'°¢# values are quite close to

coalescence and expulsion phenomena coexist.
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Figure 38: (A) Typical TEM image of the PS/silica dodecapods (experiments #1) ; Zoom of: (Al) a dodecapod, (A2) an
octopod, (A3) a multi-silica cluster ; (scale bar: 100 nm); (B) Plot of the cluster composition of the experimental
batches (coloured spots whose diameter is proportional to the fraction of the corresponding cluster) on the Thill’s
diagram using the typical protocol of Désert et al.[10].

——

The results of the experiments #1, #2 and #3 were reported on the Thill’s diagram as
spherical spots whose diameter is proportional to the fraction of the different clusters in each
batch (Figure 38B). The value of N,?S/cha was labelled by an arrow of the same color
arising from the bottom of the diagram. Whatever the experiments, the average value of
Ngs/silicais close to 14 (Table 2). It means that most of the obtained dodecapods are the
results of a geometrical refinement, i.e. clusters with more than 12 PS satellites that lost some
of them when reaching the geometrical boundary. This is consistent with the size
polydispersity of the PS satellites and the presence of free PS latex particles. But the
coexistence of clusters with less than 12 satellites (from undecapods to hexapods) means that
the polydispersity on N195/sl'ucai5 real and high, leading only to a partial geometrical
refinement (Figure 39B). Therefore a way to maximize the dodecapod yield would be to make
Nps/sitica 8 high as possible with a minimal value of 12 and to stop the PS satellite growth
up to the exclusive existence domains of the dodecapods, i.e. 10.2 < R;® < 16.3 (Figure 39C).

This could be achieved by increasing the number of PS nuclei on each silica seed.
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Figure 39: Thill’s diagram showing the different strategies to get dodecapods. (A) The ideal conditions where all the
clusters present twelve growing PS satellites and the reaction is stopped before reaching the geometrical boundary, i.e.
Ry® lower than 16.3. (B) The real conditions where a dispersion on N ssilica €XiSts and the geometrical refinement is
partial. (C) The optimal conditions where the dispersion on Npg Jsilica €XIStS but the smallest value of N3 ssilica 15 12 for
promoting a full geometrical refinement.

That is why we first studied the influence of the composition of the surfactant mixture and
its proportion with regard to the monomer. In order to decrease the amount of multi-silica

clusters, we also tried to improve the dispersion state of the silica seeds.

2.4 Influence of the surfactant mixture composition and proportion with regard to the
monomer

The surfactant is known to stabilize the PS nuclei and it was shown that SDS is
particularly efficient for this purpose, because the higher the SDS fraction the smaller and the
more numerous the PS particles [10]. The Protocol 4 was repeated by varying the SDS

fraction and the total concentration of surfactants (Table 3).
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Table 3: Morphology and geometrical parameters of the PS/silica clusters as a function of the surfactant mixture
composition and concentration obtained after the following conditions: [styrene], = 45 g/L ; [Na,S;0g)o = 0.5 g/L;
[silica] = 7.3.10" part./L. and dyws = 0.5 function per nm?.

Entry #7 #8 #9 #10 #11 #12 #13
Seed batch number I I I v v Il Il
Age of the seeds (days) 20 28 34 7 13 57 62
E Prelirn.inary soni.catioh time _ofthe 10 10 10 10 10 30 30
c 5 silica seed dispersion (min)
g % [surfactant] (g/L) 3 3 3 4 4 4 4
§ § Symperonic® NP30 / SDS mass ratio 93/7 93/7 93/7 93/7 93/7 93/7 93/7
N Monomer-to-polymer conversion (%) 81 82 85 80 82 88 94
Ry~ 13.1 13.3 13.7 12.9 13.2 14.2 15.2
R,~'oc! 12.8 13.2 13.5 11.2 12.3 12.1 11.9
% Hexapods D llﬂ 6” 6 H
% Octopods (| 15|  1s[] 19| 3] 5] 1
= % Nonapods (| 17]]  15]]  12] 6 6] 2
é g % Decapods U 8 H GU 8| 1
'é’_ g % Hendecapods L | 2
£l % Dodecapods | |ss| [sa |ssl  ys| 3| | 37 | 46
% % Multi-silica clusters | 2| 2| 6] 10| 8| | 35| | 48
E Dps (nm) on dodecapods 97 95 95 81 78 85 82
© PDI of Dps on dodecapods 1.02 1.03 1.04 1.001 1.002 1.002 1.005
'uE- 9 Estimated amount € € € + + +++ +++
8 Direeps (M) 92 92 93 82 80 80 82
ha N%s/silica 14.9 14.6 15.7 25 22 19 21

* for this experiment, the sonication was performed in the presence of the surfactant mixture

2.4.1 Influence of the SDS fraction
Our first experiments consisted in increasing the SDS fraction from 5 to 7 wt.% (Table 3
entry #7 to #9 to be compared to Tablel entries #1 to #6) with the objective to promote the

nucleation of PS particles and therefore to increase N195/smca- Considering averaged values,
we observe indeed an increase of Nps /g, from 14.4 to 15.1 combined to a decrease of Dps

on the dodecapods from 110 to 96 nm and lower PDI values. Nevertheless, this didn’t lead to

an increase of the dodecapod yield which remained about 56 %.

2.4.2 Influence of the total concentration of surfactant

Experiments corresponding to entries from #10 to #13 were performed with a total
concentration of surfactants of 4 g/L (vs. 3 g/L previously) keeping constant the fraction of
SDS to 7 wt.%. The experiment #10 showed that a dodecapod yield of 75 % may be achieved
with Dps on dodecapods close to 80 nm. This corresponds to an increase of NI(D)S/Silica from

15.1 to 25 and this is consistent with the strategy envisioned on Figure 39C even if some
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octopods, nonapods and decapods are still present (Figure 40). The repeatability of this

experiment was checked and confirmed (Experiment #11).

] ——

9 10 11 12 13 14 24

NPS/siIica
Figure 40: (A) Typical TEM image of the PS/ Silica dodecapods from batch #10; (B) Plot of the cluster composition of
the experimental batches (coloured spots whose diameter is proportional to the fraction of the corresponding cluster)
on the Thill’s diagram using the typical protocol of Désert et al. [10].

2.4.3 Influence of the sonication protocol of the silica seed dispersion

Because in the Experiment #10 the main by-products are the multi-silica clusters (10 %),
we studied the influence of the sonication protocol assuming that their presence could result
from a bad dispersion of the silica seeds before the emulsion polymerization stage or a
destabilization at this time. Experiments #12 and #13 were performed with a sonication time
increased from 10 to 30 min. We observed unexpectedly an increase of the fraction of the
multi-silica clusters to 35 %, and even 48 % when the protocol was applied after the addition

of the surfactant mixture (Experiment #13, Figure 41).

Figure 41: Typical TEM images of the PS/silica clusters in the batch #12 (cf. Table 2).

In general, the aggregation of particles can be explained by the potential curve reported by
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory representing the long-range, attractive
van der Waals interaction (V) and the short-range double-layer repulsion (Vr) and Vr the

total energy potential between particles corresponding to the sum of both interactions Vg and
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Va (Figure 42B) [19,20]. When two particles tend to be close to each other, an attraction force
(Van der Waals) appears between two particles and a primary minimum occurs in the total
potential energy. Therefore, collisions between particles will occur giving rise to
agglomeration of these particles. By contrast, when the distance between two particles is
increased, electrostatic repulsions appear between these two particles leading to a maximum
(called repulsive barrier) in the potential curve. Therefore, in order to improve the dispersion
of the silica seeds before the polymerization an external force to overcome the van der Waals
attractions forces between the silica particles should be applied. Ultrasonication method can
be used to disperse agglomerates, as it can impose a force on it. The applied force should be
strong enough to break the aggregates.
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Figure 42: (A) Schematic scheme of a typical DLVO potential, where V, is due to the attractive Van Der Waals
interaction and Vg is due to the electrostatic repulsion; (B) Schematic illustration showing how: (i) Aggregates of
silica are formed owing to collision between silica particles, (ii) Emulsion polymerization occurs around the multi-
silica aggregates and single silica seeds.

Nevertheless, it seems that in our situation the sonication time and the presence of the
surfactants promote the formation of the multi-silica clusters. Several articles confirm that
ultrasonication method can also lead to particle aggregation [21-23]. Zhong et al. indeed
reported that the aggregation of gold nanoparticles can occur from ultrasonication [22]. Fan et
al. were able to synthesize monodisperse selenium colloidal dimers and trimers by controlling
the sonication time [23]. Those studies are consistent with our results. Indeed, the increase of
silica aggregates with sonication time can be explained based on the various phenomena
associated with cavitation. Cavitation is defined as the formation, growth and subsequent
implosion of microbubbles during sonication [24]. First, cavitation leads to acoustic streaming
and turbulent fluid movement in the medium which drive the transport and contact of the
particles [25]. Suslick et al. also showed that the particle aggregation due to cavitation is
primarily due to high speed interparticle collisions [26,27]. Additionally, Radziuk et al.
studied the sonication effect toward gold nanoparticles in pure water and in presence of SDS

or cationic dodecyl amine in water [21]. They reported that long time sonication could lead
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the particles to aggregate. However, in our case, we observe an increase of the particle
aggregation in presence of surfactants which is not consistent with Radziuk’s investigations.
Moreover, Mandzy et al. studied the long-term stability of nanoparticle dispersions, e.g.
titanium dioxide, and reported that breakage of agglomerates is hardly reached by
ultrasonication method [28]. They observed that ultrasonication caused indeed the breakage of
the agglomerates, but shortly after the end of this process they observed the re-aggregation of
the particles.

In our situation, the mechanism of formation of the aggregates under sonication is not
elucidated. A comprehensive study would necessitate to follow the aggregation of silica
nanoparticles in the storage conditions and to understand the interactions of the surfactant
molecules with the silica surface knowing that it was incompletely modified with MMS a
quite hydrophobic agent. Because it wasn’t the main purpose of this work, we didn’t initiate
such a long study. However, a preliminary sonication time is required to disperse the particles
in the medium. Additional experiments were carried out varying the sonication time from 1
min to 10 min, and no increase of the multi-silica clusters were observed. Thus, a sonication
time of 10 min is kept for the overall emulsion polymerization experiments. Nevertheless,
without performing any extra experiments, we looked for a possible correlation between the
proportion of the multi-silica clusters and the age of the seed dispersions used to get them
(Figure 10). These curves were built from the results of experiments that have not been
systematically reported in the result tables. It appears that the older the seed dispersion, the
higher the amount of multi-silica clusters. The results concerning the silica batch Il are a little
bit less relevant because the polymerization conditions were different from the viewpoint of
the surfactant composition and proportion. These results are consistent with the investigations
reported by Ibisate et al. for getting silica dimers by spontaneous aggregation [29]. They
demonstrated that the age of the silica seeds influences the yield of dimers, i.e. the
aggregation of two silica particles. Indeed, it is known that the stability of silanol groups on
the surface of silica particles is strongly dependent on the pH value, solvent nature, and ionic
impurities [30]. These silanol groups are stable in water at pH 3 to 5, however they condense
rapidly at pH values in the range from 7 to 9. Therefore, keeping the silica seeds in an
aqueous solution at a pH range between 7 and 9 (here, the pH value is 7.5) could lead to the
condensation of adjacent silanol groups, which arises from the continuous decrease of the

repulsive barrier, i.e. the surface zeta potential.
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Figure 43: A plot of the age of silica seeds from batch Il (orange dots) and batch I (blue dots) versus the percentage of
multi-silica clusters; For the batch I1, the surfactant concentration or the SDS fraction were such as: @3 g/L of
surfactants, and 5 % SDS) 3 g/L of surfactants and 7 %SDS; X4 g/L of surfactants and 5 % SDS; ®4 g/L of
surfactants and 7 % SDS. These curves were built from the results of experiments that haven’t been systematically

reported in the result tables. The sonication time for the overall samples is 10 min except for the samples labelled with
x (30 min).

