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Résume de la these en francais

Les métamatériaux forment une nouvelle classe d&rrmax composites artificiels aux
propriétés électromagnétiques extraordinaires.pb@sriétés inédites reposent sur I'inclusion, dans
le métamatériau, de résonateurs plasmoniques doiatbtication et 'assemblage posent un défi
auquel se heurtent les techniques de gravure letibiient utilisées. Cette thése est consacrée a la
synthese de ces nano-résonateurs de morphologibdise. L'architecture de ces nano-résonateurs
a été proposée par C. Simovski et al. afin de génére « meta-réponse » (a la fois électrique et
magneétique) dans le domaine du visible [SimovskM8rits11, Vallecchill]. lls sont constitués
d’'une particule centrale diélectrique de 100 nmouweerte de nanoparticules plasmoniques,
sphériques de 25 nm ou triangulaires (50 nm de Eng5 nm d’épaisseur). La figure suivante
présente les différentes géométries de nano-rémasadtudiées :

Particule de

Nanoparticules silice modifiée

d’or et d’argent

Nano-résonateurs type “framboise”
@) (ii) (iii)

Figure 1 — Stratégie en 3 étapes adoptée dans cetieése pour I'élaboration de nano-résonateurs typramboise : (i) synthése

des nanoparticules métalliques de différentes taék, formes et compositions ; (ii) synthése et modition de surface des

particules de silice et (iii) assemblage des nanatiaules métalliques a la surface des particules dsilice.

Y

Si la synthése des objets sphériques est relativesimple a mettre en ceuvre, celle des
nanoparticules triangulaires d’argent est délicatebjectif est de fabriquer ces différents nano-
objets en grande quantité tout en respectant laaiote du milieu effectif qui impose des tailles

trés inférieures a la longueur d’onde.

Le premier chapitre de cette thése présente lahayat des differentes nanoparticules
métalliques élaborées au cours de cette étude ré-itii et 2). Des nanoparticules sphériques
d’argent de diameétre supérieur & 20 nm sont syisfes en grande quantité par voie polyol. Des
nanoparticules d’'or de différents diamétres (deal® nm) sont ensuite élaborées a I'aide d’'une
approche colloidale de croissance ensemencée. &afin stratégies de synthése ont été étudiées



pour la croissance des nanoparticules trianguladfasgent : la voie photochimique et la voie
chimique par croissance de germes. La deuxiemeoelp@r permettant une production a plus
grande échelle, a été optimisée afin d’obtenir dis&ribution en taille et en forme plus étroite des
triangles d’argent synthétisés. L’étude systématidgl difféerents parametres (influence des germes,
structure, influence des ligands, pH...) a permigpd®oser un mécanisme de formation de ces
triangles d’argent. La structure cristalline degetsbha également été déterminée par microscopie
électronique a transmission en haute résolution-fHER) et tomographie électronique. On a ainsi
pu mettre en évidence la présence d'un défaut dlempnt dans le plan médian du triangle. A
partir de ces triangles d’argent, des nano-disqiagent, des nanocages d’or et des nano-triangles

constitués d’un alliage or/argent ont pu étre débo

a) § b A c) d) e) f) )
; ', :‘
- b 5 . - - ‘

Figure 2 — Images MET des nanoparticules sphériqueBor de 10 a 50 nm (a — €), des nanoparticules spigues d’'argent de

26 nm (f), et des triangles d’argent mesurant 40 nrde c6té et 5 nm d’épaisseur (g). Barres d’écheti&0 nm.

Ces nanoparticules plasmoniques ont été ensuitemagies a la surface d'une particule
diélectrique (Figure 1-ii and -iii) pour former deano-résonateurs type « framboises ». Ces objets

ont été formeés via des interactions électrostatiguere les différentes entités.

- Une premiere stratégie a consisté a fonctionnaleseparticules de silice en greffant un
aminosilane directement a la surface des partic@lete méthode ne permet pas d’obtenir un bon
taux de recouvrement des cceurs de silice et coadigs problemes d’instabilité colloidale.

- Une deuxieme stratégie de fonctionnalisation a desécproposée. Celle-ci consiste au
dépbt couche par couche de polyméres chargés wurflces des particules de silice (Figure 3-a).
Cette deuxieme approche permet I'élaboration, deoimésonateurs avec une forte densité de
particules métalliques et une couverture plus hanegles cceurs de silice (Figure 3-d). Les nano-
résonateurs formés par cette approche sont stablejectif a donc été atteint, des nano-
résonateurs type «framboises » ont été synthétiséggrande quantité. En encapsulant les nano-

résonateurs dans une fine écorce de silice, leomiptés optiques ont été évaluées.
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Figure 3 — lllustration des principaux objets collddaux obtenus. (a) Synthése et modification de saife des particules de

silice par dép6t couche a couche de polyélectrolgte (b) synthése des nanoparticules métalliquesc)(assemblage des
nanoparticules métalliques a la surface des partides de silice pour former les nano-résonateurs typeframboises » ; (d)
encapsulation des nano-résonateurs dans une fineoéce de silice et (bas) Images MET des nano-résonatsiype «
framboises » obtenus par assemblage (de gauche ditie) de nanoparticules sphériques d’or (10 — 50 nmde nanoparticules

sphériques d’argent (26 nm), et de triangles d’arg& (40 nm) sur des particules de silice de 100 niBarres d’échelle : 50 nm.

Les propriétés optiques de ces nano-résonateutsnsesurées a la fois par spectroscopie
d’absorption et/ou spectroscopie a modulation afgmpuis comparées aux simulations théoriques.
La comparaison entre les spectres théoriques dfriexgntaux suggére que les nano-résonateurs
obtenus a partir des particules sphériques d’od’atgent ont les propriétés recherchées dans le

visible (Figure 4). Des résonances électriquesagmatiques intenses ont été mises en évidence.
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Figure 4 — Comparaison des spectres (gauche) théguies et (droite) expérimentaux des nano-résonateutgpe « framboises »
obtenus a partir des nanoparticules d’argent de 26m.

Dans un futur proche, il serait intéressant derdeéteer et quantifier expérimentalement ces
deux contributions par diffusion de la lumiére piside. [Sheikholeslamil3] Il serait également
intéressant de substituer la particule centralesitiee par des particules a « patches » - i.e.
présentant des zones de fonctionnalités différentfin de contréler le nombre et/ou I'orientation
des particules satellites adsorbées en surface. degcait permettre de moduler et amplifier la

réponse optique de ces nano-résonateurs.

L’ensemble de ces résultats est trés prometteurlpqaremiére réalisation de matériau massif a
perméabilité magnétique artificielle.
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Introduction







A. What’s a metamaterial?

Metamaterials are artificial composite materials exhibiting extraordinary physical properties, not
observed in natural materials. This definition dates from the end of 1990s and qualifies different

kind of artificial materials in electromagnetism, but also in optic, acoustic, mechanic, thermic, ...

In this study, we focused on electromagnetic metamaterials. In electromagnetism, a material
could be described by both relative electric permittivity (e;) and magnetic permeability (u,). These

two relative components allow to define the refractive index of the material:

n=qep (1)

It is possible to represent the different classes of materials in function of the values of the couple
(e, n) (Figure 1). The white areas correspond to the conventional materials while the blue areas

correspond to the metamaterials.

L, (magnetic permeability)

Optical
magnetic materials

& (electric permittivity)

“Double negative” materials
(Index n < 0)

High-index materials ]

[ Zero-index materials ]

Figure 1 - Different values of permeability and permittivity that can adopt a material. White area: conventional materials,

and blue area: metamaterials with values of pn and &€ which don’t yet exist.

The permittivity and permeability of a conventional material depend on the response of the
different atoms (structural units) constituting the material. The original electromagnetic properties
of the metamaterial are induced by an appropriate structuring of the material. The structural units of
a metamaterial and the average distance between them have to be much smaller than the operational
wavelength in order to the whole material appears macroscopically uniform. Thus for visible light,
this “effective medium” requirement implies typical sizes of the structural units around a few tens
of nanometers. Then the infinite possibilities to tailor shape and size of the building blocks but also

to tune their composition, broaden the possibilities for the artificial material behavior.



B. Brief history

The notion of metamaterials was born in 1968 with V.G. Veselago which applied the Maxwell
equations to materials with both negative relative permittivity and permeability in order to study the
behavior of an electromagnetic wave in such material [Veselago68]. He showed that the
electromagnetic wave propagation was permitted. He called these “double negative” materials “left-
handed media” since the trihedral formed by the electric field, the magnetic field and the wave
vector is indirect, contrary to conventional materials for which the trihedral is always direct.
However the existence of this kind of materials remains hypothetical for thirty years because of the

absence of materials with a negative magnetic permeability.

We are indebted to J.B. Pendry and coworkers for the first theoretically demonstration that it is
possible to generate a magnetic response from objects without magnetic properties [Pendry98,
Pendry99]. They proposed a medium constituted of “split-ring resonators” (SRR) with size much
lower than the incident wavelength. Under the influence of the incident wavelength, the conductive

material generates a circular courant giving rise to a magnetic response.

It is in 2000 that D.R. Smith deserves credit [Smith00] for the experimental elaboration of the
first double negative material in the gigahertz range by associating the network of split-ring
resonators allowing the negative permeability with a material initially having a negative
permittivity, the metals. Thus, their metamaterial was constituted to millimeter-sized square copper
as split-ring resonators and copper wires, the whole giving both negative permeability and
permittivity in the microwave regime (Figure 2). Later, they confirmed that double negative

materials exhibited a negative refractive index [Shelby01].

Lu'

g = @

Figure 2 - Photograph of the first left-handed metamaterial consisting of square copper SRR and copper wire strips on fiber
glass circuit board material. The rings and wires are on opposite sides of the boards, and the boards have been cut and
assembled into an interlocking lattice [Shelby01].

C. Some expected applications

Since the first metamaterial manufactured in gigahertz range, the field of applications has been
growing exponentially, opening up new horizons for optics, electromagnetism, telecommunications

and information technology [Capolino09]. Many devices have been realized during the past years
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and are based on the control of the wave propagation by using dynamic, re-configurable and tunable
materials. An example of these devices is superlenses [Pendry00, Fang05]. These so-called perfect
lenses use metamaterials to go beyond the diffraction limit, which is an inherent limitation in the
conventional optical devices or lenses. Indeed, the light emitted or scattered from an object implies
not only propagating waves but also evanescent waves, which carry the subwavelength detail of the
object. The evanescent waves decay exponentially in any medium with a positive refractive index.
Thus the evanescent waves cannot be collected at the image plane by using a conventional lens
resulting in a diffraction-limited image. The use of a superlens, consisting of a planar metamaterial
with a negative refractive index, allows to compensate for wave decay and to reconstruct the image
of the object in the near field (Figure 3). Thus the resolution underneath the diffraction limit is

possible.

Image

Objects

Figure 3 - Schematic drawing of nano-scale imaging using a silver superlens that achieves a resolution beyond the optical
diffraction limit. The red line indicates the enhancement of "'evanescent' waves as they pass through the superlens [Fang05].

Another application in optical field is cloaking where metamaterials are used to bend light
around an object and so make it partially or wholly invisible to parts of the electromagnetic
spectrum (Figure 4-left). The first experimental demonstration was another time proposed by the
Pendry’s team in the microwave range [Schurig06, Pendry06]. The metamaterial was a multilayer
device constituted with an ensemble of circular films on which split-ring resonators are inscribed
(Figure 4-right). The size of resonators evolves regularly from the inner circle to the outer circle
conferring them different magnetic resonances. Thus the waveguide is allowed thanks to the

modulation of the refractive index and more exactly of the magnetic permeability in the material.

Figure 4 — (Left) 3D representation of an electromagnetic cloaking device [Pendry06]. (Right) Photograph of the first

prototype cloaking device operating in microwaves range [Schurig06].



Metamaterials can also exhibit a strong localization and enhancement of fields so they can be
used to actually improve the sensor selectivity of detecting nonlinear substances and to enable

detection of extremely small amounts of analytes [Ishimaru05, Jaksic10].