2.4.4 Influence of the styrene initial concentration

Another way to increase the value of NI?S/Silica would be to decrease the initial styrene
concentration, which is quite similar to the previous strategy because it also consists in
increasing the surfactant-to-monomer ratio. This affects NP(’)S/Silica and Dps, as demonstrated
by Désert et al. [10]. Therefore, the styrene concentration was decreased from 45 to 35, then
26 and finally 15 g/L (Table 4, entries #14 to #18). With 35 g/L, dodecapods were obtained
with a yield of 70 % (Figure 44A). With regards to the Experiment #10, the PS nodules were
smaller (Dps = 75 nm vs. 80 nm). For lower styrene concentrations, any dodecapod was

obtained; the PS nodules were systematically much smaller and much more numerous, as in
raspberry-like structures (Figure 44B).
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Table 4: Morphology and geometrical parameters of the PS/silica clusters as a function of the initial styrene
concentration and surfactant mixture composition and concentration obtained after the following conditions:
[Na,S,0g]o = 0.5 g/L; [silica] = 7.3.10% part./L and dyus = 0.5 function per nm?.

Entry #14 # 15 #16 #17 #18

Seed batch number v v v v v
_ Age of the seeds (days) 7 10 11 13 15
2 ¢ [styrenel, (g/L) 35 26 26 26 15
OEJ ;8 [surfactant] (g/L) 3 4 3 3 3
b § Symperonic® NP30 / SDS mass ratio | 93/7  95/5 93/7  95/5 95/5
o
% © | Monomer-to-polymer conversion (%) 82 77 75 80 78
Ry~ 13.2 - - - -
valocal 8.2 _ _ _ _
% Nonapods H 7
c % Decapods H 8
_S v % Hendecapods ﬂ 7
'§ % % Dodecapods |:|70
g— 3 % Rasperry-like clusters | 100|| 100]| 100]| 100]
9 % Multi-silica clusters D 8
S Dps (nm) on dodecapods 75
§ PDI of Dy on dodecapods 1.02
S|y Estimated amount ++ ++ ++ ++ ++
[N
g Dfree PS (nm) 80 - - - -
- NOPS/siIica 25 B - B -
\
(A) il §

Figure 44: Typical TEM images of the PS/silica clusters obtained by styrene emulsion polymerization from 85-nm
silica seeds under the experimental conditions described in Table 4. (A) Entry # 14. (B) Entry #15.

For these reasons, we decided to use the dodecapods obtained from the Experiments #10

and #11 as precursor batches for the rest of the study.
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3. Stage llI: Derivatization of the PS/silica dodecapods into DDS clusters

3.1 Template regrowth of the silica cores

The regrowth of the silica core was performed in ethanol/ammonia mixture, i.e. Stober’s
medium, through the addition of a controlled quantity of TEOS. This regrowth step may be
seen as an extra regrowth stage of the initial silica pre-seeds (cf. § 1). The experiments were

conducted according to the Protocol 5.

Protocol 5: Regrowth of the silica cores of the silica/PS dodecapods.

In a 1L round bottom flask, 225 mL of ethanol (99 %) and 17.5 mL of ammonia (28-30
%, J.T. Baker) corresponding to [NHs] =1 M are added. The mixture is stirred and 5
mL of the aqueous dispersion of the silica/PS clusters, corresponding to 3.7*10%
particles, obtained through the Protocol 4 are added in order to have a total water
concentration of 3.6 M. The flask is closed with a septum and 5 mL of the proper
amount of ethanol solution of TEOS (10 vol.% diluted in ethanol absolute) is dropwise
added at a rate of 1 mL/h. The average size of the regrown silica cores is determined
from the statistical analysis of the TEM images.

TEM images show that the diameter of the silica core (178 nm) was consistent with the
expected one (180 nm) (Figure 45). However, some silica tiny nanoparticles were sometimes
observed on the TEM grid or attached to the PS satellites. This phenomenon stemmed from a
secondary nucleation of silica during the regrowth of the silica core indicating that the
mechanism of homogeneous nucleation or nucleation on the PS surface wasn’t fully avoided.
However, these silica tiny nanoparticles are supposed to be removed during the forthcoming

stages of PS dissolution and particle washing.

Figure 45: TEM images of dodecapods after the regrowth stage of the silica core.

3.2 Passivation of the silica core
Chomette et al. reported the requirement of passivating the silica core by

propyltrimethoxysilane (PTMS) to promote the forthcoming stage of site-specific gold
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nanoparticle adsorption (cf. chapter I11) [12]. PTMS bears a non polar methyl group that is
expected to not be sticky with regard to the gold nanoparticles, contrarily to the bottom of the
dimples which will be specifically made sticky as described in the forthcoming sections.

Protocol 6: Passivation of the inter-pod surface area of the dodecapods with PTMS.

Typically, the dispersion of the regrown silica/PS clusters obtained after Protocol 5
in their reacting ethanol/ammonia mixture maintained in the growth flask and a
volume of PTMS corresponding to 50 functions per nm? (section 2.2 from the
appendix) is introduced in the flask in one shot. The reaction is let to be completed
under stirring at ambient temperature for 12 h.

No specific characterization was performed at the end of this stage to check its
success, which is indeed indirectly confirmed by that of the stage of the site-specific gold
adsorption (cf. Chapter I11).

3.3 Dissolution of the PS nodules
The PS chains are known to be soluble in solvents like dimethylformamide (DMF) and

tetrahydrofuran (THF). Both solvents are used successively according to the Protocol 7.

Protocol 7: Dissolution of the PS nodules.

A volume of DMF corresponding to 10 vol. % of the volume of the dispersion obtained
after the Protocol 6 is added. Subsequently, the mixture is heated at 70°C and is
partially evaporated under vacuum by a rotavapor. The temperature is increased to
90°C and the evaporation continued until the dispersion turns from white to
transparent indicating the solvent transfer of the silica particles from ethanol to DMF
thanks to the refractive index matching of silica and DMF (npwe = 1.4305 and
Namorphous silica= 1.4585 at 20°C for A = 589 nm). The solubilized PS chains are then
removed by 3 cycles of centrifugation/redispersion in 20 mL of THF (12,000 g; 10
min).

This procedure allowed an efficient removal of the PS nodules resulting in the
development of the expected concave areas at the positions previously occupied by the PS
nodules (Figure 46). Furthermore, this protocol is efficient to remove the PS satellites, but it is
also helpful to get rid of the silica nanoparticles appearing sometimes on the PS surface
during the silica regrowth step. It makes sense when considering the difference of
sedimentation rates in between the large DDS clusters and the silica nanoparticles. Even if the
identification of DDS clusters is quite tricky, we checked that their fraction is close to 75 %,
i.e. similar to that of the dodecapods in the precursor PS/silica cluster batch. The main by-
products are the dimpled silica particles resulting from the multi-silica clusters (about 10 %)

and specifically labelled with a red arrow on the Figure 46.
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Figure 46: TEM images of the DDS clusters obtained after the regrowth of the silica cores and the dissolution of the
PS satellites. The red arrows highlight some by-products, which result from the presence of multi-silica clusters in the
precursor batch of PS/silica dodecapods.

4. Stage IV: Chemical modification of the PS residue at the bottom of the
dimples

Previous studies reported the presence of a residual PS bump at the bottom of each
dimple. These are undissolved PS chains which result from the copolymerization with the
methacryloxymethyl grafts and these are therefore covalently bounded to the silica seed
surface [11,31]. Chomette et al. estimated that their number average and weight average
molar masses are M,, = 540 000 g/mol and M,, = 980 000 g/mol, respectively, and that each
PS bump is made of 28 £+ 12 PS chains.

Because these PS bumps aren’t naturally sticky to gold nanoparticles, a chemical
modification of these PS macromolecules is required. Chomette et al. optimized successfully
a chemical pathway to specifically functionalize the styrene repeat units by electrophilic

aromatic substitution of the phenyl ring (Scheme 3): chloromethylation and then amination

=9

H,NH-Et-NH,

which was preferred to thiolation which appeared trickier [32,31].

SnCI
But-O- CH ,Cl

chloroform
cHﬂ—CHf %

Scheme 3: Functionalization of the residual PS by (a) chloromethylation and then (b) amination.
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4.1 Chloromethylation of the PS residue

The chloromethylation reaction of the PS macromolecules was carried out in the presence
of a Lewis acid SnCl, used as a catalyst and a butyl chloromethyl ether as a chloromethyl
reagent. This reaction is based on a Friedel-Crafts reaction, as to say, an electrophilic
substitution of the =C-H bond of benzene ring by —CH,CI groups. Moreover, several
conditions must be fulfilled: (i) the reaction should occur in a good solvent of PS and (ii) the
reagents and solvents involved in the reaction must be inert with regard to the silica core.
Therefore, butyl chloromethyl ether, SnCl, and chloroform appeared to be a suitable reactive
system (Protocol 8). The chloromethylating agent was preliminarily prepared according to a
specific protocol using butyl alcohol, paraformaldehyde and gaseous HCI at low temperature
(5°C) [33,34].

Protocol 8: Chloromethylation of the PS macromolecules on the DDS clusters.

The DDS clusters obtained after the PS dissolution step (Protocol 7) are centrifuged
and redispersed 3 times in 20 mL chloroform. Subsequently, 20 mL of the DDS
clusters (1.8*10" part./L) redispersed in chloroform, are added in a flask with 5 mL
of butyl chloromethyl ether 3 M in chloroform (large excess) and 0.3 mL of SnCl,. The
temperature is set at 45°C and the mixture is stirred overnight. Finally, the solution is
washed one time in ethanol, three times in HCI solution (4 wt.% in water) and three
times in water/ethanol (50/50 wt.%). Finally, the DDS clusters are redispersed in 20
mL of DMF. For each washing step, the particles are centrifuged at 12,000 g during
10 min.

To check the success of the chloromethylation of the PS residue a colorimetric test, based
on the reaction between nitrobenzyl pyridine (NBP) and chloromethyl groups was performed

(Scheme 4) according to Protocol 9 [35].

o/\ y N\, / /‘ —— \\\W CI';{’ V4 _>8ase ,/\/—N/ \/—/
NBP O ™

Scheme 4: Reaction of the nitrobenzyl pyridine (NBP) molecule with a chloromethylated phenyl group

Protocol 9: Colorimetric test highlighting the presence of chloromethyl groups.