D. The current challenges

With the powerful modern techniques of micro- and nano-lithography, the size of resonators has
been stepwise decreased allowing the decrease of the operating wavelengths of metamaterials into
the visible domain [Soukoulis11]. The Figure 5 presents the progresses in the operating frequencies
of the metamaterials.
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Figure 5 - Progress in metamaterial operating frequency over the past decade. The empty triangles corresponds to
metamaterials with negative permeability and the solid triangles to metamaterials with a negative refractive index.
[Soukoulis11]

So far, theoretical and numerical studies on metamaterials for visible light have largely been
conducted. However, the current limit to the advance of this kind of metamaterials remains the
experimental section. Up to now, metamaterials have mostly been manufactured by “top-down”
technologies like the electron beam lithography [Boltasseva08]. These techniques have the
disadvantage of being quite expensive, slow and obtaining large areas and regular three-
dimensional arrangements is difficult. Thus, huge fabrication challenges remain, especially for the
most important case of three-dimensional devices: to manufacture a millimeter-size metamaterial
sample from individual structural units, that requires the assembly of 10 to 10™ nano-resonators
together. The individual and direct manipulation of such a huge number of nano-objects seems
unrealistic for large-scale applications. Thus, the combination of nano-chemistry, which is able to
finely engineer the required building blocks, with self-assembly techniques (“bottom-up”
approach), in which individual objects spontaneously organize under the effect of complex pair
interactions into highly organized 2D or 3D structures of various symmetries, will open the way to

new routes for the fabrication of metamaterials operating in the visible range.



E. Context of the European METACHEM project

This thesis is part of the European METACHEM research project which gathers 9 partners from
7 countries. The goal of METACHEM is to combine the extreme versatility of nano-chemistry with
the science of self-assembly in order to design and manufacture a new generation of metamaterials
operating in the infrared and visible range at a much lower cost than by electron lithography
techniques. One of strategies proposed in the project consists in the fabrication of 3D isotropic
metamaterials by self-assembling original nanoresonators which have precisely defined internal
architecture and are able to generate meta-responses (both magnetic and electric). This concept is
based on a very original idea from Alu et al. [Alu06] and its further extension by Simovski et al.
[Simovski09]. The model consists in the use of raspberry-like nanoclusters made of plasmonic
nanoparticles (gold or silver) covering a central dielectric particle as illustrated in the Figure 6 (left
image).

Figure 6 — Proposed design for nanocluster isotropic nanoresonators; (Left) General view of a cluster of metal colloids with
dielectric core (Right) a nanocluster made of six plasmonic trimers on a dielectric core.

Simovski et al. [Simovski09, Morits11] demonstrated that this particular type of architecture
allows the rise of both magnetic and electric resonances in the visible regime. The proposed design
possesses an electric resonance due to the polarization of the metal nanoparticles being mainly
parallel to the incident electric field (Figure 7-left) and a magnetic resonance by the effective
polarization rings of metal nanoparticles around the dielectric core (Figure 7-right) [Vallecchill].
This creates a negative magnetic permeability in a certain frequency range within the optical
spectrum. Since this cluster structure also has a negative electric permittivity, it has been shown
that, in a given frequency region, an optically dense array of these magnetic nanoclusters will make

a double negative medium (negative index) operating in the visible range.
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Figure 7 - (Left) Eléctric and (Right) fnagnetic resonaﬁt modes for a nahocluster. [Vallecchill]
However, later they showed that the magnitude of the resonance was not enough for this cluster
if the Drude model is replaced by experimental data obtained for permittivity of silver [Morits10].
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Thus to overcome the strong Ohmic losses in order to obtain a real negative permeability, they
proposed modifications of the nanocluster by replacing the plasmonic isotropic nanoparticles by
plasmonic trimers (Figure 6-right) that should provide a stronger robustness of the magnetic
response to Ohmic absorption in silver. Finally in 2011, they suggested a new modification of the
magnetic nanocluster [Morits11], which is now formed by eight silver triangular nanoplates
covering the dielectric core as illustrated in the Figure 8.

Figure 8 - A cluster made of eight plasmonic nanoprisms on a dielectric core (two points of view) [Morits11].

In both cases, the clusters diameter should be close to 100 nm to match the effective medium
requirement in assembled composites (nanoclusters diameter << A). Other phenomena such as
diffuse scattering, diffraction, photonic band gap may occur as the clusters’ diameter approaches the
wavelength A. From experiment point of view, Mihlig et al. have claimed optical magnetism at 660
nm for nanoclusters of size of 300 nm made of adhesion of gold particles of 20 nm onto a silica core
of diameter 260 nm [Muhligl1]. The size to wavelength ratio is only %2 and no effective medium

can be formed with so big clusters. So far, no experimental data are available for smaller sizes.

F. Objectives of this thesis

The objective of this work is to fabricate the isotropic nanoresonators that will be self-
assembled in order to fabricate artificial materials possessing ‘meta’ electromagnetic properties.
Among the numerous synthetic methods that have been developed, the chemical solution
approaches have been demonstrated to be a valuable route for obtaining nanocrystals and
nanoparticles with high control on size, shape, monodispersity, which are crucial parameters for
defining the final properties of such nano-sized matter. Such materials present many advantages
over those obtained by other means owing to the flexibility, not only in synthesis conditions but

also in post-synthesis processing.

Colloidal strategies in particular provide highly processable nano-objects, thanks to organic
molecules layer present at the surface, which represents an adjustable interface with the external
environment, thus allowing a careful control of the solubility and their specific chemical reactivity

toward the surroundings.

Within this study, several nanostructures will be developed corresponding to electric and/or
magnetic nanoresonators. They will be obtained by associating a small number of plasmonic

particles in a well-controlled geometry. The goal is to focus on the synthesis of silver satellite
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particles which is less lossy metal than gold. The following figure shows the geometry of the

different nano-clusters under investigation:

ve

(¥ ~N

cu&‘ \\+
¢

modified

Auand Ag silica bead
satellite nanoparticles

Raspberry-like nanoclusters
(i) (i) (iii)

Figure 9 — Strategy in three steps adopted in this work to prepare the raspberry-like nanoclusters: (i) synthesis of various

metal nanoparticles exhibiting different size, shape and composition; (ii) synthesis and surface modification of the silica beads
and (iii) assembly of metal satellite nanoparticles on the silica core beads to form the raspberry-like nanoclusters.

Some of the design are very challenging for fabrication, in particular the one based on triangular
silver particles. Other challenge will be to control the overall outer diameter of the different
nanoclusters. The present project will be based on the development of nanoclusters based on the
adhesion of spherical metallic particles of 25 nm and of triangular particles of 50 nm length and 15
nm thick onto a dielectric core of 80 nm. Of course, efforts will be also required to scale-up the
synthesis so that a sufficient quantity of nanoclusters can be produced to form a 3D dense material
made of a large number of nanoclusters. Once the nanoclusters will be prepared, they will be
concentrated and assembled into a real material in a form of a solid sample suitable for optical

characterization, without alteration of their magneto-electric response.

In the first chapter, the preparation of the different metal nanoparticles, subsequently used for
the elaboration of the nanoclusters, is presented (Figure 9-i). These nanoparticles can be synthesized

and scaled-up to produce sufficient quantities.

These optimized individual nanoparticles will be then self-assembled onto a preformed
dielectric spherical colloid (Figure 9-ii and -iii) using direct chemistry functionalization approaches
or exploiting electrostatic interactions. This is described in the Chapter 2. The optical properties of

the as-produced nanoclusters will be also measured and compared to the computed-ones.
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Chapter I

Synthesis of the metal satellite nanoparticles
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Chapter | Synthesis of the metal satellite namiglas

This chapter describes the solution-phase coll@galoaches that we used to prepare the gold
and silver satellite particles for the further fahtion of the raspberry-like nanoclusters. Wetfirs
summarize the main optical features of the metalinoparticles and the synthetic procedures for
the production of relatively large silver and gplalrticles of spherical shape in high yield and high
amount. We then review the synthesis of silver pasms. This section primarily focuses on the
advances made over the last ten years to the symthé& monodisperse silver nanoprisms by
colloidal chemistry approaches. We then describestted-mediated growth approach that we have
developed. A mechanism of growth is finally prophse

A. Main optical features of metallic nanoparticles

In the nanometer range size, metals are known Ve paysicochemical properties different
from those of the bulk. The size decrease implies increase of surface/volume ratio and the
appearance of specific properties especially intedaic, catalysis and optics. In the nanometer siz
regime, metals and more particularly silver anddgdiave unique optical properties highly
attractive for optical applications where largeimotion cross-sections and high electric field
enhancements are desired. The optical propertigeldfand silver nanoparticles are characterized
by the presence of surface plasmon resonances (BRR¢ visible range. Surface plasmons are
collective oscillations of the conduction electrdhat are confined to surface of the nanopatrticle
and that interact strongly with an incident electegnetic field (Figure 1.1).

E-field Metal

sphere

e

e cloud
Figure 1.1 - Schematic illustration of the cloud offree electrons in the metal responding to

an oscillating electromagnetic field.

The plasmon resonance manifests as an absorptiahwliaose width and position depend on
the metal characteristics and environing mediurneilbig95]. For spherical particles, the plasmon
resonance occurs at a single frequency situatéigeivisible range. This absorption is responsible
of the yellow coloration of silver colloidal susggons and the red coloration in the case of gold

colloidal suspensions (Figure 1.2).
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Figure 1.2 - Pictures and absorption spectra of ctbidal suspension of spherical (left) silver and {ght) gold nanoparticles.

For the small size particles (< 30 nm), the plasifinequency slightly depends on their size. For
spherical silver particles, the main plasmon fremyecan be tuned from 390 to 440 nm. Large
particles can exhibit additional bands, correspogdo quadrupole and higher multipole plasmon
excitation. For non-spherical particles, the abgonp and scattering cross-sections can be
calculated as soon as the polarizability is knowvilgy07, JinO1, Ozin05]. According to Mie
theory, in the case of oblate particles, the syspEssesses two separate plasmon frequencies
depending on which axis the electrons are oscilatalong (Figure 1.3-left). The resonance
frequency along the short axis is similar to the @f spherical nanocrystals, but the additional
resonance appearing to long axis is located at rfaweér frequenciesi.g. at longer wavelengths)
and can be widely modulated by altering the leraftthe elongated nanoparticle (Figure 1.3-right).
For other shapes, the absorption and scatterirgs®ections have been largely predicted through
numerical solutions using approaches such as tksaigole approximation (DDA), finite-
difference time-domain method (FDTD) and boundadsment method (BEM) [Wiley06]. The
number of plasmon modes increases the more thathidyge differs from a sphere. It is generally
observed that the vertices of the nanoparticley pla important role in the optical response,
because the sharper they become, the greater thikenwf resonance. It is also observed that the

more symmetric the nanoparticle becomes, the moeedhifted the main absorption.
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Figure 1.3 — (Left) Schematic illustration of the two dipole oscillation modes observed in the caseabngated nanoparticles

along the longitudinal (LO) and orthogonal (transvese (TO)) axis. (Right) DDA-simulated extinction speca of silver
nanorods having various aspect ratios (R) —a) R2, b) R=3 and ¢) R = 4 [Sarkarl11].

B. Synthesis of silver and gold spherical nanoparticke

Spherical silver and gold nanoparticles with colidtile sizes have been synthesized by a wide
range of chemical synthetic procedures as well lgernative synthetic processes, including
photochemical, sonochemical and microwave assistethods that do not require the use of
chemical reducing agents. The synthesis of spHepaxicles follows either the “nucleation and
growth” or “the seed-mediated growth” models [Fangsl/, Frens73, Brust94, Turkevich51,
Brown98, Janall]:

Nucleation and grow Autocatalytic growt

e
Mt PY M Nt : ®

Figure 1.4 - Schematic illustration of (left) “nucleation and growth” and (right) “seed-mediated growh” models.

In the case of homogeneous nucleation, the pagiziecan be precisely controlled by the ratio
of metal precursor to the capping ligand. In theeotcase, as an advantage over homogeneous
nucleation, seed-mediated growth allows to disagiéagrowth from nucleation, making easier the
control of the size of a product by simply varyiogncentrations on the growth step. The particle
size is generally controlled by the ratio of thefprmed nuclei to the metallic precursor. Both
approaches are versatile for accessing bulk pastidRegarding gold, it is possible nowadays to
prepare almost any imaginable particle size witbdggield and monodispersity by using one of
these two approaches [Millstone09, Sau04]. Foresilalthough different approaches have been
developed over the past decade, the progress ootiteol of the possible sizes is not comparable to
that for gold. The synthesis is more difficult dieethe strong reactivity of silver toward oxygen.
We describe in the following section the approaches we have used to elaborate silver

nanoparticles in the range size of 20-30 nm and paitticles in the range size of 10-50 nm.
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B.1 Synthesisof silver spherical nanoparticles of 20-30 nm diameter

Despite the myriad of synthetic protocols reporedr the past 30 years for the preparation of
Ag particles with any desired geometry [Xia09, Zyadb, Zhang09, PyatenkoO7, Silvert96,
Cobley09, Dong09, Mafune00, Pastoriza-Santos09ialp lacking is a simple and robust
procedure for the preparation of a large amoursipbieroidal particles with diameter larger over 15
nm with a relatively narrow size distribution. Xe& al. have reported a polyol preparation of large
silver nanoparticles with low size-dispersity ineostep [Zhang09]. This method is based on the
reduction of AgNQ in ethylene glycol as reductive liquid at high ferature in the presence of
hydrosulfide sodium and poly(vinylpyrrolidone) (PV&s capping agent. Once the concentration of
silver atoms reaches the supersaturation levey, blegin to nucleate and grow into large cubic-
shaped nanopatrticles. It was found that by introdu@an aged solution of sulphide ions in the
reaction medium the formation of cubic or othersatriopic shapes can be avoided and the process
can yield to the formation of large spherical silparticles in high yield. This is based on pregiou
findings from silver photographic technology whetlee presence of traces of sulfides and
polysulfides, in the range of ppm, affects the iplrtgrowth by accelerating the rate of silver ion
reduction. Due to the low solubility of silver sdié species, (AfH), nanocrystallites form
immediately and serve as a catalyst for the rednadf silver ions. Thereby, the introduction of
sulfide ions results in the fabrication of sphdrgarticles bounded by lower-energy surface facets.
The protocol was developed by Dr. Pascal Masségunis postdoctoral fellowship at the ICMCB

[Massel3]. It is described in the following section

Protocol 1 - Synthesis of silver spherical nanoparticles

In two different vials, 16.9 mg of sodium hydrasiglfwere dissolved into 10 mL of
ethylene glycol (EG) and 450 mg of PVP (Mw ~ 55,000l") in 15 mL of EG. Both
solutions were left to age for 4 h under stirrif@@ne hour and half after the preparation
of both solutions, 60 mL of EG were introduced thr@e-necked rounded flask equipped
with a reflux condenser and heated at 150°C for 20hunder stirring. The two others
necks were sealed with septa. Two hours later, Arjow was introduced in the
rounded-beaker via needle with a large diametere €ktremity of the needle should be
placed at the surface of the EG (not in the soitid hirty min later, 35 uL of NaHS
solution and 15 mL of PVP solution were introdugeda syringe in the EG. Then, 5 mL
of EG solution containing 120 mg of silver nitratere quickly introduced. During the
first 5 min, the solution colored dark yellow, therange after about 6 min. At this time,
the reaction should be stopped. For that, the radideaker was placed in an ice-bath
and 50 mL of absolute ethanol was added to decreawe quickly the temperature of
the reaction. Finally, the silver nanoparticles ssion was firstly concentrated (from
130 to ~ 10 mL) by using a Millipore Stirred Ultildation Cell with a regenerated
cellulose membrane (100 kDa). Then they were tearest from EG to water by
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repeating 5 times the ultrafiltation cycle with athanol solution containing PVP (3 g/L)
to ensure the colloidal stability of the particlasd finally 5 times with ultrapure water.

Absorption spectra regarding the reaction time wadsmission electron microscopy (TEM)
images of the as-produced silver spherical nanigpesttransferred in water are shown in Figure
[.5. After 6 min, the absorption spectrum of thdaidal suspension exhibited a sharp band around
405 nm characteristiof the dipole resonance of the silver nanospheris. full width at half
maximum (FWHM) was 27 nm confirming the size mospeéisity of the as-produced particles. As
the particle size increased with time, the bandstatted. By simply quenching the reaction with
ice-cooled water, it was possible to obtain silkanoparticles in the 20-30 nm size range. For all

samples, smaller than 30 nm, polydispersity nexeeeded 10%.
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Figure 1.5 — (Right) Time evolution of normalized alsorption spectra of silver spherical nanoparticle®btained via the polyol
approach after transfer from EG to water and (Right) corresponding TEM images after 5 min (top right) aml (left and
bottom right) 8 min of reaction.

The diameter of the particles was systematicaltgmieined from the TEM images, by using the
software Imaged, in order to analyse a large nundbgparticles (> 100). The corresponding
polydispersity index (PDI), which is the ratio been the mean diameter in massyjand the
mean diameter in number {(Dwas calculated with the Equation 1.1. For examphe silver
particles obtained after 6 min of reaction exhidbite PDI of 1.12 that confirming the size

monodispersity of the particles.

_ Dy _ ¥nj¥nidf
PDI = Dy = Tmd S d (1.LD)

Since the reaction was stopped before completiengould not estimate the final concentration
of silver nanoparticles by assuming that all thi¢ ssacted. The final concentration was actually

determined by inductively coupled plasma opticalission spectrometry (ICP-OES, Annex 1).
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Note that this method allowed the production of eryvlarge amount of silver spherical
nanoparticles. Typically, the concentration of srlvnanoparticles, before washing, was about
3.9x10" particles.I*. After washing, the particles were concentrated e final concentration
was typically [AgNPs] = 8x18 particles.[*. The as-prepared silver nanoparticles were staiili
with the PVP adsorbed on their surfaces. This cappgent induced a negative overall charge of
silver nanopatrticles, as confirmed by the measun¢miethe zeta potential. As shown on the Figure
1.6, when the pH of the suspension was above 2pdiicles exhibited a negative value of the zeta
potential evidencing a negative overall chargehef particles. However when the pH exceeded 8,

the overall charge (in absolute value) stronglyrel@sed due to a destabilization of the particles
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Figure 1.6- Curve of zeta potential of silver spheical nanopatrticles stabilized by PVP.
This one-step synthesis allowed us to producege lamount of silver spherical particles. They

clearly exhibited a net negative overall chargthsrange of pH 3-8.

B.2 Synthesisof gold spherical nanoparticles of 10-50 nm diameter

B.2.1 Synthesis of 10-nm gold nanoparticles

Contrarily to silver, the synthesis of large golthoparticles was performed via a seeded growth
approach which was adapted from the protocol pregds Ziegleret al. [Zieglerll]. The 10-nm
gold nanoparticles were firstly elaborated throulga conventional Turkevitch’s method. Then
these particles were used as seeds for furthertiraw order to obtain larger particles. The
synthesis was developed by Dr. Hélene Géhan daengostdoctoral fellowship at the ICMCB.

The 10-nm gold nanoparticles are usually synthdsibeough the simple and well-known
“Turkevitch’s method” which was pioneered by J. Kewich et al. in 1951 [Turkevich51], then
refined by G. Frens in 1973 [Frens73]. This appnoegnsists in the reduction of the chloroauric
acid as gold precursor with sodium citrate at higimperature. Due to the citrate ions serving as
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both reducing and stabilizing agent, well-dispersgold nanoparticles were formed. The
mechanism of this well-known reaction is still dissed nowadays. The gold nanopatrticles
obtained by this approach exhibited usually diamsdbetween 10 and 30 nm. It was shown that the
size of gold nanopatrticles could be modulated bying the molar ratio between citrate and gold
salt [Ji07]. Here, a modified protocol inspiredrfrahe Turkevitch’s method was chosen to produce

the 10-nm gold nanoparticles in high yield and hagtount (Protocol 2).

Protocol 2 - Synthesis of 10-nm gold nanoparticles

700 mL of ultrapure water were placed in a two-regtkounded flask mounted with a
reflux condenser and heated at 100-110°C under natelestirring. Then 50 mL of

aqueous potassium gold(lll) chloride solution (0r@®1) were introduced in the reaction
medium. When the gold salt solution reached 10@%0nL of aqueous trisodium citrate
solution (5.2 mM) were quickly added. The solupoogressively colored from yellow to
deep red. The stirring was maintained for 15-20 atid10°C.

The concentration of gold nanoparticles [AuNPs]p@mticles.}) was estimated by considering

the full reduction of the gold salt and calculasedfollows:

[Au]*M(Au)

[AuNPs] = %ﬂr3*p(Au) (12)

where [Au] is the concentration of gold salt in thedium (mol.[*), M(Au) = 196.97 g.mat, and
p(Au) 19.3 g.crit are the molar mass and the density, respectigaly,r corresponds to the radius

(cm) of the produced gold nanoparticles.

The as-prepared gold nanoparticles exhibited arg@hashape with a mean diameter of (10 £ 1)
nm and a PDI of 1.02 (Figure 1.7). The absorptipacsrum of the colloidal suspension exhibited a

band around 520 nm characterigifdipole resonance of the gold nanospheres.
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Figure 1.7 - (Left) Absorption spectrum and TEM imageof 10-nm gold nanoparticles obtained via the Turkeich’s method

and (right) the size-distribution calculated from 1090 particles.

Note that the 10-nm gold nanoparticles were staddliwith citrate ensuring them an overall

negative charge.
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B.2.2 Growth of gold seeds into larger particles

Once the diameter and the concentration of 10-nld ganoparticles were determined, they
were used as seeds for further growth in ordebtaio larger particles. This seed-growth approach
was an adaptation of the protocol proposed by Zregjl al. [Zieglerll]. The gold precursor was
reduced by a mild agent, the ascorbic acid (AA)pliasence of citrate which acts as stabilizing
agent. They proposed a growth mechanism of theidaggld particles wherein small gold clusters
were formed on the surface of the gold seeds, wdudisequently grow and result in a “blackberry-
like” intermediate shape of the gold nanoparticksplying heat caused an intra-particle ripening

process, which finally lead to a smooth spherieatiple shape.

The general procedure to grow the gold seeds isribesl below. Moreover, for clarity an
example of growth from 10-nm gold nanoparticles diotain 20-nm gold nanoparticles was
described in details at the end of the Protocol 3.

Protocol 3 - Synthesis of gold spherical nanoparticles

A certain amount of 10-nm gold seeds dispersiondilated to 20 mL of deionized water
in a three-necked flask. Then 10 mL of a soluiczontaining KAuCJ and 10 mL of the
reducing solutiorB containing trisodium citrate and AA, were addedhgitaneously but
separately to the medium at room temperature vaswinge pumps under stirring and
over a time of 45 min. As soon as the addition egasplete, the mixture was brought to
boiling (T = 90°C) and was maintained at this temgtere for about 1 h under stirring.
Finally the solution was allowed to cool down. BodutionA was prepared by diluting a
KAuCl, stock solution (5.29 mM) to 10 mL and the soluBowas prepared by diluting a
mixture of an AA stock solution (56.8 mM) and addium citrate stock-solution (34
mM) again to 10 mL. Note that the relative volura&or (Au:AA:Citrate) of all three
stock solutions were maintained constant for exgowth (8:2:1). Once the diameter
and the concentration of the gold nanoparticlesedeined, it was possible to use them
as seed-particle for a next growth to calculate tbgquired amount of gold precursor to
achieve a certain particle diameter for a next gtiow

For example, the synthesis of 20-nm gold nanopgasgticising 10-nm gold seeds was
performed as follows: 2 mL of 10-nm gold seeds N[R10] = 2x16° particles.L'") was
added to 18 mL of deionized water in a three-nedlkesk. The solutiod was prepared
by adding 2.71 mL of KAugktock solution to 10 mL, corresponding to the diarof
gold salt required (Rus.= 14.3x10° mol). The solutiorB was separately prepared by
adding 677 pL (= 2.71/4) of AA stock solution ar80 3uL (= 2.71/8) of citrate stock
solution to 10 mL of deionized water. TAe@ndB solutions were added simultaneously
but separately to the medium at room temperatusetwd syringe pumps under stirring
and over a time of 45 min. Directly after the aduitwas complete, the mixture was
brought to boiling (T = 90°C) and is maintainedthts temperature for about 1 h under
stirring. Finally the solution was allowed to catdwn.
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From this protocol four batches of gold nanopagsclvere produced with different diameters,
noted AuNP20, AuNP30, AuNP40 and AuNP50, respelstivEhe Figure 1.8 shows TEM images

and UV-Vis spectrum of each batch. They were chiaraed by a plasmon band near 525 nm. The

larger the diameter of the patrticles (from 20 tanbf), the more red-shifted the plasmon band (from

518 to 530 nm).
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Figure 1.8

- Absorption spectra and TEM images of gal nanoparticles with a mean diam

The TEM images of each batch revealed that all Syrthesized gold nanoparticles were

spherical and low faceted. The diameter and the f@Dleach gold nanoparticles batch were

calculated from the TEM images and are summarizedhe Table I.1. It reveals the high

monodispersity in size of the particles.