One mL of the DDS clusters dispersion in DMF (corresponding to 2*10* particles) is
introduced in a 10-mL flask. Two mL of 0.05 M NBP (Sigma Aldrich) and 15 pL of
TEA (Aldrich) are added. The temperature is increased to 90°C and the mixture is
stirred for 30 min. Finally the dispersion is transferred into a falcon tube and
centrifuged at 12 000 g for 10 min and observed with the eye.
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A color change is observed, after the reaction. Indeed, the chloromethylated particles
exhibited a noticeable pink/purple color (Figure 47) which is consistent with the results
obtained for Merrifield-resin with NBP reported by Galindo et al. [35].

v

Figure 47: Picture of the NBP assay on chloromethylated DDS clusters.

4.2 Amination of the chloromethylated PS residue

The substitution of the chloromethylated PS chains was performed by ethylene diamine in
DMF. A large excess of ethylene diamine is required in order to prevent the cross linking of
the PS through the reaction of both primary amino groups of ethylene diamine with
chloromethyl groups. Indeed, the addition of a low amount of ethylene diamine with regard to
the chloromethylated species can lead to the diamine to serve as a bridging molecule inducing
a lower number of primary amines and the cross-linking of the macromolecules making them

less capable to be extended in good solvents (Protocol 10).

Protocol 10: Amination of the chloromethylated PS macromolecules.

The chloromethylated dimples particles (3.6*10" particles) obtained after the
chloromethylation reaction (Protocol 8), are centrifuged and redispersed in 20 mL
DMF. The dimples particles are introduced in a flask equipped with a condenser and
a magnetic stirrer. Three mL of ethylene diamine (large excess) are introduced, and
the temperature is set at 90°C and stirred overnight. The particles are then, washed by
centrifugation and redispersed in ethanol, and then washed 2 times in water. Finally
the solution is acidified using few drops of HCI then the particles are centrifuged and
redispersed in 20 mL Milli-Q® water.

No specific characterization was performed at the end of this stage to check its success
which is indeed indirectly confirmed by that of the stage of the site-specific gold adsorption
(cf. Chapter I1I).
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5. Conclusion

In this chapter, we have first described how we visited again the successive stages of: (i)
synthesis of highly size-monodisperse batches of silica seeds, (ii) seeded-growth emulsion
polymerization of styrene for getting dodecapod-like silica/PS clusters, (iii) emulsion
polymerization, (iv) regrowth of the silica cores and subsequent development of the dimples
by dissolution of the PS satellites and (v) specific functionalization of the residual PS
macromolecules for grafting amino groups along the anchored PS macromolecules. These
chemical groups are expected to allow the site-specific adsorption of gold nanoparticles and
seed-mediated growth to get large gold satellites (cf. Chapter 111).

We also contributed to highlight the robustness of the PS/silica dodecapod synthesis with
an initial average morphology yield of 50 %, and a quite size polydisperse PS satellites on the
dodecapods. Therefore, we studied the influence of the SDS-to-NP30 mass ratio, the total
concentration of the surfactant, and the styrene concentration. By increasing the initial

number of PS nuclei, we were able to increase the morphology yield of dodecapods to 75%.

Several types of by-products remain in our dodecapod batches such as: (i) multi-silica
clusters, which may arise from the destabilization of the silica seeds with their age and (ii)
clusters with less than twelve PS satellites, which stemmed from an uncomplete geometrical
refinement. A purification step by gradient density centrifugation could be envisaged, but it
would be very tricky because of the low contrast of apparent density between the targeted

dodecapods and the by-products.

Lastly, the DDS clusters obtained from this study and used for the forthcoming

experiments described in the next chapters display the following geometrical features:

Table 5: Summary of the dimensions of the functional DDS clusters used for the forthcoming experiments

Batch #10 Batch #11

Total diameter (nm) 175 175

Depth of the dimple (nm) 43 38
External diameter of the dimples (nm) 81 78
Purity in DDS clusters (%) 75 73
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Chapter 111 :

Svnthesis of gold
dodecahedral clusters and

optical investigations

EDX and STEM pictures of Au dodecahedral clusters, scale bars: 100 nm
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The objectives in this chapter were to grow gold satellites within the twelve dimples of the
silica clusters to get the gold dodecahedral clusters (GDC) and to measure their magnetic and
electric responses in the visible / near-IR spectral ranges. The synthetic pathway includes the
site-specific adsorption of seeds, their growth, and their densification as shown on the
Scheme 5 [1].

In the following sections, we describe the experimental procedure that we developed for
the successful synthesis of the plasmonic nanoclusters in high yield. The procedure is inspired
by a protocol previously developed by Chomette et al. [2]. We optimized the synthesis
process of the GDC. The multipolar optical response of the engineered GDC was analyzed
across the whole visible range by using polarization resolved static light scattering at variable
angle and was compared to the one of the gold raspberry-like NPs'.

ol pmH (e
ﬁ PolpmV (ey)

Scheme 5: Five-stage synthetic strategy to fabricate the GDC
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1. Stage V: Seeded growth of gold seeds on aminated PS chains

1.1 Synthesis of the gold seeds

Tiny gold seeds were synthesized by the Duff's method [3]. In brief,
tetrakis(hydroxylmethyl)phosphonium chloride (THPC) was added in a reacting medium with
an excess of NaOH to produce: (i) a capping agent: THPO (Figure 48,111), (ii) a reducing
agent: formaldehyde and H,. HAuCl, was then added to the medium leading to the reduction

of Au** into Au® and the subsequent formation of tiny gold seeds (Protocol 1).

Protocol 11: Synthesis of 1-3 nm tiny gold seeds

In a 500-mL round bottom flask, 227.5 mL of milliQ water, 7.5 mL of an aqueous
solution of NaOH (0.2 M) and 5 mL of THPC aqueous solution (120 pL in 10 mL)
were introduced. The solution is homogenized for 15 min. Subsequently, 10 mL of
HAUCI, (25 mM) was quickly injected into the mixture under stirring. The solution

was left to stir for 30 min. Finally, the solution was stored protected from light at 4°C

(1 () PV (D)

HO. PV =1l (=1l OH
a) ‘' HO OH b) ;
/JP'T —_— —P/_ —— PCO
g @ k oH OH +*H,0 \ i i HO/_K
o o—on .
M+ HCHO Mn+ H,
c) l d)
COO
MO < 0F - cH,0H MO . H,0

Figure 48: Mechanism describing the role of THPC in the formation of gold seeds: (I) THPC is converted into (I11)
THPO, producing formaldehyde and H,, both serving as reducing agents [3].

A typical color change from yellow to brownish was observed during the formation of the
seeds. The colloidal suspension of the gold seeds was characterized by UV-Vis absorption
spectroscopy (Figure 49). The absorption spectrum exhibits a shoulder around 500 nm, which

is characteristic of gold seeds of small size [3].
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Figure 49: UV-visible extinction spectrum of the tiny gold seeds suspension in water

1.2 Adsorption of gold seeds on the aminated PS chains

Subsequently, the tiny gold seeds were introduced in a suspension of DDS clusters with

aminated PS chains in order to promote their adsorption onto the bottom of the dimples
(Protocol 12).

Protocol 12: Adsorption of gold duff seeds onto the aminated PS residues

2 mL of the aminated DDS clusters (corresponding to 3.7.10* NPs) obtained after
Protocol 11 are mixed with 8 mL of the gold seeds dispersion and stirred overnight on
a roller mixer. Finally, the dispersion is washed 3 times by centrifugation at 6,000 g

during 10 min to remove all the excess of gold seeds and redispersed in 10 mL of
milliQ water.

Figure 50 shows TEM images of the DDS clusters before and after gold seeds adsorption.
It emphasizes the successful regioselective chemical functionalization of the dimples and the
specific passivation of the DDS particles.
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Figure 50: TEM images of the DDS clusters: (A) before and (B) after gold seeds adsorption.

1.3 Growth of the gold satellites from the attached seeds

1.3.1 Principle of the seeded-growth method

The growth of the gold seeds was performed using a gold precursor solution made of

Au(OH), and formaldehyde as reducing agent (Protocol 14; Scheme 6).

Seeded-growth
of the gold seeds
—-
0.23 mM GPS
PVP (10 g/L)
75 pL HCHO

3

Scheme 6: General strategy to synthesize GDC by seeded-growth method

The gold precursor was prepared following the Oldenburg’s method by mixing an
aqueous solution of HAuUCI, and K,COj3 (Protocol 13) [4]. The hydrolysis of HAuCl, occurs

with time and form gold ion complexes ([AUCI(OH).] , x = 0-4). Typically:

K,CO3+ H,0 —  HCO; +2K' + OH
HAUCl, + (4-X) OH —  [AUCL(OH)s,] , x=0-4

This solution is commonly called a gold plating solution (GPS). Contrary to AuCl, , these

gold ion complexes favor the formation of a continuous coating onto the silica particles [5-
10]. It was reported that this coating route is pH-dependent as shown in Figure 51.
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Figure 51: Influence of the: (i) pH solution used during the growth step on the gold shell morphology and
(ii) formaldehyde reactivity with the gold precursor nature [5].

Protocol 13: Preparation of the GPS

100 mL of an aqueous solution containing 0.4 g/L of HAUCI, (99.9 %) and 1.25 g/L of
K,CO3 was prepared and stirred for 3 h. A color change from yellow to colorless was
observed. The solution was stored in the dark at 4°C.

Protocol 14: Seeded-growth of the tiny seeds anchored to the aminated dimples

For each regrowth, 1 mL of the dispersion of aminated DDS clusters (corresponding
to 5.10'° NPs) decorated by the gold seeds produced following Protocol 12 is
introduced in a falcon tube. Subsequently, 10 mL of PVP solution (10 g/L; 29,000
g/mol) are added followed by the introduction of 0.23 mM of GPS (2 mM) produced
according to Protocol 13. A volume of milliQ water is added to the suspension in
order to have a final volume of 13 mL (including all the reactants). After
homogenization an amount of formaldehyde solution (37 % in water) corresponding to
50 pL per mL of GPS is introduced. The reaction is left stirring overnight on a roller
mixer. The NPs are washed by three cycles of centrifugation at 3,000 g for10 min. If
and additional regrowth is required, the GDC are redispersed in 1 mL of milliQ
water, and Protocol 15 is repeated again. After the regrowth completion, the colloidal
suspension of GDC is washed by three cycles of centrifugation at 3,000 g for10 min,
and redispersed in 13 mL PVP in milliQ water (10 g/L).