Table I.1 - Diameter and PDI of the AuNP20, AuNP30AUNP40 and AuNP50 calculated from TEM images and frona

minimum of 100 particles.

AuNP20 AuNP30 AuNP40 AuNP50
Diameter (nm) 20+ 3 33+6 409 50+ 8
PDI 1.04 1.07 1.09 1.07

As previously, the concentration of gold particleas determined by assuming that one gold

seed gives one larger gold particle. Note that gbkl nanoparticles from growth steps were

stabilized with citrate and ascorbate ensuring tharoverall negative charge.
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C. Synthesis of silver nanoprisms

Despite the advances in the colloidal synthesissibfer anisotropic particles, it is still
challenging to generate uniform silver nanoprisnith wontrollable size in bulk quantities. Before
describing the seed-mediated growth approach teabave developed, we first describe the main

characteristics of silver nanoprisms as well aswhe reliable routes to produce them.

C.1 State of theart on the main features and synthesis of silver nanoprisms

C.1.1 The main structural and optical features of silvernanoprisms

Silver nanoprisms are commonly described with adlad triangular morphology (Figure 1.9).
They exhibit three congruent edge lengths (), findd thickness (t), and more or less sharp tips

that contribute significantly to their optical aakctronic properties [Kelly03, Blaber1?2].

Thickness (t) ¢

Edge length (1)

Figure 1.9 — (Left) Sketch of a nanoprism and (Right schematic model of a single twin plane platelefElechiguerra06]

The nanoprisms are covered by {}Ifacets at both top and bottom surfaces and cottam
planes and staking fault(s) extending across the&eenanostructure [Bastys06, MurayamaQ9,
Germain03, Rocha07, Rodriguez-Gonzalez06]. Yetekaet nature of the side-facets geometry has
not been fully established. Their side faces wdaldt up with {10Q, {110} or {111} faces and
one or more stacking faults [Lofton05, Elechiguééia

The triangular nanoplates display four plasmon barl main resonance with a dipolar
character is always present with other secondagnances with lower intensities. By resolving
Maxell's equations for light interacting with a\a@k nanoprism, Schatzt al. have successfully
attributed these different extinction bands [JinB&Jly03]. The 700-nm and 470-nm peaks are
assigned to the in-plane dipole and quadrupolaermasresonances, respectively, whereas the 410
and 340 nm peaks are the out-of-plane dipole ardirgypole resonances, respectively. The main
resonance is very sensitive to the tips truncatimr. example, if a 12-nm region at each tip of a
prism of 100 nm is removed, the long-wavelengtlomesce at 770 nm for the perfect prism shifts

to 670 nm without changing the other resonancegi(Eil.10).
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Figure 1.10 - DDA simulations of the orientation aeraged extinction efficiency spectra of two silvenanoprisms in water.

(A) A perfect nanoprism (8512 dipoles are used irhe calculation) and (B) a truncated nanoprism (792@ipoles are used in

the calculation) [Jin01]

A red-shift in the position of maximal wavelengthi the main resonance but also the
appearance of higher multipole resonances at shoeeelength are expected as the edge length
and hence aspect ratio increases [Charlesll]. fedse of prisms’ thickness induces a red-shift
accompanied with an intensity increase of the nnesonance [AmendolalO]. Recently, Blaleér
al. have studied the optical response of a singlewcated and not-truncated, silver nanoprism
[Blaberl2]. They showed that silver nanoprisms viatth different truncation and size can have
similar maximum wavelength position{ay) and FWHM of surface plasmon resonances. By
contrast, the optical properties of silver nanapgswith the same truncation and size but different

thicknesses significantly vary.

Wiley et al. showed that the dipole resonance peak of thelairdisks is blue-shifted compared
to the one of triangular nanoplates since they theksharp corners (Figure 1.11). Note also that
disks absorb and scatter the light more strongbntkthe triangular nanoplates; their circular

symmetry gives them a larger effective dipole monjiériley06].
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Figure .11 - UV-Vis-NIR extinction (black curve), absorption (red) and scattering (blue) spectra ofilver (A) flat triangular
and (B) disk-like nanoparticles obtained using thdDA calculation. [Wiley06]
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The following figure summarizes how the positiontieé main extinction band changes when
thickness, edge length and truncation of nanoprisary. Note that the position of the weak

resonance near 340 nm is also sensitive to thepnignts thickness.
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Figure 1.12 - Theoretical spectrum of Ag nanoprismg100-nm long and 16-nm thick) in water. The arrows dscribe

the evolution of maximum wavelength position whenhtickness, edge length and truncation of nanoprismgary.

Since the dipolar mode have extremely high extomctcross-sections at relatively long
wavelengths and can be widely tuned by alteringiehgth of the nanoprisms, that offers to silver
nanoprisms a number of interesting applicationdiglds as diverse as photonics, ultrasensitive
chemical and biological sensors, labeling, and eptironics [Pastoriza-Santos10, Kelly03, Jin01,
Schatz06, Bastys06, WilletsO7, Charles11].

C.1.2 The different synthetic routes of silver nanoprisms

The anisotropic nanoparticles are usually prepargdg a template-directed approach or a
seeded growth approach (Figure 1.13).

- Via the template-directed approach (Figure 1.13th§ reduction of the metallic precursor
occursin situ, within a soft or hard template. Spatially confineemplates allows to produce
nanocrystals with shape different from the one aadufrom crystallography.

- Via the seed-mediated approach, the anisotropifacarchemistry may be controlled by a

capping ligand which specifically adsorbs on spedafystalline facets of the seeds and strongly

ot

influence the growth direction (Figure 1.13-b).
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Figure 1.13 — Schematic illustrations of a) the temlate-directed approach and b) the seed-mediated gwth
by using a protecting agent.
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Three recent reviews [Pastoriza-Santos10, Rycenga/lley05] and a book chapter [Tapan
K. Saul2] summarize the main approaches reportéterature to fabricate silver nanoprisms. We

briefly describe below some of the most efficiemd/@r simple and versatile routes.

C.1.2.1 An example of template approach

Van Duyne and coworkers have mainly developed taeospheres lithography (NSL) to
prepare arrayed triangular islands of silver depdsion metal oxide substrates [Hulteen95,
Hulteen99, Haynes01]. The NSL is a powerful techeidqo fabricate nanoparticle arrays with
precisely controlled shape, size, and interpartgpacing [Hulteen95]. This strategy has been
demonstrated to be suitable for tuning particlee sietween 20 to 1000 nm and can be applied to
silver with a good control over the shape and pa#icle spacing. This multistep method begins
with self-assembly of monodisperse colloidal namhesps (typically polystyrene or silica) onto a
substrate, which are then used as a mask duringleépesition of silver. After deposition, the
nanosphere mask was removed by sonication in dtih@sdting in surface-confined particles with
triangular footprints (Figure 1.14). The final siaed interparticle distance are determined by the
nanospheres diameter. Later on, the same authues demonstrated the possibility of releasing
into solution silver nanoprisms prepared by NSlptigh functionalization of the particles with
thiolated molecules prior to their release, to préwanoparticle aggregation [Haes05]. However,
some nanoparticles broke up during sonicationéréhease step, thus limiting further applications.

I

Figure .14 - SEM images of silver nanoparticle arays on indium tin oxide (ITO). The nanosphere diametewas 590 nm,

and the mass thickness of the silver film was 67 nrfzhang05]

Although this approach allows a good control of tmenoparticles shape, the number of
particles produced per batch is low. Moreover, shep of releasing the nanoparticles from the
substrate is difficult, limiting its use. Furthermepsol-gel approach does not allow producing small

silica particles (< 20 nm); consequently only lang@oprisms (> 50 nm) can be generated.
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C.1.2.2 The seed-mediated growth

The seed-mediated growth consists in the redudiailver ions by a given reducing agent in
the presence of a capping agent (surfactant, palyonesmall molecule) to guide the growth on the
surface of preformed seeds. The capping agent plagrsicial role in acting as shape-structuring
agent. Indeed, these molecules may block prefalgntertain crystallographic faces and favor the
development of anisotropic nanoparticles. Silvenamisms synthesis has to be induced via
chemical or photochemical reduction by using PViBate or cetyltrimethylammonium bromide
(CTAB) as capping agents.

e The chemical reduction

Reduction of silver salt in the presence of seeetfiicing agent and specific organic stabilizer
has been shown as a simple and easy process tagesdver nanoprisms in agueous or organic
environments. It “only” requires mixing of the reas under well-controlled external conditions.
These conditions have to be finely controlled idesrto avoid the formation of anisotropic particles

different from triangular nanoparticles.

- In.aqueous media

Stabilizers such as CTAB, PVP and citrate have bmatessfully used to prepare silver
nanoprisms in aqueous dispersions. For exampleéplCand Chen reported an approach consisting
in the reduction of silver ions (Apby ascorbic acid in the presence of silver s¢edss nm) and
highly concentrated CTAB capping agent [Chen02]ABTmay adsorb onto silver in a bilayer
fashion with the trimetylammonium headgroups of firet monolayer facing {111} surface.
However, the TEM images as well as the absorptpattsum of the resulting particles show that
the size and shape dispersity are large and theafigprisms are highly truncated (Figure 1.15-a)
and b)).

PVP and citrate are also representative surfacelatgg agents that are well-known to
kinetically control the growth rates of various & for the formation of anisotropic silver
nanoparticles on the basis of their excellent gutswr ability. In 2003, Xiaet al. showed that tiny
silver seeds (smaller than 5 nm in diameter) cdd@dransformed into triangular nanoplates with
sharp corners by refluxing an aqueous silver sdesgersion in presence of PVP and citrate (Figure
1.15-c and -d) [Sun03]. However, in the final cadlal suspension the size dispersity is rather large
small triangular nanopatrticles coexist with largaes. Both PVP and citrate ions would bind to the

specific seeds facets and slow down their growth peomoting anisotropic growth [Washio06].
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Figure 1.15 - a) and b) TEM image and absorption spemum of a dispersion containing truncated silver tiangular nanoplates

obtained with CTAB as capping agent [Chen02]; c) TEMmage of the silver nanoparticles obtained in presee of PVP and
citrate after a reflux treatment for 10 h and d) UV-Vis-NIR extinction spectra of the corresponding ageous dispersion

before and after refluxing. [Sun03]

Later on, the same authors proposed that the trianghaped nanoparticles would be rather
based on the existence of trimeric silver precw$&iong07]. These authors found that trimeric
clusters of silver are abundant species in commlegNO; powder and subsequent aqueous
solutions. These clusters may behave as nuclesites promoting the formation of nanoprisms. By
varying the reaction conditions, X&t al. proposed a more pertinent method to prepare ther si
nanoprisms over a tunable range of 30 - 200 nmy Thew that silver nanoprisms dimensions can
be adjusted by simply varying the ratio of PVP anrhte concentrations used at room temperature
[Zengl0b, Zeng1Oc].

Figure 1.16 - SEM images of silver nanoplates obtaed by repeating the seeded growth 4 times

in the presence of a) citrate or b) PVP, as cappinggent [Zeng10b].

The presence of citrate in the growth medium mawylten controlled particle growth laterally
(Figure 1.16-a) whereas the presence of PVP resuttentrolled particles growth vertically (Figure
[.16-b). The Figure 1.17 summarizes the growth naacdm. According to these authors, the method
could produce particles with 45 nm - 5 pm thick @&am - 200 nm large, respectively, by
confining the growth to a lateral or vertical mode.

29



Chapter | Synthesis of the metal satellite namigas

b)
a7 . d - &
y B, A
: L) )
{100} W{111} Na,CA =PVP

Figure 1.17 - Schematic illustration detailing themajor differences in terms of morphological and stuctural changes during
the successive, seeded growth of Ag nanoplates lre tpresence of (a) Citrate (N#CA) and (b) PVP. For the cross-sectional
views from the sides, the major directions of Ag gwth are indicated by thick black arrows. The stackng faults are indicated
by dash lines [Zeng10b].
However, the authors did not show any absorptioectsp; therefore it is not possible to

determine the actual size- and shape-dispersityeofesulting products.

- In_organic media

In organic media, a few methods of production ofrfsgoprisms have been reported. Pastoriza-
Santos and Liz-Marzan introduced the synthesislvérsnanoprisms by boiling DMF and reducing

silver ions in the presence of PVP [Pastoriza-S#itp After the reduction, the resulting particles
are particularly size polydisperse (Figure 1.18).
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Figure 1.18 - TEM images showing the growth of Ag naoprisms obtained by reduction in DMF in the presene of PVP,
at high Ag" concentration (0.02 M): (a) 5 min; (b) 15 min; (c60 min. [Pastoriza-Santos02]

They recently showed that the crystallinity of thiial seeds (preformed or generatedaitu) is
the main factor controlling the final particle mbglogy [Pastoriza-Santos09]. Yamg al. also
reported a one-step seedless solvothermal reducida also in DMF and PVP to synthesize high-
yield silver nanocrystallites with different shapesluding triangular, hexagonal, and enneahedral

plates, nanocubes, nanorods, and polyhedrons [Ydn86nolysis approach has also been reported
to produce Ag nanoplates but with a large sizeitigion [Jiang04].
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e The photoinduced method

Although chemical reduction methods with variouagents are simple and convenient, the
reaction has to be carefully adjusted for particalaplications. An excess of reducing agents, their
oxidation products and the surfactants used fomated reduction may contaminate the final
particles. Alternative approaches such as photomamethods that do not require the use of

chemical reducers and thermal heating have beandineloped to produce anisotropic particles.

We described below the most pertinent approachepgpe silver nanoprisms in high yield and
low size dispersity [Jin01]. In this method, thévesi nanoprisms were synthesized through the
irradiation of preformed citrate-capped silver se@lameter = 6 - 8 nm) with visible light by using
a conventional fluorescent tube and in the presearichkis(p-sulfonatophenyl) phenylphosphine
dehydrate dipotassium (BSPP). They showed thataselting colloids were single crystal silver
nanoprisms with thickness of (16 + 1) nm and edggth of (100 = 15) nm. Initially, the authors
proposed a simple mechanism based on the formatiextremely small spherical silver clusters (2
to 4 nm) and small nanoprisms (5 to 10 nm edgethspglue to a photoinduced fragmentation of
larger silver seeds. These nanoprisms then serseeals and grow as the small spheres are digested
(Figure 1.19).

°,° o ': Nl

Figure 1.19 - Conversion of silver nanospheres intaanoprisms. [Jin01]
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Later on, they reported the possibility to synthesielatively monodisperse nanoprisms with
larger edge lengths (30 - 120 nm range) and ank&k of (9.8 + 1.0) nm, by using a dual-beam

illumination of the nanoparticles (Figure 1.20)r{08].
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Figure 1.20 - Unimodal growth of nanoprisms using dal beam excitation. (a) Schematic diagram of dudbeam excitation. (b)
Optical spectrum (normalized) for 6 different-sizednanoprisms (1-6 edge length: 38 + 7, 50 £ 7, 6+72 + 8, 95 +11, and
120 + 14 nm) prepared by varying the primary excitéion wavelength with secondary beam at 340 + 10 nr{c) Edge length as
a function of the primary excitation wavelength. (df) TEM images of Ag nanoprisms with average edge lgths of 38 + 7 nm
(d), 72 £8 nm (e), and 120 + 14 nm (f). Scale bapplies to panel d-f. [Jin03]

The irradiation has to be performed at two appaiprivavelengths that overlap the dipole and
quadrupole plasmon resonances of the final sila@oprisms. The primary one may facilitate slow
growth of the prism and the secondary one may sgsrism fusion (Figure 1.21).

A A A
Figure 1.21 - Schematic diagram of the proposed lig-induced fusion growth of Ag nanoprisms. [Jin03]

The conversion time was long (about 20 ~ 50 h)itocbuld change significantly with different
excitation wavelengths and intensities [Wu08]. Xi&l. proposed that the citrate ions involved in
the reduction of silver cations onto the silverdsesurface and that the BSSP which strongly
coordinated to Af promote the oxidative dissolution of the smalleil clusters (Figure 1.22)
[Xue08].
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Figure 1.22 - Proposed photo-mediated growth pathwaof Ag nanoprisms from spherical nanoparticles [Xe08].
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It has been observed that the BSPP can be reptgcind PVP, but the conversion rate of seeds
into anisotropic particles becomes lower [Machulakior03]. If the reduction mechanism has been
determined, it is still challenging to understahd main parameters at the origin of the anisotropic

growth.

C.1.3 Synthesis strategy adopted in the present work

The last decade is marked by great advances iayttithesis of silver nanoplates, especially in
controlling the yield and monodispersity. The Talbl2 summarizes the possible length and
thickness ranges accessible by these differentoappes as well as their main advantages and
limitations. This study reveals that the most sesfid approach for producing triangular
nanoparticles with desired dimensions for this w@B-nm length and 15-nm thick) is the
photochemical one. It allows the production of ailmanoparticles with a narrow size distribution
in aqueous environment. It has thus been tested ievdwes not allow to produce the triangles in
large-scale. In the meantime, the seed-mediatet@ iolaqueous medium developed by Xtaal.
has also been considered since it would allow teegde silver nanoprisms in bulk quantity. This
latter may also allow a control of length and timeks [Zeng10b]. The results obtained via these

two approaches are described in following section.
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C.2 Thephotochemical route

As outlined earlier, the synthesis of silver namgps via the photochemical route appears to be
the most reliable approach to prepare monodispigsiiangular particles over a tunable range of

40-60 nm length. Trials were thus performed anddaseribed in the following section.
C.2.1 Protocols

C.21.1 Synthesisof silver seeds

Tiny silver clusters were used as seeds for thevarsion into larger silver triangular
nanoparticles. These suspensions of seeds werarpdeps follows:

Protocol 4 - Synthesis of silver seeds for the photochemical route

A 47.5 mL aqueous solution containing silver nérgd.10 mM) and trisodium citrate
(0.31 mM) was prepared in a 100 mL two-neck rouedkier and immersed in an ice-
bath. Argon was bubbled through the solution forrah to remove oxygen then the
Argon flow was kept constant at the surface of gbkition throughout the reaction.
Under vigorous stirring, 1 mL of cold and freshigepared aqueous sodium borohydride
(50 mM) was quickly added into the solution. Fipad.5 mL of agueous BSPP (5 mM)
was added. After 1 h of reaction, the flask wasoneed from the ice bath. Stirring and
argon flow were maintained for 5 h at room temperat The solution colored light
yellow after NaBH addition and the color intensified as the reactmmmtinued at room
temperature reflecting the formation of tiny paes (d < 5 nm) in the solution. The
seeds were then used for the photo-conversion psoté after their preparation.

C.2.1.2 Photo-conversion process

The dispersion of preformed silver seeds was thexdiated in order to convert them into
triangular nanoparticles. The photo-conversionafaspheres was performed in quartz cell (1 cm)
by keeping the dispersion under stirring over thecess. All the photosynthetic reactions were
monitored by UV-Vis spectroscopy after few hoursroddiation. The reaction was stopped when
the spectrum stopped to change. Two facilities wesed: one using laser sources with different
emission wavelengths (OXXIUS) and one using Xermond equipped of optical bandpass filters to
select the irradiation wavelength. Only the resalitained with the Xenon lamp are shown below,
i.e. with a set-up similar to the one described inlitegature. With the laser as excitation sources,
we found that the frequency of irradiation used hadrastic effect on the transformation of the
silver clusters. When the irradiation was perfornsda wavelength higher than 500 nm, the
preliminary seeds evolve into anisotropic nanopkasi with polyhedral shape. However, the size
and the shape dispersity were rather large duleettiigh photo-conversion rate induced by the use

of laser.
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With the use of the Xenon lamp set-up shown in F&gu23, silver nanoprims could be
generated. The set-up was based on the use of ali§favilamp as a light source (150 W) with
different optical bandpass filters (diameter = 28nband width = 40 nm, Thorlabs). The optical
filters allowed investigating the effect of excitat wavelength on the size and the shape of tta fin
nanoparticles. The Xenon lamp source showed n#élatlgmission in the visible range and was thus

ideal for our experiments.

F-UV — §
----- @1/ Seeds suspension
F-AC L-UV M1 F-VIS ~ i I

Xe lamp
(150 W)

F-AC: heat-resistant filter

L-UV : lens for condensing light on the sample

M1: Longpass Dichroic Mirror, 50% Trans./Refl. at 425 nm
M2 = M3: UV Enhanced Aluminum Mirror

F-UV: Bandpass Filter in UV

F-VIS: Bandpass Filter in visible

Figure 1.23- Schematic illustration of the set-up guipped with a Xenon lamp

The distance between the reactor and the lightubudpndow was ~ 30 cm. The double
irradiation was performed by placing a dielectricror between the Xe lamp and the sample. This
mirror allowed transmitting the visible and reflect UV light (50%) at 425 nm. By taking into
account the results of the literature [Jin03], thradiation of seeds dispersion at a wavelength
comprised between 400 and 550 nm may vyield to tleelyztion of triangular nanoplates with
length of 30-70 nm. A second beam at 340 nm ormf&0should prevent the fusion of particles in
formation. A lens was placed between the Xe langpthe sample in order to allow the irradiation
of the whole suspension and thus to obtain moreoatisperse objects with narrow size and shape

distribution.

C.2.2 Results

Seeds were produced by reaction between Agaltd NaBH. The reduction (Equation 1.3) is
known to be fast due to the large difference exishietween the redox potentials of NaBHyne"
(NaBH/NaB(OH)) = -1.24 V) and A§ions (Bue (Ag7AG meta) = 0.80 V).

NaBH, + 8 AgNO; + 4 H,0 - Na[B(OH),] + 8 Ag® + 8 HNO; (I.3)
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In the experimental conditions described above,rdastion was expected to be quantitative
since the borohydride was used in excess. Notehkeateaction was performed at low temperature

to reduce the decomposition of NaBid water (Equation 1.4).
NaBH, + 8 H,0 - Na[B(OH),] + 4H, (l.4)

The citrate ions and BSPP, whose chemical strustame shown below, were used as stabilizers

O
O ONa P
ONa E?@/ \Qﬁ?
NaO KO-S S-0OK

HO O I ® 2H20 I

during the seeds production.

@) @)

Trisodium citrate BSPP
Figure 1.24 - Chemical structure of trisodium citrate and BSPP.

Seeds had an average diameter of (4.1 + 0.8) nmaendharacterized by a narrow plasmon
resonance at 385 nm (Figure 1.25-yellow). A duasheirradiation at 340 and 500 nm of the
suspension containing the silver seeds was perfthriviagnifying the spectrum of seeds revealed
that their absorbance spanned the entire visilolgeravhich means that these nanoparticles could be
excited by a visible light. Thus, an excitatiorb80 nm of the seeds induces a photo-fragmentation
of a small proportion of the seeds absorbing atwrEvelength and their further dissolution into’ Ag

ions by the oxygen present in the dispersion thndhg following equation:
4Ag% 1o+ 0,+2H,0 > 4Agt_, +40H" (1.5

The smaller silver seeds were progressively conduamel the Agions were concomitantly
reduced by citrate on the nanoparticles surfactm new objects with a SPR greater than the
excitation wavelength. As shown on the TEM imaggFe 1.25), by submitting the silver seeds
dispersion to a dual-beam irradiation at 340 nm @@ nm, small triangular nanoplates, with an
edge length of (19 £ 3) nm and a thickness of (8 fxim were generated. These particles were
characterized by a narrow and intense band at B8@nd a lower intense one at 335 nm on their
corresponding absorption spectrum (Figure 1.254eucprve). The band near 400 nm revealed the

presence of a low amount of residual sphericalseed
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Figure 1.25 - Absorption spectra and TEM images of tk silver nanopatrticles dispersion before and aftethe dual-beam

irradiation at 340 nm + 500 nm for 44 h of the seedispersion stabilized by BSPP.
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This first test appeared very promising for prodgciriangular nanoparticles in the desired
range size. In order to get nanoprisms of a ldegegth (50 nm), irradiation at longer wavelength of
the primary beam (550 nm) was performed while theosdary beam was kept at 340 nm
wavelength. In such conditions, the dispersionddrprogressively green then blue upon irradiation
after few hours. Then, it became slightly turbiteaf50 h. The corresponding absorption spectra
were drawn on the Figure 1.26. A decrease in intgrd the plasmon band at 400 nm with the
concomitant growth of a small band at 335 nm andnéense plasmon band near 700 nm was
observed. After 42 h, the 400-nm band had totalgmgpeared while the 700-nm plasmon band had
increased in intensity and large shoulders at highavelengths were appeared, evidencing the
formation of triangular nanoplates and the fusibsane of them. The TEM image corresponding
to the 42-h-spectrum confirmed the formation of fimngular nanoparticles with an edge length of
20-200 nm and a thickness of 8 nm.
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Figure 1.26 — (Left) Absorption spectra and TEM imageof the 5-h-aged silver nanopatrticles dispersion obined before and

after the dual-beam irradiation at 340 nm + 550 nmjRight) Photograph of the silver nanoparticles dipersion

500 1300

at different times upon irradiation.
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C.2.3 Conclusion

Although this approach seemed very promising, teiopmed experiments did not reach our
expectations. The irradiation of a seed disperstabilized with BSSP vyielded indeed to the
formation of Ag nanoprisms. However, narrow sizepérsion was not achieved. The use of a
second beam at lower wavelength did not inhibit th&ion of nanoprisms. The particle size
distribution was systematically broad when the efaton of nanoprisms with length lower than 70
nm was attempted. The study of some experimentahpeters allowed us to better understand the
conversion mechanism, but not to resolve the prmobtd inhomogeneity. Since the project’s
specifications requires large amount of particlas further 3D assembly, a more appropriate

synthetic method was developed.