After the growth of the tiny gold seeds, TEM characterization allowed us to observe a
partial dissolution of the clusters (Figure 52). In order to limit the silica dissolution, several
investigations of: (i) the effect of the pH of the reaction media; (ii) the impact of the age of the
GPS solution on the silica particles stability were carried out. It may be noted that an extra
way was also investigated but unsuccessfully: it consisted in reinforcing the chemical stability
of the silica core just after its regrowth (Chapter Il, stage 11l) by a thermal treatment at 90°C

in glycerol.
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Figure 52: TEM image of the DDS clusters after the growth of the gold seeds

1.3.1.1. Influence of the pH of the reaction medium

The silica dissolution could be explained by a change of the pH of the reaction medium
and/or a change of the ionic strength during the growth stage (Figure 53A) [11]. Several
reports have shown that the stability of silica particles is pH-dependent. For example, Brady
and Walther demonstrated that the dissolution of silica was favored in basic medium due to a
drastic increase of the negatively-charged surface species =Si —O" [12]. The authors claimed
that the deprotonation of the surface hydroxyl groups would lead to highly polarized
interatomic Si—O bonds promoting the detachment of Si into the solution. In acid medium, the
dissolution of silica is well known to increase with the activity of protons at 0 < pH < 3 [13-
15]. The adsorption of the protons onto the silica would lead to the polarization of Si-O bonds
and the subsequent detachment of the Si atom from the metal oxide. EI Mourabi et al. carried
out stability studies of silica in different acidic media (HCI, H,SO,4, H3PO,) of similar ionic
strengths [16]. They showed that the addition of an acid in the colloidal suspension of silica
led to the interaction of the protons with the bridging oxygen of the metal oxide surface. This
interaction would break the Si—O bond yielding to the formation of silanol Si— OH groups
and, subsequently, a “‘gel’” made of (SiOHy),. The authors reported that the counter ion of the
acidic species has a nucleophilic character and compensates the positive charge created on the
silicon to obtain a system of Si—-OH/Si—Nu (Figure 53C). This mechanism is consistent with
previous studies which reported that sodium fluoride can play the role of catalyst in the sol-

gel process [17].
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Figure 53: (A) Effects of pH value on the silica condensation rate, charge properties and charge density on the surface
of the silica species[18]; (B) Schematic illustration of the dissolution process [19]: in (1) deionized water and (Il) an
electrolyte-bearing solution with Na* ion as an example; (C) hydrolysis and condensation reversible mechanism
involving nucleophilic species [16].

In our experimental conditions, the growth stage of the tiny seeds anchored on the
aminated PS chains occurs at pH 8 which is in the domain of stability of the silica. Therefore,

the phenomenon of dissolution observed upon the growth stage is surprising.

1.3.1.2 Influence of the gold precursor age to the growth step
A set of experiments was implemented to investigate the influence of the GPS age on the
dissolution process of the silica. The experiments were performed with a "fresh” solution of
GPS (2 days) and aged ones (2, 3 and 4 weeks). Figure 54 shows the typical TEM images of
the clusters after the growth of the gold seeds.

A Eare Y 5(B) (€ (D)

R
W gF

“ 100 nm* 100 nm 100 nm 100 nm

Figure 54: TEM images of the GDC obtained after the growth of the gold seeds using: (A) a fresh GPS solution; and
aged ones: (B) 2 weeks; (C) 3 weeks and (D) 4 weeks.

By comparing thoroughly the results obtained from the different runs, we found that
the use of a fresh GPS solution led to irreproducible results and to the dissolution of silica.
This latter was considerably reduced using an aged solution of GPS. The older the solution,
the greater the silica stability. This could be assigned to the complicated complex
(AuClx(OH)4.x) chemistry or a variation of pH of the GPS solution with time [20]. This
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second hypothesis was discarded since no modification of the pH of the GPS solution was
recorded over a period of one month (pH = 9.5). We can suppose that, in the fresh solution,
the amount and/or activity of the metal counter ions (CI' and K") may be high, whereas, in
contrast, in an aged solution, it is reduced. In the experimental conditions of the Protocol 3,
complexes [AuCI(OH)4,] with x = 0 — 4 as well as free CI" and K" ions are formed in the
solution. The counter-ions may adsorb on the silica surface and favor the silica dissolution.
The dissolution of natural silica systems, in alkali and alkaline earth metal chloride solutions,
was investigated by several groups [21-23]. The quartz silica dissolution can be promoted in
contact with an increase of alkali and/or polyelectrolyte concentration. Theoretical
investigations showed that some cations could directly interact with the silica surface leading
to the formation of a coordinated complex. This latter would disturb the surface structures
leading to the Si-O-Si linkage, as illustrated in Figure 6B. Thus, the presence of adsorbed
cations on the silica quartz surface produces a steric effect allowing water to have a direct
access to the Si-O-Si bonds. Experimentally, Dugger et al. evidenced the adsorption strengths
of cations onto a silica gel surface at 35°C [24]. They reported that the adsorption strength
follows the following trend NaCl = KC1 > LiCl > MgC1,> H,0. Thus, a faster dissolution
rate was observed for sodium and potassium electrolyte solutions in comparison to

magnesium chloride. The dissolution process is of course temperature dependent [19].

In summary, we believe that the dissolution process of the DDS clusters observed upon
the growth of the gold seeds may be assigned to the adsorption of the counter-ions present in
the GPS solution on the DDS surface. It would be interesting to carry out extensive studies by
NMR or mass spectroscopy to get better understanding of the dissolution process as function
of the age of the metal precursor solution. Knowledge of the role of the counter-ions is
essential to the reproducibility and the scale-up of the controlled synthesis of the metal/silica

clusters.

In the following study, a 4 weeks old GPS solution was systematically used to grow

the gold seeds.

1.3.2 Investigation of the DDS clusters concentration

Figure 55A-B show that gold particles are located within the dimples of the DDS, after
the addition of 0.23 mM of GPS to regrow the gold seeds. However, lot of free gold NPs
could also be observed under these conditions. By increasing the number of silica particles in
the reaction medium, typically from 5.10'° GDC to 3.6.10" GDC, we obtained no by-
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products (Figure 55C). Regardless of the amount of GPS, TEM images showed well-defined
DDS clusters with regularly distributed dark and bright regions, corresponding to the gold

satellites and bare convex portions of the silica core, respectively.

100 nm

Figure 55: Typical TEM images of GDC obtained by performing the gold growth with 0.23 mM of GPS and an
aliquot of: (A) and (B) 5.10'° GDC and (C) 3.6.10" GDC

1.3.3 Investigation of the gold precursor concentration on the synthesis of GDC
The seed mediated growth was carried out using a maximum concentration of 0.46 mM of
GPS per regrowth cycle, in order to avoid any homogeneous nucleation of gold. Thus the gold
satellites were gradually increased following Protocol 15, and the experimental conditions

summarized in Table 6.

0.46 MM GPS 0.46 mM GPS 0.46 mM GPS
PVP (10 g/L) PVP(10g/L)  » PVP (10 g/L)

150 pL HCHO 150 pL HCHO -3 150 pL HCHO

Scheme 7: General sketch of the multistep seeded-growth method

Upon increasing the amount of gold precursor, step by step, the gold satellites are

expected to increase in size (Scheme 8).
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Scheme 8: Cross-section view of GDC upon increasing the amount of gold precursor during the growth of the gold

Protocol 15: Seeded-growth of the tiny seeds anchored to the aminated PS chains
following the optimized conditions

For each regrowth, 1 mL of the dispersion of aminated DDS clusters (corresponding
to 3.6.10"" NPs) decorated by the gold seeds produced following Protocol 12 is
introduced in a falcon tube. Subsequently, 9 mL of PVP solution (10 g/L; 29,000
g/mol) are added followed by the introduction of a volume of GPS (2 mM) produced
according to the Protocol 13. A volume of milliQ water is added to the suspension in
order to have a final volume of 13 mL (including all the reactants). After
homogenization an amount of formaldehyde solution (37 % in water) corresponding to
50 pL per mL of GPS is introduced. The reaction is left stirring overnight on a roller
mixer. The colloidal suspension is washed by three cycles of centrifugation at 3,000 g
for10 min. If and additional regrowth is required, the GDC are redispersed in 1 mL of
milliQ water, and Protocol 15 is repeated again. After the regrowth completion, the
GDC are washed by three cycles of centrifugation at 3,000 g forl0 min, and
redispersed in 13 mL PVP in milliQ water (10 g/L), in order to have a suspension of
GDC with a typical concentration of 3.10™ part/L.

Table 6: Experimental conditions for the growth of the gold satellites

1st regrowth 2nd regrowth 3rd regrowth
Batch Numberofgold | [GPSlf V(10 Vo] [GPSle Vpyp (10 Vieo | [GPSl: Vpyp (10 Vo
seeds adsorbed DDS| (mM) (mL) (L) | (mm) (mL) (L) | (mm) (mL) (L)
GDC-1 0.23 9 75
GDC-2 0.46 9 150
GDC-3 u 0.46 9 200 | 0.15 9 50
GDC-4 36.10 0.46 9 150 | 0.46 9 150
GDC-5 0.46 9 150 | 0.46 9 150 0.3 9 100
GDC-6 0.46 9 150 | 0.46 9 150 0.46 9 150

The TEM images of the GDC obtained upon increasing the amount of gold precursor are

shown in Figure 56. The gold satellites increase in size and maintain a shape that conforms

the dimple’s surface. The diameter of the gold satellites as a function of the amount of the
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metallic precursor was evaluated by performing images analysis over 100 satellites per batch
(Table 7). It should be noted, that the measured values of the diameters correspond to the 2D
projection of the satellites, which depends on the orientation of the GDC on TEM grid. For
the greatest volume of the plating solution used, the gold satellites reached an average
diameter of 81 nm and an inter-satellite gap of 12 nm.

iy R A) 'F' : (B)

§

F

Figure 56: TEM images of the GDC upon increasing the GPS amount: (A) GDC-1; (B) GDC-2;(C) GDC-3; (D)
GDC-4; (E) GDC-5; (F) GDC-6

The optical properties of these GDC were investigated with a conventional UV-Vis
absorption spectrophotometer. Figure 57A shows the extinction spectra of the aqueous
solutions of the DDS clusters before and after the growth step. Before the growth step, the
extinction spectrum is consistent with plasmonic resonances of tiny gold seeds of few nm.
After the growth, a red shift of the plasmon band is observed due to the increase in size of the
seeds (Table 7). The larger the gold satellites, the more red-shifted the plasmon band (Figure
57). The observed progressive broadening of the plasmon band can be attributed to the size
polydispersity of the gold satellites and the coupling of (i) the gold particles within a dimple
or (ii) the gold satellites.
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Figure 57: Variation of the UV-Visible extinction spectra of the: (A) of the GDC before and after the gold growth
(GDC-4); (B) GDC when increasing the amount of GPS, after successive regrowth cycles.