C.3 Thechemical reduction approach

In this section, we introduce the results that Wamed with an alternative synthetic process,
based on the seed-mediated growth approach. Bas#tkditerature study introduced earlier, we
have chosen to adopt the seed-mediated proceduetoded by Xiaet al. [Zeng10b] which allows
a control of both length and thickness of the naisops by using citrate and PVP as capping
agents. The principle is the following: initially\g suspension of crystalline silver seeds is
synthesized by reduction of AgN@ith NaBH, in presence of citrate as stabilizing agent. Abtér
of aging at room temperature, these seeds areptaead in a growth solution containing the silver
precursor, PVP and citrate. This solution is slogtgpped into an aqueous solution of ascorbic
acid which plays the role of reducing agent. Ateéne of the reaction, they obtained a cyan solution
containing nanoprisms with an edge length and tt@sk estimated to 45 £ 15 nm and 5.0 £ 0.5 nm,
respectively. Then, these nanoplates can be useséems for successive depositions of silver to
produce plates with larger edge lengths and these® They showed that adding citrate promotes
the lateral growth and the formation of silver tiplates with large lateral dimensions from 45 nm
to 5 um by repeating this seeded growth while agléi'P promotes a thickness increase from 5

nm to 200 nm after several seeded growths.

The first tests performed using the existing protded to the formation of Ag nanoprisms but
with a large size distribution. The Figure 1.27 wisoa photograph of the resulting blue dispersion,
the corresponding TEM image and the absorptiontspec As it may be seen, the synthesized
objects were predominantly triangular in shapeHhad a very broad size distribution resulting in a

wide absorption band to longer wavelengths andadsi and diffusing dispersion.
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Figure 1.27 — Photograph, TEM image and absorption spctrum of silver triangular particles obtained
with [AgNO 3] = 0.07 mM, [AA] = 0.35 mM, [citrate] = 1.25 mM, PVP] = 0.03 mM and 0.2 mL of seed dispersion.

In order to optimize the size and shape distrilmytidentify the most critical components and
understand their contributions to the nanostrucaw@ution, a set of experiments was conducted.
The following part describes this study and reveals/hich conditions homogeneous thin plates

can be formed. A growth mechanism is proposed.

C.3.1 Optimized experimental procedure
The suspension of seeds was prepared as follows:

Protocol 5 - Synthesis of silver seeds by the chemical approach

Typically, 49 mL of an aqueous solution containkgNG; (0.1 mM) and trisodium
citrate (0.3 mM) were prepared in a 100 mL two-reetkound bottom flask and
immersed in an ice-bath. The solution was bubbléd a¥gon under constant stirring for
30 min to remove oxygen. Then the argon flow was éenstant at the surface of the
solution throughout the reaction. Under vigorousrstg, 0.5 mL of agueous NaBH
(cold and freshly prepared, 50 mM) was quickly atldgo the ice-cold solution. The
reaction was allowed to proceed for 15 min, andimfyithis time, 3-5 drops of NaBH
solution were added every 2 min to the solutioertsure complete reduction of the*Ag
ions. Finally, 0.5 mL of aqueous PVP or PSS (5 rhg/and 0.25 mL of NaBHwere
added to the solution in a drop wise fashion oveb-min time period. After 1 h of
reaction, the flask was removed from the ice ba&htring and argon flow were
maintained for 4 h at 20°C to allow the excess @fohydride to be decomposed by
water.

The clear solution immediately turned light yellosfter NaBH addition and the color
intensified as the reaction continued at room teatpee evidencing the formation of small silver

spherical particles in the solution.
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The seed suspension was then used directly fqordparation of the silver nanoprisms. During
the growth step of the Ag seeds, we observed figaditder of addition of the reagents had a strong
influence on the kinetics of formation of the atispic particles and therefore their size dispgrsit
The order of addition of reagents was changed reiglard to the Xia’'s protocol (Figure 1.28).

Growtt solutior
(PVP, Citrate, AgNG)

N

AgNO;,

o

Citrate|
PVP

Figure 1.28 - lllustration of different order of addition of the reagents.

In the procedure described in the literature [Zé&j,lthe growth dispersion containing silver
seeds, PVP, citrate and Aghl@vas dropwise introduced into the aqueous solutiontaining
ascorbic acid (AA). As shown earlier, this procedwielded to the synthesis of triangular
nanoplates with a large size distribution (Figug9igreen curve). The progressive addition of the
growth solution into AA favored the direct nucleati onto seeds as well as the additional
nucleation due to the low seed concentration iheoreaction medium. The concentration of AA
being larger than the one of silver ionic precur@A] >> [Ag?]), the rate of reduction was
relatively fast leading to the progressive growth tibe both types of seeds. Consequently,
nanoparticles of different sizes were produdedrder to narrow the size distribution, the ordér

addition of the reagents was modified.

Growth solution AA AgNO,
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Figure 1.29 - Absorption spectra of silver nanoprisns dispersion obtained for different order of reagats addition, with

[AgNO;] = 0.09 mM, [AA] = 0.14 mM, [citrate] = 1.63 mM, PVP] = 0.04 mM and [seeds] = 1.2%vol.

When the aqueous solution containing AA was intoedlinto the growth solution, the solution
colored gradually and became green. This mode ditiad narrowed the size distribution of new
formed silver nanoprisms. However, it strongly feasthe secondary nucleation and the formation
of spherical particles.
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When AgNQ was introduced progressively into the growth solutithe nanoprisms became
the dominant population without bimodal distributidn this third mode of introduction, Agons
were in default in the solutionAA] >> [Ag™]) promoting their fast reduction. The silver atoamsl
clusters formed in the early stages of the reactombined with the silver preformed seeds
favoring the preparation of relatively uniform despion. This mode of addition was thus adopted in

the following study. The protocol developed wasftiilwing one:

Protocol 6 - Preparation of silver nanoprisms

Typically, 100 mL of ultrapure water were mixedhatiDO mL of aqueous AA (0.5 mM),
3.5 mL of as-prepared 4 h-aged seeds, 38 mL ofcagu®VP (0.7 mM in terms of
monomer units), 38 mL of aqueous trisodium cit(&@ mM) in a 500 mL round flask.
Then, under magnetic stirring, 12.5 mL of aqueogsdl®; (2.5 mM) was added to the
solution in a dropwise fashion with a rate of adusht fixed at 10 mL/h. The solution
progressively changed color via yellow, orange kpipurple and finally blue then it was
intensifying as the addition of silver precursorsa@ntinuing. Throughout the reaction,
the mixture was maintained under ambient atmosphek at ~ 20°C. Moreover, the
silver precursor solution and the round flask conilag the growth solution were
protected from light exposure.

C.3.2 Study of the crystalline structure of the silver seds and nanoprisms

These silver seeds were similar to the ones us#éukiprevious photochemical route. Only the
nature of the polymer used as stabilizing agent wlasnged (PSS or PVis. BSPP). The
absorption spectrum, TEM and HRTEM images and digteibution of these small clusters, formed

under high supersaturation conditions, are showsigare 1.30.
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Figure 1.30 — (Top) Absorption spectrum, size distthution (from 273 particles), (Bottom) TEM and HRTEM images of silver
seeds prepared with [AgNQ] = 0.09 mM, [NaBH,] = 1.22 mM, [Citrate] = 0.30 mM and [PSS] = 0.05/4.

42



Chapter | Synthesis of the metal satellite namiglas

As determined by statistical analysis from TEM imsgthe average particle size was (3 + 1)
nm. The colloidal suspension absorbed at 383 nrarackeristic of dipole SPR of small Ag
nanospheres, and possessed an exceptionally naemodv(FWHM = 43 nm) confirming the high
monodispersity of the as-produced patrticles. A atiarization of their crystalline structure was
performed by scanning transmission electron mi@pgc(STEM). The bright-field (BF) and
corresponding annular dark-field (ADF) STEM imagesgeal that silver seeds were crystallized in

face-centered cubic (fcc) structure (Figure 1.31).

2 nm

Figure .31 — (Left) BF- and (Right) ADF-STEM imagesof Ag seeds viewed from (top) side or from (bottonthe top.

Most of the seeds seemed exhibit an icosahedrgbhotrgy with a five-fold symmetry when
the particle was viewed from the top and a thrég-$ymmetry when it was viewed from the side.
Icosahedron exhibits twenty {111} facets and cqroesls to one of the more stable structure

shapes of very small silver clusters (< 5 nm).

When a small amount of the seeds dispersion wasdunted in a growth medium containing
silver nitrate, AA, PVP and citrate at room temper@, the Ag nanospheres could be quasi-entirely
transformed into thin and flat nanoparticles, yiedd a transparent blue dispersion with an
absorbance maximum in the NIR (Figure 1.32). Faumalized surface plasmon resonance peaks
were observed, indicating the presence of thinfetdhanoparticles once the seeded growth was
initiated. The dominant extinction peak at 700 naswhe in-plane dipole resonance mode, whereas
the three weak bands near 332 nm, 450 nm and 50@armthe out-of-plane quadrupole, out-of-
plane dipole and in-plane quadrupole modes, reispedct

43



Chapter | Synthesis of the metal satellite namiglas

=
SN

]
e

=
N
I

1.0 -

0.8 -

Normalized absorbance
=
N
1

Wy

0.0 T T T 1 U
300 500 700 900 1100 1300
Wavelength (nm)
Figure 1.32 - Absorption spectrum of the nanoprismssynthesized in a growth medium containing PVP anditrate.
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These observations were consistent with the chematt resonance bands for Ag triangular
nanoplates of ~ 55-nm length [Jin03]. TEM analysifirmed that the prevailing shapes were
triangular nanoplates (95%) coexisting with hexajand circular ones (5%) (Figure 1.33). As
observed when they were stacked perpendicularlthéosubstrate, they were thin and flat in
agreement with the optical observations. Theirkimss was ~ 5 nm.e. slightly higher than the

dimension of the seeds (3 nm).

viewed from the top (left) and from the side (righj.

Their crystalline structure, in particular, theidesface structure was finely characterized in
order to disclose the mechanism involved in theoparticles growth using HRTEM and electron
tomography. HRTEM characterization revealed thatheparticle was a single crystal. The
corresponding Fast Fourier Transform (FFT) of thengle aligned along a <111> zone axis is
shown in Figure 1.34 - right. Two sets of spots evedentified based onml-spacing and the
corresponding reticular spacings were measuredhenHRTEM micrograph associated to the

previous FFT (Figure 1.34 - left).
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2203 d=14 A

Figure 1.34 — Zoom of a HRTEM filtered image of a diver nanoprism and the corresponding FFT along a <11I> zone axis.

The outer set one with a spacing of 1.4 A (triagpleas indexed as {220} planes whereas the
inner one with a spacing of 2.5 A (circles) wasgrssd to the 1/3 {422} forbidden Bragg reflection
and justified as 3 x {422} lattice spacing of thecfsilver crystal [Germain03]. This forbidden
reflection was already observed for both silver gottl nanoplates [JinO1]. The existence of this
forbidden reflection presumably reveals the presesia single {111} stacking fault lying parallel

to the flat top and bottom {111} surfaces and erieg across the entire nanoplate.