Table 7: Evolution of the satellites size, and maximum of the plasmon band A, of GDC suspension, upon increasing
the amount of GPS added to the reaction medium

Batch name GDC-1 GDC-2 GDC-3 GDC-4 GDC-5 GDC-6
[GPS]1gtal (MM) 0.22 0.46 0.60 0.92 1.22 1.40
Diameter of the
i 50 58 64 70 75 81
satellites (nm)
| In-between satellitesgap 20 18 16 12 10 7 ‘
| Ao (NM) 547 560 590 620 660  720-800

1.3.4 Characteristics of the GDC after the seeded-growth of gold particles
Two batches (GDC-1 and GDC-4) were characterized more accurately by STEM
(Scanning transmission electron microscopy) and EDX (Energy-dispersive X-ray

Spectroscopy) (Figure 58). In both cases, the images highlight the well-defined patterns of
gold, symmetrically arranged within the 12 dimples.
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Figure 58: Typical scanning transmission electron micrographs and EDX mapping of the: (upper) GDC-1) and
(bottom) GDC-4. Scale bars: 100 nm
Whatever the amount of the gold precursor, the twelve gold deposits consist of

agglomerates of gold NPs (Figure 59).

(8) I &%

Figure 59: TEM images of: (A), (C) a single GDC-1 and GDC-4; (C) (D) High magnification image of the dimples of
GDC-1 and GDC-4.
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2. Stage VI: densification of the gold satellites of the GDC clusters

In order to densify the gold agglomerates within each dimple into a dense gold satellite,
we performed thermal annealing of the solution GDC-4 in ethylene glycol (Table 6). This
procedure is a well-known procedure to densify metallic NPs [25,26].

Thermal annealing w_ ¥ '
Ethylene Glycol ’ )
PVP, T° >

Scheme 9: Strategy to obtain an optimized GDC with dense gold satellites

Protocol 16: Thermal treatment of the GDC.

2 mL of GDC-4 (4.5.10" NPs) obtained after successive growth of the gold seeds
using 6 mL of GPS are transferred into 20 mL of ethylene glycol by centrifugation.
Subsequently, the dispersion is heated at a given temperature, under reflux and
moderated agitation. Finally the suspension is allowed to cool down, then diluted into
20 mL acetone and washed once by centrifugation (2,000 g; 15 min), and then twice in
2 mL of water and PVP (10 g/L).

2.1 Investigation of the thermal annealing on the densification of the satellites

Representative TEM images of GDC-4 before and after a 10 min annealing treatment at
200°C are shown in Figure 60. The coalescence of the gold NPs into dense satellites is clearly
observed. Figure 61 shows the optical changes observed upon thermal annealing. Starting
from the original purple colloidal dispersions with its dominant plasmon resonance at around
600 nm, the main plasmonic band first slightly shifts to the blue and narrows upon annealing
treatment. Similar spectral observations were reported by the group of Halas et al. in the case
of silica@gold core-shell nanostructures [27]. For longer annealing treatment, the plasmon

resonance peak decreases in intensity, and almost vanishes completely after 1h30.

(B)

100 nm 100 nm
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Figure 60: Typical TEM images of the GDC-4 before (A) and after (B) a 10 min thermal treatment at 200°C.
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Figure 61: Evolution of the UV absorption spectra of the GDC-4 as the function of the thermal treatment (T = 200°C)
duration.

(A)

100 nm

Figure 62: TEM images of GDC-4 after an annealing treatment at 200°C of: (A)-(B) 30 min; (C) 1h30.

This extinction decreases is due to the detachment of the gold particles from the DDS
particles (Figure 62A-B). Thus, rather than undergoing gradual densification of the satellites,

a mixture of DDS and gold particles was formed (Figure 62C).

In order to optimize the annealing treatment conditions, experiments were carried out at
160°C and 110°C. The results obtained under these conditions are shown in Figure 63 and
Figure 64. Similar variation of the optical properties was observed at short annealing times,

i.e. a progressive blue-shift and narrowing of the plasmon band.

0.35-

0.30 160 °C -t=0
- =t=1hr
3 0.25]
s 5 =t= 2hr
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Figure 63: Evolution of the extinction UV-Vis spectra of GDC-4 suspension as a function of the thermal annealing
duration at (A) T = 160°C; (B) T = 110°C.
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The micrographs of the transformation pathway under these conditions are shown in
Figure 64. The densification of the gold satellites is more effective at 160°C than at 110°C
after 1 h. At longer times, for both temperatures, the size of the satellites decreases, indicating

their dissolution or the detachment of gold NPs.

(A)

160 °C 110 °C

t=1hr(C2) t=3hrs
{ ]

(c1)

Figure 64: TEM images of GDC-4: (A) before thermal annealing; after thermal annealing at: (A) 160 °C or (C) 110 °C
(C). The annealing duration is indicated on each image. Scale bar: 100 nm

In summary, the densification of the gold satellites within the dimples is a tricky and
challenging step. Several mechanisms are involved during the thermal annealing: the
diffusion of the gold particles as well as their coalescence. Thermal annealing at 200°C for 10

min are the optimal conditions for the densification of gold NPs in the dimples.

2.2 Characteristics of the GDC after densification

STEM, HR-TEM and EDX images of a single GDC obtained before and after 10 min of
thermal annealing at 200°C are shown on Figure 65. They clearly evidenced the densification

of the gold within the dimples.
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Before densification After densification

Figure 65: Typical scanning transmission electron images and EDX mapping of GDC-4: before and after the
densification at 200 °C during 10 min (scale bars: 100 nm) and corresponding zooms on a satellite (scale bars: 20 nm).

The final GDC-4 are made of satellites of 65 nm and a gap of 17 nm. Figure 66 shows
SEM of a typical batch of isotropic gold satellites. They can be synthesized in large amount

with a high purity.

(A) (B)§

Figure 66: (A) STEM image and (B) SEM image of the GDC-4 after densification of the gold satellites.
2.3 Extension of the densification for GDC with increasing satellites size

The densification procedure was extended to different batchs of clusters containing gold
satellites of different size i.e. obtained upon the addition of 0.92 mM, 1.22 mM and 1.40 mM
GPS, denoted as GDC-4, GDC-5 and GDC-6, respectively. Systematically one observed a
narrowing of the main absorption band of the different colloidal suspension after the

densification process (Figure 67).
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Figure 67: Extinction UV-Vis spectra of GDC (A) before and (B) after densification of the gold satellites with
increasing amount of GPS.

3. Stage VII: investigation of the magnetic and electric responses of the GDC by
static light scattering

3.1 Static light scattering principle

Following a method previously described, the scattering properties of GDC in suspension
were investigated across the whole visible spectrum by a polarization resolved light scattering
setup (Figure 68) [28,29].

(A) P, 22 PH L Sample (B) X
Monochromatic H [ O (P
light source E
400 - 750 nm i kinc 7
—_— S
k > >
—|— pH, scat M/
P 9 =n/2
M e,
T
€
y

Figure 68: Schematic view of: (A) light scattering setup and (B) the light scattering geometry

In this setup, a monochromatic light beam is delivered by a supercontinuum white source.
This light propagating along z can be linearly polarized in the (x,y) plane at angle ¢ from the
x axis perpendicular to the scattering plane (y,z) (Figure 68). This polarization is induced by a
first Glan-Taylor polarizer mounted on a rotation stage to rotate the incident polarization by a
¢ angle. Therefore, when the polarized light is sent to a particle, the light will be scattered all
around the direction. Thus, the photomultiplier tube coupled with a photon counting unit at a
fixed scattering angle 6= 90° enables to collect specifically the scattering intensities 1. or 1

for different ¢ angles. This investigation is monitored across the whole visible spectrum. The
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polarization of the scattered light was analyzed by a Glan-Taylor polarizer set perpendicular

or parallel to the scattering plane to collect the 1. or I, signals, respectively.

Thus, the scattering intensity 1. or I, can be defined as:

S,(0=90°)
Lo =1 22 g cos o=, (1005

Equation 12

N1, X)sin’ p = A, (1)sin® o

S, (6 =90°)
I//s = IO(/?')NDDP 2k2

Equation 13

where 1,(4) is the spectral irradiance of the incident beam, Nppp is the number of GDC in

the scattering volume, and 5Q is the solid angle of the detection window, 9(4,2) is an

unknown function that accounts for the spectral sensitivity of the detector and optical
transmission or reflection of all optical elements. At 6 = 90, S1 contains the radiation of the

electric dipole and S2 the radiations of the magnetic dipole and the electric quadrupole [29].

Considering the ratio of the axial to transverse scattering A,/ A, all the unknown
functions in Equation 12 and Equation 13 can be eliminated, providing an estimate of the

strength of the magnetic dipole MD relative to electric dipole ED:

_ 152(6=90°)|*> _ MD+EQ _ MD
Ay /A, = ISy (=902~ ED  ED

Equation 14

Thus, the parallel MD+EQ scattering cross-sections can be extracted by normalizing the

data with a reference dispersion of calibrated silica NPs (Dsio2 = 95 nm) in water [28]:

MD+EQ ;p _ . _ _182(0=9001%2 _ ., A;/(D) =90 p=0
o 0= 9=90)= Zam =K O (D)
Equation 15
0=90% @=0 . . . - . . .
where O of is the scatterlng cross section of a silica partlcle In water at scatterlng

angles 0=n/2, ¢= 0 (calculated from the Mie theory and scales as 1/A%), and

K =N, /N is the concentration ratio. The GDC and silica signals were collected in the

ref
same experimental conditions so that the quantities lo, 52, and g(A, 3Q2) are the same for GDC

and for the reference.
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3.2 Influence of the satellites size of GDC and their densification in their
scattering properties

The scattering intensities I, (A) and I,, () versus the angle ¢ of the incident polarization,
of GDC-6 are illustrated in Figure 69, at A = 640.5 nm. They are fitted for each wavelength to
B+ A, cos’p and B + Ay sin®p functions, respectively. The background signal B, identical for

the two functions, does not exceed a few percent (2 to 5% across the wavelength range) of the

amplitude A, , hence confirming the isotropic response of the GDC.

20000 : . .
—=I A=640.5 nm

15000

10000
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Figure 69: Signal scattered along the two output polarization channels I, and!,,, perpendicular and parallel to the
scattering plane, respectively. The solid lines are a fit to the cos?p and sin¢ functions, respectively.

The scattering intensity A,,/ A, , which is an indicator of the MD/ED ratio is plotted vs.
wavelength for all GDC in Figure 70. It exhibits for all samples a broad maximum in the
visible range. The maximum red-shifts and increases upon increasing the amount of GPS
solution from ~5% to ~9% for non-condensed GDC. Densification of the satellites at constant

amount of gold further increases the maxima from ~9% to ~14%.

86



0.00
450

600, 650

500 55 00 (750 800
%avelength (nm)
0.16

640+
630+
620+
610+
600+
590+
580+
570+
560+
550+
540+
530+
520

(B)

Wavelength (nm)

0.15-
0.14+
0.13
0.12
0.114
0.10
0.09
0.08
0.07+
0.06
0.05
0.04+

(@

0.03

0.8 0.9 1.0

11 12 08 09 . L 1 '
Concentration of GPS (mmol/L) Concentration o(% GPSJ(mmoI}L%

Figure 70: (A) Ratio of axial to transverse scattering A,, / A, vs. wavelength of the GDC obtained after the addition

of 0.92 mmol/L (red curves); 1.22 mmol/L (green curves) and 1.40 mmol/L of GPS (blue curves); and before (solid
line) and after densification (dash line); (B) Plot of the wavelength of the maximal 4, / A, versus the GPS

concentration (C) plot of the the 4,, / A, maximum value versus the GPS concentration for GDC-4, GDC-5 and
GDC-6 hefore (solid line) and after densification (dash line).

For comparison, the data measured on gold raspberries made of a silica core of 100 nm
and gold satellites of 30 nm are shown in Figure 71 (red curve) [28]. It reveals an
improvement of the ratio from 4.2% for gold raspberries (disordered plasmonic clusters) to

14% for GDC-3 (gold odecahedral clusters of similar size).

0.16
0.14+
0.12
_|
.10
< 0.10
—~ 0.084
N
<« 0.064
0.04+
0.02+

0.00 T
450 50

-

A Y
)
..
Yoy
.
..

]
b TLE T Rl
T T

0 550 600 650 700 750 800
Wavelength (nm)

Figure 71: Comparison of the A, / A, ratio of the GDC-6 and the gold raspberries made of a silica core (100 nm) of
and 26 gold satellites of 30 nm.

The normalized cross sections o)°**?(8 = ¢ = /2) of the 3 batches of GDC are shown

in Figure 72. The three curves exhibit a clear resonance which red-shifts and broadens with

increasing gold amount.
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Figure 72: Parallel scattering cross-section 0,')AD+EQ of the samples: GDC-4 (blue curve), GDC-5 (green curve) and

GDC-6 (red curve) before (left) and after (right) densification.
3.3. Numerical investigations

In the previous section, the condensed GDC have proven to generate a magnetic-to-
electric dipole ratio which is three times higher than gold raspberries of similar size. This is a
clear success of the new morphology. Numerical investigations were carried out to compute
the scattering properties of the GDC by using two different structural models: Generalized
Multi-particle Mie (GMM) theory, GDC before densification and finite element method
(FEM) for GDC after densification.

3.3.1 Numerical investigations of the GDC before densification

The simulated GDC are shown in the inset of Figure 73A. Twelve satellite spheres of
radius Rsy are partially filled with spherical gold NPs of radius Ray inside the volume of a
truncation sphere of radius Rgunc. These volumes are filled with non-intersecting gold
nanospheres of radius Ry, = 5 nm with a volume fraction set to 40%. The volume of the
aggregates, controlled by Riunc, iS given as a percentage of the volume of the full satellite
sphere 4/3m.Rss. Increasing the amount of gold from GDC-4 to GDC-6 may be produced by
increasing Ryunc (bigger agglomerate) and/or increasing Ra, (higher volume fraction of gold
within each agglomerate). Figure 73 shows that the experimental values of the magnetic-to-
electric ratio A,/A; shown in Figure 70A (dashed lines) are very well reproduced by the
model of aggregates of gold NPs of radius 5 nm. Increasing the amount of gold in the model
either by increasing the volume of the aggregate (via Ryunc) Or the size of the gold NPs (Rau)
enhances the magnetic response as observed experimentally. However, the experimental red-
shift observed upon increasing the amount of gold is only reproduced by increasing the size of
the gold NPs within the aggregates, which in turn reduces their average separation. This effect

is consistent with the well-known plasmon ruler law stating that the resonance wavelength of
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a set of gold NPs red-shifts as the separation of the NPs is reduced[30]. This observation
indicates that the size, and not just the number, of the gold grains increases upon successive
regrowth steps.
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Figure 73: Plot of the computed magnetic to electric estimator A /A, vs. wavelength: (A) for different volumes of gold
aggregates in non-condensed GDC; (B) at constant aggregate size, but for different radii R,.

3.3.2 Numerical investigations of the GDC after densification

Four systems were considered, one for each volume of gold considered in the non-
condensed case shown in Figure 73A. The gold dimples are obtained by keeping the
intersections of a core-sphere of radius R 'yunc With satellite spheres of radius Rss. Of course
R ’trunc IS Not equal to Riunc as it sets so as to conserve the volume of gold in the system. Figure
74A shows an illustration of the computed GDC (inset), and it illustrates how A /A evolves
as a function of wavelength. We see a clear increase in the amplitude of this magnetic-to-
electric ratio as well as a red-shift in the resonance wavelength compared to the non-

condensed case (Figure 73A), in accordance with the experimental observations.

The experimental behavior is qualitatively reproduced and we may discuss the reasons for
which differences still remain, namely that the maximum value of A /A, (~0.10-0.14) is
significantly lower compared to the numerical case (~1) and the red-shift is not as large. The
densification process actually dewets the gold such that the shape does not necessarily
conform to the same shape—intersection of two spheres resulting in a lens-like shape —as that
which we simulate. This means that each satellite will take on a shape that is different to the
lens shape and is probably more spheroidal. In the end, the simulated patches are thinner than
the experimental ones resulting in larger aspect ratios which are known to resonate at higher
wavelengths compared to smaller aspect ratios [31]. Furthermore, the lens-shape is actually
sharp along the edges, which will result in larger local fields than in the experimental case.

Consequently, the capacitive effect is increased between satellites, which produce larger
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polarization currents and result in a larger magnetic dipole moment, hence the higher values

of the magnetic-to-electric scattering ratio.

As shown by Figure 74B, densification drastically increases the amplitude of the
scattering-cross sections of all multipoles present, but the magnetic dipole is the resonance for
which the effect is the most dramatic. This reveals the positive role of densification of the
magneto-optical properties of such systems. Furthermore, we see that the magnetic resonance
of the condensed system converges toward that of the ideal GDC (Figure 24). The peak
reaches a scattering cross-section of 10° nm” at a wavelength of 715 nm for the ideal case,

while the theoretical GDC reaches ~2x10* nm? at a wavelength close to 707 nm.
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Figure 74: (A) Plot of the computed magnetic to electric estimator A /A, vs. wavelength: (A) for different volumes of
gold aggregates in condensed GDC. The inset represents a typical model of the GDC used in the finite element
simulation. (b) Simulated scattering cross-sections of the electric (blue) and magnetic dipoles (red) as well as the
electric quadrupole (green) in both the non-condensed (dashed line) and condensed (continuous line) cases.

4. Conclusion

In this chapter, we have detailed an efficient protocol for the fabrication of gold
dodecapods by seeded growth method. We optimized each step of the synthesis of these nano-
objects Dissolution of the clusters happened during the growth of the gold seeds by using a
“fresh” solution of gold precursor (GPS). The dissolution of the nanoclusters is GPS age
dependent. We observed that the older the GPS age, the more stable the clusters were. This
dissolution was assigned to the reaction in between the counter ions of the gold precursor and
the silica. By optimizing the experimental procedure, step by step, we could synthesize gold

dodecapods in large amount with a high purity.

We demonstrated that these nano-objects have unique plasmonic properties which can be
modulated by the satellites size, and their in-between gap. These gold dodecapods exhibit, in

particular, an high magnetic response[32]. The magnetic-to-electric polarization ratio is more
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than three times higher than the reference value measured on “conventional” gold raspberries
of similar size [28]. This experimental result shows that the regular organization of the
satellites around the core is more efficient than a random distribution for the generation of a
magnetic current. Controlling the uniform separation of the satellites in a regular distribution

warrants a constant satellite-to-satellites interaction and therefore a sharper resonance.

We noticed the presence of few small size gold particles in between the 12 satellites.
Those small particles may affect the scattering properties of the gold dodecapods. Thus, we
implemented some preliminary tests to etch those tiny particles using Kl as an oxidizing agent
by tuning the concentration of the oxidative agent from 10 mM to 70 mM (Figure 75) [32-35].
30 mM of KI represents the conditions to remove most of the tiny particles.

Figure 75: TEM images of the gold dodecapods after etching by K1 with a concentration of: (A) 10 mM; (B) 20 mM,
(C) 30 mM, (D) 40 mM, (E) 50 mM, and (F) 70 mM.

Further work will definitely have to explore the best conditions to the synthesis of gold

dodecahedral clusters without tiny imperfections in between the satellites.
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Chapter IV :

Extension to silver
dodecahedral clusters

EDX (left and center) and STEM (right) images of SDC (Scale bars: 100 nm)
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This chapter deals with the extension of our synthesis strategy to SDC in order to increase

the strength of the magnetic response of the nanoresonators at visible light frequencies.

Previous works from our group already reported that raspberry-like nanoclusters made of
a random arrangement of silver satellites exhibit a magnetic response at unprecedented level.

Their magnetic efficiency was 5.4 times higher than gold raspberries [1,2].

In the present work, our objective for the synthesis of the silver dodecahedral clusters
(SDC) was to use a similar strategy than the one adopted in chapter Il1: adsorption of silver
seeds on the functional dodecahedral dimples, regioselective growth of the seeds and
densification of the satellites. Unfortunately, the adsorption of silver seeds onto the aminated
PS wasn’t as efficient as for gold seeds: the adsorption wasn’t site-specific and some dimples
appeared silver-free. Therefore, we decided to induce the growth of silver satellites via a
heterogeneous nucleation approach, i.e. from preformed tiny gold seeds anchored onto the
dimples. Since silver and gold have a similar crystalline structure (lattice symmetry and lattice
constant a = 0.408 nm for Au versus 0.409 nm for Ag), the epitaxial overgrowth of silver on
gold is expected to do not induce significant interfacial stress and may yield to SDC. The

synthesis route adopted is sketched in Scheme 10.
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Scheme 10: Strategy to synthesize SDC
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1. Stage VIII: Direct silver growth from tiny gold seeds adsorbed within the
dimples of the dodecahedral clusters

The seed-mediated growth was initiated using a well-known procedure based on the use of
silver nitrate as metal precursor and formaldehyde as a reducing agent. . Experiments were
performed following the Protocol 17 (SDC-1 experimental conditions).

Protocol 17: Silver growth on gold seeds anchored on the dimples of the
dodecahedral clusters

Typically, 1 mL of the gold seeds adsorbed dodecahedral clusters was centrifuged and
redispersed in13 mL of a PVP solution (10g/L in water) by a typical centrifugation in
order to get a gold seeds dodecahedral suspension with a concentration of 2.8.10"
Part./L.

Subsequently, 200 uL of gold seeds adsorbed dodecahedral clusters were added in a 5
mL flask. A 2 mM aqueous solution of silver salt in water was prepared (2 mM) and a
typical volume of the silver salt solution corresponding to the concentration indicated
in Table 8, was added to the medium and was homogenized; subsequently 30 uL of
HCHO were added. Before the silver salt addition, a given volume of milliQ® water
was added to the medium, in order to have a final volume of the reaction medium of
1.5 mL (including the overall reactant volume). The mixture was left to stir overnight.

Table 8: Experimental conditions for the silver growth onto gold seeds adsorbed dodecahedral clusters.

SDC-1 SDC-2 SDC-3
Number of the gold dodecahedra (ptcs) 5.6.10° 5.6.10° 2.10%
[Silver Precursor] mmol/L 1.4 0,7 0,7
Silver precursor type AgNO; Ag,S0, Ag,S0,
Vieno (UL) 30 30 30

Under these experimental conditions, the homogeneous nucleation of silver was favored: a
large amount of free silver particles was observed in the reaction medium (Figure 76A).
Others experiments based on Halas et al. were performed adding ammonium hydroxide
(NH4OH) after the addition of the reducing agent in order to promote a pH change and the
reduction of Ag® onto gold seeds [3]. However, those experiments failed to promote the
heterogeneous nucleation of silver within the dimples.