This stacking fault was clearly evidenced by elmtttomography which allowed a detailed
morphological and structural 3D-characterizationtlod nano-objects. The electron tomography
analysis was performed in collaboration with O.dérgnd I. Florea at the Institut de Physique et
Chimie des Matériaux de Strasbourg (IPCMS, Stragfjoand its principle and experimental
procedure are described in Annex 1. The electramotpaphy was performed in STEM mode in
order to collect simultaneously two complementanages. Commercial 5-nm gold beads were
previously deposited on the microscopy grid, whithyed the role of fiducial markers for the
alignment step of projections images. The nanopblwsen for the acquisition should be in the
orientation of tilt axis and surrounded by few gbkhds. STEM images were then collected every
2.5° from -72.5° to +70°.

The 3D-reconstruction of the volume of the analyzeshoprism made evident the single
stacking fault parallel to the large {111} facedgiite 1.35). The existence of that kind of single
stacking fault led to a triangle side constitutgdo inclined lateral planes as previously destib
by Bégels [Bogels97, Bogels98]. HRTEM as well ascgbn tomography experiments allowed to
identify those lateral planes as {100} ones becarsangle of ~ 55° was systematically measured
between the stacking fault and the two facets mktiess corresponding to the interplanar angle

between {100} and {111} planes in a cubic system.
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a1y

{] 1 ]}s!ocking fault

Figure 1.35 - Up (left) ADF-STEM projection at 2.5°tilt angle of a nanoprism (scale bar = 20 nm). 5-nrgold beads were
previously deposited on the grid as fiducial markes for alignment; (right) High resolution lateral view of the Ag nanoprism
laying on its side. Down: Two outside views of theD modeling of the nanoprism showing the presencd the stacking fault

parallel to the flat faces and extending across thentire nanoplate. Schematic illustration of a se@n of one side of the

triangle with the identification of surface planesconstituting the edges of side faces.

This kind of particle shape is deriving from a cotatnedron composed by six {100} square
faces and eight {111} triangular ones. It is getentaby truncating the vertices of a cube or
octahedron at 1/2 edge-length. The remaining ahgdlas now to understanding the mechanisms
leading to such a geometrical feature.

C.3.3 Study of the influence of many parameters on the gwth reaction of Ag nanoprisms

A set of experiments was performed in order to ri@tee the influence of many parameters
(e.g.the order of reagents addition, the atmosphet®) and identify the specific roles of each
reagent €.g. metallic precursor (AgN§), reducing agent (AA), seeds and capping ageitraite,
PVP)) in the growth process and finally to propasgrowth mechanism of silver nanoprisms. All
the studied parameters are not detailed in thisosedut only the most influencing on the final

shape, size and distribution of the final products.

C.3.3.1 Influence of light and atmosphere

Silver is known to be strongly sensitive to lighg well as oxidation. We thus studied the
influence of light and atmosphere on the nanoprisymthesis. By following the evolution of the
PAg (pAg = - log [Ad], where [Ad] corresponds to the free Agpns concentration) of an aqueous

silver nitrate solution with time, we observed agressive decrease of the amount of freé Ag
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when the solution was exposed to light in comparigo the one maintained in the dark (Figure
1.36). The experimental protocol to measure thdwtom of the pAg is described in Annex 1. This
decrease of pAg was due to the presence of reséluans naturally present in water. UV-light

initiated a redox reaction between 2and Clions as:

Ag*t + ClI™ + light > Ag* + Cl + e~ Oxidation (1.7)
Agt +e” - Ag° Reduction (1.8)
25E
253 | eenns
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Figure 1.36 — Evolution of electrode potential of ailver solution (JAgGNO;] = 0.21 mM) protected or exposed to daylight.

Silver is also well known to be sensitive to oxidat(Equation 1.5). No significant change of
particles size was observed once oxygen was remagaeargon bubbling. However, we found that
oxygen slightly affected the morphology of the ghaanoparticles via the oxidation of the atoms at
highly energetic sites (the corners of the nanams)s[Zeng10a]. Synthesis in the presence of O
yielded to the formation of more rounded nanopkegicin the meantime, we observed that the
synthesis under argon favored the secondary numedtiring the growth step and the formation of
spherical by-product particles. Inert atmosphees@rmnved the nascent silver clusters to oxidation.

Thereatfter, all experiments were performed unddyiams atmosphere and protected from the light.

C.3.3.2 Roleof seeds

In the absence of seeds, a typical Ag nanocrystaighesis produced irregularly shaped
particles with size from 50 nm to 100 nm (Figu@8lI- right). The standard redox potential of free
Ag'/AQ® (-1.75 Wwne) was so negative that the spontaneous formatiorAgf clusters was
unfavorable in an agueous solution [Henglein93]e Taduction reaction of silver ions with AA
(Equation 1.9) required many hours for completibiote that ascorbic acid lost 2 electrons by its
oxidation to form the dehydroascorbic acid (Dha] #mese electrons were used in the reduction of

silver ions into metallic atoms as follows:
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HO HO

O o o)

HO —= HO b+ 2e

0 OH o o
(HAA™) (Dha)
2Agt + 2e” > 2Ag°
HAA™ + 2Ag* - Dha + 2Ag® + H* (1.9)

Figure 1.37 — (Top) Half-reactions of ascorbic acidnd (Middle) silver ions and (Bottom) the final rediction reaction.

Rather drastic changes occurred when the tinyrssigeds were added to the growth solution. In
presence of seeds, the reaction produced, within rfenutes, nanoplates with a narrow size
distribution and the spectrum systematically exkibia main absorption band in the 650-750 nm
range. As explained in the following sections, tisiape was strongly dependent on the chemical
and redox environment. Seeds served as favore@atiart sites for the heterogeneous nucleation
during silver ion reduction, since the energetiaibafor heterogeneous nucleation is much lower
than for homogeneous nucleation. The change ofioga@te induced by the presence of seeds was
monitored by recording the decrease of redox piatiers. silver electrode of an aqueous solution of
silver nitrate as function of time after the adultiof AA in absence or in presence of Ag seeds
(Figure 1.38 - left). Note that before the additmiithe reducing agent, no strong change of paknti
occurred upon addition of seeds into the aqueolusico of silver ions, indicating that the majority

of the silver ions were still free in solution.

| AA addition

No seed

AE,,

With seeds

100's
—

Time
Figure 1.38 — (Left) Time evolution of the potentialof a silver electrode ¥s. Ag/AgCl) upon addition of AA (0.17 mM) in an
aqueous solution of A (0.2 mM; [seeds] = 1.2 vol.%; initial pH = 6.5; afer 400 s pH = 3.8). No stabilizer was added.
(Right) TEM image of the irregularly-shaped silver nanoparticles formed without premade seeds

in presence of PVP and citrate.

In presence of seeds, the introduction of ascatid led to a sudden drop in the number of free
silver ions (Figure 1.38 — blue curve). It was iatited to the reduction of Agnto the silver nuclei.
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The metal particles possess a large surface aredh sbrves as a substrate for electron-transfer
reaction. It clearly helps to efficiently catalyttee decomposition of AA through the Equation 1.10
[Henglein93, Novo08]. The shape analysis of thé ggnsumption curve showed that it could not
be fitted to a first or second order rate law. listmtherefore be concluded that several processes
contributed to the decay of the Agoncentration. Kinetically, the transfer of tw@ekons to the
seeds forms Ag", followed by reaction Ag* with Ag® to yield Ag..ox(Equation 1.11). A second
kinetic path could consist in the addition of ‘Alp Ag, (Equation 1.12) and the electron transfer

from the AA to formed Ag.(Equation 1.13).
Ag, + x HAA™ & Ag2*™ + xDha + xH* (1.10)
Agl™ +2xAg* © Agnip  (1111)
Agn +Agt o Agyy (112)
2Agt. ., + HAA™ & 2Ag,., + Dha+H*  (1.13)

The rate of the reduction is controlled by the maftehe electrons picked-up from AA by the
particle and the migration of silver ions to thed® Both reactions can efficiently compete with th
conventional reduction reaction of silver ions wAlA (Equation 1.9), even when few seeds are
present. At longer times, a decrease in the reslucte was observed due to the increase of the
seed size as well as a continuous decrease ofHhef phe solution. The larger particles grow
slower than the smaller ones. Moreover, the redoctif Ag” with HAA™ releases Hions in
solution. Changes in pH as dramatic as 3 or 4 wése observed after introducing AA in the

absence of stabilizer. This induces a deceleradibithe reduction rate of silver ion which is

consistent with the pH dependent reduction actwitthe ascorbate.

C.3.3.3 Influence of seeds characteristics (size, nature) on the final morphology

Control experiments confirmed the importance of skeeds size on the catalytic anisotropic

growth process.

¢ Influence of size and crystalline structure of seeds

Seeds of different sizes were produced by chanbi@gature of the stabilizer used during their
production. Seeds were prepared with both citrai@ RVP or with citrate or PVP only or by
replacing PVP by PSS. TEM images of each seedemisms are displayed on the Figure 1.39 with

the temporal evolution of their corresponding apson spectrum in air.
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Figure 1.39 — (Top) HRTEM images and (Bottom) the coresponding absorption spectra with time evolution ofhe different
Ag seeds suspensions with [AgN{pP= 0.1 mM, [NaBH,] = 1 mM, [citrate] = 0.3 mM and [PVP or PSS] =5 g/mL.

When both PVP and citrate were present in the atiole step, the extremely fast nucleation
yielded to the formation of pseudo-spherical stitetseeds with an average size of (4 £ 1) nm as
observed by TEM. Seeds had little imperfectionso#b87 % of the particles were single-
crystalline structures; the rest had a twinned dre twin contacts formed during the nucleation
were probably due to error-stackings of atoms @mmaiiches of lattices. The absorption spectrum
exhibited a plasmon resonance at 392 nm charaeateoissmall spherical Ag nanoparticles. No
change was detected up to tfeday when a slight red-shift of the plasmon band wleserved.

By producing seeds in the presence of citrate onlgVP only, the size and the stability of the
tiny particles changed. The HRTEM analysis revedbed large silver seeds (> 10 nm) with a large
number of imperfections (stacking faults or twimgre produced. We observed a strong tendency
for two, three or more seeds to stick together tstw@ld ripening and adopt an elongated
morphology. The electrostatic repulsion providedtly citrate molecules was too weak to avoid
the seeds agglomeration. After one day, the fimatlypct was Ag nanoparticles absorbing both at
400 and 420 nm due to the coexistence of bothtewbland agglomerated seeds. In contrast, well-
separated particles with almost spherical morphploigdiameter about (10 £ 2) nm were found
when the reduction of the silver precursor wasiedrout in presence of PVP only. The seeds size
increased compared to the ones obtained with bo#tecand PVP which was evidenced by a slight
red-shift of the characteristic plasmon band comgdo the one observed when both citrate and
PVP were present. No strong evolution of the aligmrpspectrum was observed within few days
revealing that the presence of the polymer prevémesseeds from coalescence. PVP clearly

ensured a better stabilization of the Ag seeds thartitrate ions. Moreover, we observed that the
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reduction rate was faster in presence of PVP dmdy twith citrate only confirming also the poor

complexation of the Agions with the functional groups of the polymer.

By substituting the PVP by the poly(sodium 4-stgsulfonate) (PSS), which is known to
strongly interact with Ag species via its sulfongup, tiny seeds of 2.5 + 0.6 nm could be
obtained. The tiny Ag seeds absorbed at 380 nmpmsdessed an exceptionally narrow band
(FWHM = 50 nm). However due to their very smallesigeeds stabilized with both citrate and PSS
were not stable overtime. They were highly reacéind sensitive to Ostwald ripening. The color of
the seeds dispersion gradually changed from yettowark green in few days when it was kept
under stirring in ambient conditions (air atmosgheataylight). The colloidal destabilization was
followed by spectroscopy (Figure 1.39). An intergsfion of the plasmon band was first observed
up to the & hour when a decrease in intensity accompanied avitenlargement and a red-shift
occurred. After several days, the plasmon bandachenistic of small silver nanospheres continued
to decrease but it was accompanied with the corteotmapparition of a shoulder near 340 nm and
a plasmon band at higher wavelengths. These nesmpla bands were characteristic of the

formation of large, polydisperse and aggregateaparticles.