By using silver sulfate instead of silver nitrate as metallic precursor (SDC-2 experimental
conditions), the silver growth occurred more specifically within the dimples. Figure 76B
shows typical TEM images of the as-obtained clusters. But, after the growth, the silver

structures exhibited quite complex shape. Moreover, all the dimples were not filled with
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silver. There was a loss of Ag atoms since free silver nanoparticles were formed in the
dispersion. In order to promote the heterogeneous nucleation, the concentration ratio of the
dimpled silica nanoparticles to silver precursor was adjusted (2.10™° dodecahedral clusters
instead of 5.6.10° dodecahedral clusters). In the experimental conditions of the batch SDC-3,

all the dimples were filled with silver. But, the silver satellites were highly irregular in size.

(A1) T (BY) (c1)
100_nm 1mm 100 nm
(A2) . (B2) (C2)
. ¢ X ’. | i
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< F ¥ * . ) $ /
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Figure 76: Typical TEM images of the SDC obtained after the silver growth onto gold seeds adsorbed on the dimples:
(A) SDC-1 was synthesized using AgNO; as silver precursor (B) SDC-2 was synthesized using Ag,SO, as silver
precursor and using 5.6.10° dodecahedral clusters (C) ) SDC-3 was synthesized using Ag,SO, as silver precursor and
using 2.10"° dodecahedral clusters.

2. Stage IX: Silver growth from tiny gold seeds adsorbed within the dimples of
the dodecahedral clusters after a preliminary growth of gold

We tested different approaches in an effort to generate SDC with spheroidal shape
satellites. The most robust approach was to monitor a preliminary growth of gold seeds
leading to an increase of the concentration and the size of the gold particles anchored onto the

dimples. Subsequently, the silver growth was carried out (Scheme 11).

Silver precursor

o GPS, PVP 2 (Ag,SO,) ,
v > ~J
HCHO é'f‘ HCHO

Scheme 11 : llustration of the strategy to promote the growth of silver within the dimples' surface.

The growth of the gold seeds was performed by using 0.6 mM of GPS in the experimental
conditions of the Protocol 15. Under these conditions, the gold growth was confined within
the dimples as already demonstrated in Chapter I1l. Then, the silver growth was induced

following the experimental conditions of the Protocol 17 (SDC-4). Figure 77A-B show the
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representative TEM images of the clusters obtained before and after the silver regrowth. The
satellite size increases after the silver precursor addition indicating that the silver
reduction/deposition dominates the growth process rather than the formation of free silver
particles. The silver satellites were highly faceted and hanged over the dimples. By adjusting
the concentration ratio of the GDC to the silver precursor (Table 9, SDC-5 and SDC-6), one
could modulate the overall size of the satellites and generate more spheroidal silver satellites.
Under these overall experimental conditions, some free silver particles were also formed in

lower amount and could be easily removed by a centrifugation step due to their small size.

Protocol 18: Seeded growth of silver salt on GDC

A typical volume of the GDC suspension, obtained after a gold regrowth using a given
concentration of GPS (Protocol 15) was added in a 5 mL flask. 500 uL of silver salts
(Ag2SO4 2 mM) were added into the medium and the mixture was homogenized.
Subsequently 30 uL of HCHO were added. Before the silver salt addition, a given
volume of milliQ® water was added to the medium, in order to have a final volume of
the reaction media of 1.5 mL (including the overall reactant volume). The mixture was
left to stir overnight.

Table 9: Experimental conditions followed for the set SDC-4, SDC-5 and SDC-6.

Batch name SDC-4 SDC-5 SDC-6
Number of the gold dodecahedra (ptcs) 56.10° 2 10% 2.2.10%°
[Silver Precursor] mmol/L 0.7 0.7 0.7
Vicno (UL) 30 30 30

(A)

(D)

d

e

Figure 77: Representative TEM images of GDC before (A) and after silver deposition (B)-(D). The size of the silver
satellite could be modulated by changing the concentration ratio of clusters to silver precursor (B) SDC-4 (C) SDC-5
(D) SDC-6 experimental conditions
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The deposition of silver on the golden dimples was clearly evidenced by HR-TEM and
STEM, and EDX analysis. Figure 78 highlights the silver deposition and its homogeneous
repartition within each dimple. In the experimental conditions of the SDC-6 batch, the
composition of the silver-gold satellites was 25/75.

Figure 78: HR-TEM, STEM and EDX images (obtained by following the SDC-6 experimental conditions);
Scale bars: 100 nm

Figure 79 shows the UV-Vis extinction spectra of the as-synthesized GDC before and
after the silver growth. The initial GDC have a surface plasmon resonance around 600 nm.
After the silver deposition, the plasmon band shifted to 520 nm, indicating the effective silver
deposition process on the gold seeds. This observation is in agreement with previous reported

studies for bimetallic NPs richer in gold [4].
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Figure 79: UV-Vis spectra of the GDC before (black curve) and after silver deposition (SDC-6; purple curve). The
composition of the satellites was AuzsAgs.

In order to allow the diffusion between silver and gold in the heterostructure and to form
alloyed satellites, the colloidal suspension of the SDC was annealed in ethylene glycol.
However, a destabilization of the satellites was observed after the thermal treatment: the
detachment of the gold and silver particles from the DDS and a mixture of DDS and

plasmonic particles was formed.

3. Stage X: Control of the composition of the silver-gold satellites

The composition of the silver-gold satellites can be controlled by tuning the concentration
of gold precursor during the synthesis of the GDC. The experimental conditions were adjusted
in order to promote the silver deposition in the dimples (Table 3). This is why the
concentration ratio of the silica clusters to the silver precursor varied from one batch to
another one. For example, the preliminary synthesis of the GDC with 0.5 mM of GPS gave,

after the silver deposition, AuspAgso hanostructures (SDC-7 experimental conditions).

Table 10: Experimental conditions followed for the batches SDC-7 and SDC-8.

Batch name SDC-7 SDC-8
Number of the gold dodecahedra 14 10 5 6 10°
(ptcs) T '
[Silver Precursor] mmol/L 0.7 0.7
Vicro (ML) 30 30
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Figure 80 and Figure 81 show images of the GDC, before and after the silver growth
performed under the experimental conditions SDC-7. The deposition of silver is
homogeneous into the golden dimples. The typical dimension is 82 nm for the satellites and
13 nm for the in-between satellites gap.

(A) (B)

100 nm 100 nm

Figure 80: TEM images of the GDC: (A) before and (B) after the silver deposition (SDC-7 experimental conditions).

(B) (C)

Figure 81: STEM and EDX images of the AusoAgs, dodecahedral clusters (SDC-7). Scale bars: 100 nm

For lower concentration of gold precursor during the growth process of silver, the silver-
gold satellites showed significantly different features. In a typical synthesis, the concentration
of gold in the dimples were reduced, using 0.3 mM of GPS (Protocol 15). Silver-gold

satellites were grown using SDC-8 experimental conditions (Table 10), the satellites hanged
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over the dimples. The deposition of silver onto GDC synthesized using smaller GPS

concentration, clearly resulted in anisotropic satellites (Figure 82).

Figure 82: HR-TEM of the batch SDC-8. (Scale bars: 100 nm).

These overall experiments revealed that the size and the amount of gold particles was the
key parameter for confining the silver growth within the dimples. A large amount of gold
seeds may lead to a fast reduction and deposition of the Ag and a low amount of free Ag NPs
(Scheme 12B). With low amount of gold seeds, the reduction rate of silver may be greatly
reduced. Consequently, the deposition of silver on the dimples may occur in an
inhomogeneous way and a lot of silver may be lost (Scheme 12A).

(A)

Silver

' precursor
HCHO

—_—

Silver
‘precursor
HCHO

—— "

Preliminary regrowth of the gold seeds

Scheme 12: Sketch illustrating the silver deposition onto golden dimples: (A) on tiny gold seeds and (B) on larger ones

Subsequently, the SDC-7 batch was characterized by UV-visible extinction spectroscopy.
Its spectrum highlights one peak at 550 nm and another one in the blue region of the spectra at

425 nm, confirming the presence of both gold and silver.
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Figure 83: Extinction spectra of the GDC: before (blue curve) and after silver regrowth (batch SDC-7; orange curve).

4. Investigation of the magnetic and electric responses of the silver
dodecahedral clusters from static light scattering

The scattering properties of the SDC were studied by polarization resolved static light
scattering. Figure 85 illustrates the scattering intensity A, / A, for the AgzsAuzs and
AgsoAusy samples. Each sample exhibits a broad maximum in the visible range. The
maximum increases and blue-shift upon increasing the amount of silver. The data measured
on silver raspberries of similar size are also shown in Figure 84 for comparison. The
scattering intensity A,,/ A, for SDC-7 is found 1.4 times higher than the one measured for
silver raspberries. Furthermore, the scattering efficiency was 2.5 times higher than the value

measured from GDC-6 of similar morphology (Figure 70A).
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Figure 84: Comparison of the scattering efficiency of silver raspberries [2] (green curve) and SDC clusters of different
compositions AgsAuss (SDC-6; purple curve) and AgspAusy (SDC-7; orange curve).

These results confirm that changing gold for silver reduces the optical losses and strongly
enhances the scattering efficiencies of the plasmonic raspberries. The observed optical
properties were compared to numerical investigations, using GMM theory and taking into
account the SDC characteristics (size and composition) as an input. The simulated data
(Figure 85) are consistent with the experimental ones. The clusters with the characteristics
corresponding to the experimental conditions SD-6 and SD-7 have a strong scattering
efficiency between 500 nm and 650 nm, and between 450 nm and 700 nm, respectively.
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Figure 85: Numerical simulation of the scattering efficiencies of the SDC with the characteristic corresponding to the
experimental conditions: (A) SDC-6 and (B) SDC-7.

5. Conclusion

In this chapter, we have developed an efficient protocol for the fabrication of SDC. The
strategy is based on the deposition of silver onto golden dimpled clusters. This strategy
enables to tune the AgxAu;.x composition of the satellites by adjusting the concentration ratio
between the gold dodecahedral clusters to the silver precursor. The SDC can be produced on a
large scale.

These clusters exhibit unique plasmonic properties. The scattering efficiencies of the
AgzsAuzs and AgspAusy dodecahedra were investigated by SLS measurements and compared
with simulations. The results confirmed that SDC exhibit a magnetic response stronger (35%)

than the gold based ones (14%). Moreover, the magnetic to electric polarization ratio
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measured on these new silver and gold clusters is higher than the one measured on plasmonic

raspberries with silver satellites of similar size (27%).

[1]

[2]

[3]

[4]

6. References

V. Ponsinet, P. Barois, S. M. Gali, P. Richetti, J. B. Salmon, A. Vallecchi, M. Albani, A. Le
Beulze, S. Gomez-Grana, E. Duguet, S. Mornet, and M. Treguer-Delapierre, “Resonant
isotropic optical magnetism of plasmonic nanoclusters in visible light,” Phys. Rev. B, vol. 92,
no. 22, p. 220414, 2015.

S. Gomez-Grana, A. Le Beulze, M. Treguer-Delapierre, S. Mornet, E. Duguet, E. Grana, E.
Cloutet, G. Hadziioannou, J. Leng, J.-B. Salmon, V. G. Kravets, A. N. Grigorenko, N. A.
Peyyety, V. Ponsinet, P. Richetti, A. Baron, D. Torrent, and P. Barois, “Hierarchical self-
assembly of a bulk metamaterial enables isotropic magnetic permeability at optical
frequencies,” Mater. Horizons, vol. 3, no. 6, pp. 596601, 2016.

J. B. Jackson and N. J. Halas, “Silver nanoshells: Variations in morphologies and optical
properties,” J. Phys. Chem. B, vol. 105, no. 14, pp. 2743-2746, 2001.

K. Mallik, M. Mandal, N. Pradhan, and T. Pal, “Seed mediated formation of bimetallic
nanoparticles by UV irradiation: A photochemical approach for the preparation of ‘core—shell’
type structures,” Nano Lett., vol. 1, no. 6, pp. 319-322, 2001.

107



Conclusions

and future work

108



109



The main objective of this thesis was to fabricate new metallodielectric nanoresonators,
with the aim to optimize the magnetic response of raspberry-like nanoparticles in the visible
range [1,2]. Guided by numerical simulations we focused our work on the design of Platonic
solids made of a silica core and surrounded by twelve plasmonic satellites. To fulfill this goal,
we used functional silica particles with 12 dimples as a scaffold and we developed a seeded
growth approach to grow gold or silver at the bottom of the silica dimples. In the first chapter,
an extensive state-of-the-art confirmed that our strategy is original.

In the second chapter, we more deeply investigated the multi-step synthesis of the
dodecapods-like silica/PS clusters proposed by Désert et al. [3]. We studied the influence of
the SDS-to-NP30 mass ratio, the total concentration of the surfactant, and the styrene
concentration. We were able to increase the morphology yield of dodecapods up to 75%.
However, several types of by-products remained in the dodecapod batches such as multi-silica
clusters and clusters with less than twelve PS satellites. A purification step by gradient density
centrifugation could be envisaged, but it would be very tricky because of the low contrast of
apparent density between the targeted dodecapods and the by-products. Subsequently,
functionalized DDS clusters were synthesized by the regrowth of the silica core, the
subsequent development of the dimples by dissolution of the PS satellites and the specific

functionalization of the residual PS macromolecules.

In the third chapter, the gold dodecapods were synthesized by a seed-mediated growth
approach. The satellite size and the in-between gap were controlled by the amount of the gold
plating solution used during the growth stages. We observed that some dissolution of the
silica templates could occur during the gold growth step. This phenomenon seemed to be
dependent on the age of the gold plating solution. We suppose that such dissolution arises
from the presence of counter-ions in the medium, which may interact directly with the silica
oxide surface as a coordinated complex, disturbing the surface structures and leading to silica
dissolution. [4] We found the experimental conditions to confine the gold growth strictly
within the dimples. An additional densification step of the gold aggregates by thermal
annealing treatment in ethylene glycol was implemented. The bottom-up approach developed
allowed to synthesize nano-clusters made of 12 gold patches located at the center of the faces

of a dodecahedron.

In the fourth chapter, the synthesis of gold dodecapods was extended to silver-gold

dodecahedral ones. As a first attempt, gold seeds were previously adsorbed onto the
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functional silica templates and silver nitrate was used as a precursor in order to promote the
growth of silver. Several parameters were investigated: the pH of the solution, the reducing
agent concentration, and the silica particles to silver precursor ratio. However, those studies
failed as a regioselective deposition of silver was not observed specifically on the dimples.
Silver-gold dodecahedral clusters were successfully obtained after: (i) a preliminary growth
stage of gold yielding to increase the gold aggregates size; (ii) changing the silver precursor
from silver nitrate to silver sulfate (iii) adjusting the appropriate concentration ratio of the
dimpled-silica nanoparticles to silver precursor. By tuning the concentration in the starting
gold dodecapods, the composition of the satellites can be controlled. Clusters with satellites

made of 25 % and 50 % of silver were synthesized.

The magnetic response of the as-obtained plasmonic dodecahedral clusters were
investigated by polarized light scattering spectroscopy. The magnetism observed arises from
circulating currents that come from the angular momentum of the orbiting electron. This
magnetism response originates from second-order spatial dispersion and is only valid in the
case of divergent-free solutions (when the divergence of the electric field is null). The GDC
clusters exhibited a magnetic response three times higher than the value measure on gold
raspberries of similar size made of a large number of metallic satellites randomly distributed
around the dielectric core. We observed that the densification of the gold aggregates confined
the dimples into homogeneous domains was an important step and led to a drastic increase of
the magnetic response comparing to the non-condensed ones. The magnetic resonance of the
condensed system converges toward that of the ideal dodecapod. Thus, by precisely
controlling the number, the size, the position of the satellites, and their in-between gap we
were able to optimize the magnetic response of metallodielectric nanoresonators. Changing
the composition of the GDC toward silver-gold ones allowed to reduce the optical losses and
strongly enhance the magnetic response of the dodecapods. The magnetic response of the
silver-gold dodecahedral cluster was optimized for clusters made of AgsoAusg satellites. These
overall results validate the superiority of the dodecapod structure over the disordered
distribution of a large number of satellites in the raspberry model. The well-defined positions
of the satellites offer a better control of the collective electromagnetic coupling which

determines the strength of the circular plasmonic currents generating the magnetization.

Since the bottom-up approach developed here allowed the synthesis of the plasmonic
dodecahedral clusters in high yield, the fabrication of optical functional devices of large area

was implemented. The fabrication of 2D metasurfaces and 3D materials by the assembly of
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the plasmonic dodecahedral clusters were performed in collaboration with G. Drisko from
ICMCB and the J. Leng and coworkers from the Laboratory of Future (LOF, Pessac),
respectively.

Attempts to fabricate a 2D homogeneous metasurface were performed by the dip-coating
technique, which is based on the vertical dipping of a substrate into a suspension at a constant
speed. We investigated the influence of the concentration of the GDC suspension, the nature
of the solvent, the withdrawal speed, and temperature, on the packing density of the
nanoresonators and the thickness of the deposited layer. A monolayer of the GDC was
obtained (Figure 86), even if the packing density of the nanoclusters needs to be further
improved.
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Figure 86: (A) Sketch of a dip coating setup[5]; (B) Typical SEM images of the fabricated GDC metasurface.

The fabrication of a dense 3D material was achieved by microfluidic assisted evaporation
of gold dodecapods. This technique allows the concentration of a colloidal suspension into
micro-channels to shape-up a three-dimensional material made of densely packed
nanoparticles [6]. During the process, the colloidal suspension flowed in a micro-channel. The
selective permeability of an integrated membrane induced the extraction of the solvent from
the micro-channel (Figure 87A). Figure 87B shows a 3D material obtained from gold

dodecapods.
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Figure 87: (A) Sketch of the microfluidic evaporation setup; (B) Typical SEM image of the bulk material based on
GDC.

Their optical properties, analyzed by variable-angle spectroscopic ellipsometry, are
currently in progress. The first investigations evidenced the nonconventional magnetic
response of these materials (i.e. relative magnetic permeability lower than one). But, the
comprehensive study of the electromagnetic processes at the origin of their optical properties

is still under investigation.

To finish with, the use of highly symmetrical plasmonic clusters as building blocks for
engineering materials that exhibit artificial optical magnetism in the visible range has been
validated in this study. They have shown to be promising in terms of performances but they
still suffer from high level of losses in visible light and IR range. This problem can be
overcome by changing the plasmonic clusters by silicon nanospheres or copper oxide ones
with a well-controlled size and crystallinity. Numerical simulations reported that crystalline
silicon nanoresonators can be highly efficient (10 times higher than the plasmonic clusters)
[7]. Unfortunately, the synthesis of silicon nanospheres of well-controlled size is challenging

due it's propensity to oxidize to silica.
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Titre : Synthése et design de nanorésonateurs optiques actifs dans le visible

Résumé : L’étude et la réalisation de métamatériaux auto-assemblés possédant une réponse
magnétique aux fréquences optiques font ’objet d’un champ de recherche trés actif depuis
plusieurs années. De nombreux calculs théoriques ont prédit qu’un arrangement dense de
briques élémentaires plasmoniques, « les méta-atomes », conduirait a des matériaux a indice
négatif actifs dans le domaine du visible. Il a été démontré qu’un nano-objet ayant un cceur de
silice décoré de 12 nanoparticules d’or sphériques permettrait d’optimiser le phénomene de
magnétisme optique. Ma these repose sur I’¢laboration de ces objets a partir de particules
colloidales, parfaitement symétriques, constituées d’un cceur de silice et 12 nodules de
polystyréne. Ces nodules de PS pouvant étre éliminés ultérieurement par dissolution. Ces
objets ont permis de fabriquer des particules de silices décorées d’un nombre précis de
« patchs » ou de « fossettes ». Ces objets ont été formés en grande quantité. Nous sommes
parvenus a rendre les cavités de surface des particules a fossettes collantes pour des germes
d’or de 2-3 nm de diamétre et initier leur croissance. Les mesures de propriétés optiques de
ces dodécapodes dorés ont reflété le couplage intense existant entre les nanoparticules
plasmoniques autour du cceur diélectrique. La possibilité de faire croitre de 1’argent a la
surface des germes d’or permet de générer des nanorésonateurs avec des modes magnétiques
optiques encore plus intenses que ceux observés pour les systémes a base d’or.

Mots clés : Nanorésonateurs, synthése colloidale, métamatériaux, plasmonicue

Title : Synthesis and design of optical nanoresonators for the visible
wavelengths

Abstract: Over the last decade, the field of self-assembled metamaterials exhibiting unusual
properties such as a magnetic response in the visible range represents a challenging and
attracting area. Many simulations reported that a dense arrangement of specific plasmonic
sub-units called “meta-atoms”, may lead to a material with a negative refractive index. It was
reported by computational modelling that a dodecapod clusters made of a central dielectric
core and surrounded by a controlled number of satellites (12 satellites, here) with a specific
size can exhibited some interesting properties. Here, the purpose was to fabricate such
clusters from colloidal particles, which are perfectly symmetrical, made of a silica core and 12
polystyrene nodules. Subsequently, those polystyrene nodules can be dissolved to get silica
particles with a specific number of “patches” or “dimples”. Those objects were synthesized in
a large quantity. We were able to make those dimples sticky to tiny gold seed of 2-3 nm size
and to grow then for a specific size. Optical measurements reported the strong magnetic
coupling in-between the plasmonic nanoparticles around the dielectric core. We also reported
that growing silver on tiny gold seeds generates stronger magnetic responses than those
observed from gold clusters.

Keywords: Nanoresonators, colloidal synthesis, metamaterial, plasmonic;
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