The UV-Vis spectra of the silver nanopatrticles dedi from the previous different seeds under
the same growth conditions are described in tharEi$440. Note that during the catalytic process,
we observed that the large seeds (~ 10 nm) affdbedate of reaction by at least one order of
magnitude. For example, it took about few minutsdomplete reduction of a 2.1 mM A@ns
solution in the presence of tiny seeds (< 5 nm)jendibout 60 h were required in the presence of
large seeds {10 nm) due to their lower reactivity. The larged®which possess a large number of
imperfections had a lower chance in changing tlsbiape and became stuck in their initial
morphology. When used during the growth step, thgstematically produced slowly pseudo-
spherical particles which absorb around 425 nmgh kield (75%), the rest (25%) being irregular-
shaped nanopatrticles. In contrast, the small sgesam), once introduced in the growth medium,

yielded mainly to plate-like nanostructures in pinesence of a metal-coordinating stabilizer.
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Figure 1.40 — UV-Vis spectra of Ag nanoparticles gnwn from citrate-stabilized seeds (10 nm),
PVP-stabilized seeds (10 nm and 5 nm), PSS/citras¢abilized seeds (2.5 nm) ([AgN@ = 0.21 mM, [AA] = 0.34 mM,
[citrate] = 3.90 mM, [PVP or PSS] = 0.09 mM and [seds] = 1.2 vol.%).

These observations demonstrated the importandeafded size on the anisotropic growth. The
smaller the seeds, the higher the active surfaze amnd the better the yield in nanoplates.

e Highlighting of the growth process from Ag seeds

To elucidate how the growth proceeds, from oriented agglomeration of seeds or a single
seed, the silver precursor was substituted by d gadcursor, the potassium gold(lll) chloride, in
the step-growth. Similarly with silver precursdretreduction of gold ions by ascorbic acid (Figure
1.41) was promoted on the surface of the Ag seeds.

3HAA™ - 3Dha + Ht + 6e™
2Au3T + 6e” — 2Aut + 2~ - 2AU°

3HAA™ + 2Au3* - 3Dha + 2Au® + 3H*
Figure 1.41 - (Top) Half reactions of ascorbic acid(middle) gold ions and (bottom) the final reductia reaction.

The Figure 1.42 shows TEM micrographs of the gadaparticles produced by using the silver
seeds stabilized with both citrate and PSS in ailireolution containing gold ionic precursor. Two
populations of particles were present: large fitoparticles and spherical particles of smalleg siz
produced by new nucleation. Close inspection oflétenanoparticles showed that they possessed a
hole of (2.5 + 0.6) nm diameter in their core, close to the dimension of the PSS-citrate Ag seeds
The phenomenon was due to the slow growth conditepplied here which did not allowed the
deposition of a sufficient layer of Au atoms ontg 8eeds to protect them against etching by ClI
and AuCl. Consequently, Ag seeds were galvanically oxidiagdhe gold salt (Equation 1.15)
thanks to the difference in the redox potentialsvben Ad/Ag (+0.799 Wwe) and AuCt/Au
(+0.93 W) [Skrabalak07].

3 Ags + AuCl; - Aug + 3Agt +4Cl1~  (1.14)
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In contrast, the spherical particles produced flammogeneous nucleation, did not exhibit such
a hole. These observations clearly indicate thah&wnoplates emerged from the growth of a single
seed and not from agglomerated seeds.

"0°*

0wl

20 nm 20 nm 10 nm

Figure 1.42 —TEM images of gold nanoparticles synttteeed from silver seeds.
[KAUCI 4] = 0.21 mM, [AA] = 0.34 mM, [citrate] = 3.90 mM, PVP] = 0.09 mM and [silver seeds] = 1.2%uvol.

A similar scenario might be operative in the cafsthe formation of Ag nanoplates wherein the
introduction of seeds smaller than 5 nm led togélective reduction of Agon the seed surface.

Hence, these overall results confirm that the rédnof Ag" to Ad® only occurs at the surface of
the seeds and each seed gives rise to a singlelasno

¢ Influence of seed nature

Besides the size of the seeds, their nature wasimigortant. Interestingly, we observed that
when gold crystals seeds (3 - 4 nm) stabilized dyiycitrate (Protocol 7) were introduced in the

growth medium, octahedral nanoparticles were predweith a relatively narrow size distribution
(Figure 1.43).

Protocol 7 - Synthesis of gold seeds stabilized with citrate only

250 pL of an aqueous solution of KAgCLO0 mM) and 500 pL of an aqueous citrate
solution (10 mM) were introduced into 20 mL of wateder moderate stirring. Then 30
uL of a cold aqueous NaBHO.1 M) solution was quickly added under vigorstiging.
Stirring was maintained for 1 h at 20°C.
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Figure 1.43 — TEM and absorption spectrum of silvemanoparticles obtained by growth of gold seeds stéized with citrate.
[AgNO3] = 0.21 mM, [AA] = 0.34 mM, [citrate] = 3.90 mM, PVP] = 0.09 mM and [gold seeds] = 1.9% vol.
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Some flat nanoparticles were also formed but in lamount. The size- and shape-
monodispersity was evidenced by a very narrow giteor band at 412 nm. In the presence of gold
instead of silver seeds, the growth rate of thé émo {111} and {100} faces of the Au seeds was
probably similar leading to the cuboctahedral shapserved.

C.3.34 Roleof the capping agents

As illustrated in the Figure 1.44, the chemical ironment of the growth medium had a strong
effect on the shape of the final nanostructures.

Medium rich -: > Medium rich in

in PVP Free carboxylate species /PVP carboxylate species

Figure 1.44 - Morphology dependence of silver nanapticles grown with premade seeds (stabilized witPSS and citrate).

In a medium rich in citrate ions, thin nanostruetukith sharp corners and high aspect ratio
were obtained. The citrate species strongly affeetchemical potential and the relative growth
rates of the different seed faces. The use ofteiicns alone results in triangular nanoparticbes;
in order to control the size distribution and avtie coalescence, it is important to induce the
growth in the presence of a weak amount of the lustaective polymer. In the absence of a
protective agent, monodisperse triangular particlese prepared only in an extremely diluted

solution.

In a medium rich in PVP, we also obtained plate-litanostructures, but with rounded aspects.
This indicates that PVP also alters the kineticghefrelative growth rates of the {100} and {111}
faces, but the difference from each other is lothan that induced by the citrate species. This is
assigned to the weak interactions of the macromtdsowith the metal precursor and the seeds in
comparison to the citrate species as evidenced éentrochemical measurements.

N

NsAg

et o OF°

Figure 1.45 - Complexation of Ad ions by PVP.

Upon addition of PVP to an aqueous solution ofesilnitrate, a slight decrease of the relative
concentration of free Agwas observedMVAg = VAgw,-VAgQw = 0.6 + 0.1 mV) where VAg, and

VAg., are the electrochemical potential before and after introduction of the stabilizer,

54



Chapter | Synthesis of the metal satellite namigas

respectively; whereas the introduction of citraystematically yielded to a net decrease of the

relative concentration of free silvek\(Ag = 5.0 = 0.2 mV) (Figure 1.46).

| Stabilizer addition
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Figure 1.46 — Time evolution of the silver electrodg@otential of an aqueous solution of silver ions (21 mM) upon addition of
organic stabilizers. ([Citrate] = 3.90 mM, [PVP] =0.091mM).

The citrate formed a complex with silver ions & ttarboxylate groups which absorb around
300 nm (Figure 1.47-top) [Dongl0, Jiangl0, Hend&8in Clear sols were obtained for solutions
with molar ratio[Cit] /[[Ag’] higher than or equal to 3.0 (Figure 1.47-bottom)tHe case of smaller
ratio, the sols were more or less turbid. At thesaof 18-20, mostly used, only a small fractidn o
Ag" ions is bound to the citrate. The latter conclosi® based on the observation that the UV-
absorption of the Cit-Agcomplex had not reached a saturation value whem\th concentration

was further increased [Djokic08].

o_ _0O AgO.__0O Ago.__0O . AgO._ O
+Ag* +Ag* +Ag
07 07 07 OH 07 AgO OH 07 AgO OH OAg
o My o g o g o g
Citrate (AgCit¥- (Ag.Cit) (Ag4Cit)
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Figure 1.47 — (Top) Complexation of silver ions by itrate. (Bottom) Absorption spectra and corresponding photograph of

mixture solution of AQNO; and citrate with different molar ratios.
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Figure 1.48 compares the kinetics traces obtainia an aqueous solution of silver ions which
contained citrate or PVP as additive after the tamldiof ascorbic acid. The citrate considerably
delayed the consumption of A the earlier stages of the growth. After 30rdy® % of Ag had
reacted with ascorbic acid. After this long incubattime, a sudden consumption of Atpok

place, the result being a smooth curve of sigmatiape with a half-height time of 5 min.

AA agdition AA addition
%

[EEN

PVP + Cit

PVP + Cit

Normalized AE (a.u.)

No stabilizer

([Ag].-[Ag])/([AG]..-[Ad] )

PVP

0 200 400 600 800 0 200 400 600 800
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Figure 1.48 - (Left) Change in intensity of the eletochemical potential of silver upon addition of asorbic acid in aqueous

o

solution of silver ions in the presence of seeds@marious stabilizers (no stabilizer, citrate and/o PVP).

(Right) Kinetics traces as function of the nature bthe organic stabilizer.

By comparison of the rate constant for the reduactbsilver ions with no stabilizer, one can
roughly estimate that the reaction was slowed ddwnre factor 16 to 10. The rate constant
decreased as the concentration of citrate increabeid delayed reduction was caused by the
complexation of the free silver ions as well asliiving of the seeds surface with citrate. Surface
atoms with incomplete coordination are always foondsilver particles [Henglein99]. The weak
nucleophile carboxylate groups donate some eledsorsity to the particle surface [Henglein99,
Munro95]. By this time, the citrate ions becamedbeninant capping agent on the nanoparticles. It
formed like a monolayer at the metal surface invg\hydrogen-bonding interactions. This created
a strong electrostatic repelling layer on surfadectv retarded the particle-mediated electron
transfer from ascorbic acid to silver ion as walltae migration of the silver ion and the anionic
complexes (AgCit)®™". It is this kind of silver reduction which madeetparticles grow smoothly.
The slow and continuous supply rate of the reagtikecursors results in deposition to sites of
lowest free energy. This clearly aids anisotropgwedopment. Citrate also serves as buffer, as it
binds the H forms. Homogeneous reduction conditions can beataiaied throughout the solution
(pH = 6.8). Stable pH avoids a decapping of theawig stabilizer from seeds that could be
observed in acidic medium when the citrate speafesentirely protonated. The effect was not as
pronounced when PVP was used as stabilizer. Thanaolchains did weakly complex the silver
ions (Figure 1.46) and conferred a lower surfacargé to the particle. In the presence of PVP only,

the pH continually decreased during the growth masthe experiment without stabilizer.
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Consequently, the reduction process was only appairly 80% complete after 5 min. In the
presence of both stabilizers, the retarding effe@$ not surprisingly more pronounced than that
observed in the presence of citrate. Owing to Wws$febing action, the citrate stabilized the

concentration of Hyielding to the formation of nanoplates which werere uniform in size.

C.3.35 Role of the protonation state of the citrate and ascorbic acid on the final

characteristics of nanoparticles

From the first sets of experiments, we observed titeate has a strong influence on the
complexation of silver species and therefore timetic rate of the growth and that the nanoparticles
growth process in the citrate/PVP medium was higllysitive to the experimental pH values. The
pKa values of citrate are 3.1, 4.8 and 6.4 (Fidu¥@) while the pKa values of ascorbic acid are 4.1
and 11.6.
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Figure 1.49 — The different molecular structures andpercentage of citrate species present in soluti@s function of pH.

The pH of the growth solution was adjusted to u#sig@H values and then kept constant
throughout the reaction by adding a solution ofimificid (10 mM) or a solution of sodium
hydroxide (10 mM). It was observed that the regntptapacity of the citrate was small in the 7.5-
10 pH range and thus the pH dropped during the gpa¢ipn due to the formation of silver
hydroxide (AgOH) and the release of pfoduced by oxidation of AA. The amount of O&tided
in the solution had thus to be increased for kepfhe pH of the reacting medium constant in this
pH range. The pH regulation was monitored on atotr T70 from Mettler Toledoc{. Annex 1).

Distinct coloration was apparent at the end ofrteetion for the different preparations in the 3-10
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pH range. The Figure 1.50 shows the photographsorabion spectra and corresponding TEM
images of the dispersions at the most significkhvalues.
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Figure 1.50 - (a) UV-Vis absorption spectra of Ag anoparticles synthesized at different pH values. {liPhotographs of the
corresponding colloidal suspensions. (c) Schematltustration of the morphology of the silver nanostuctures observed as
function of pH. (d) TEM images of the as-synthesizesilver nanostructures. Scale bars = 50 nm. ([AgN£= 0.14 mM;
[AA] = 0.19 mM; [citrate] = 3.99 mM; [PVP] = 0.09mM; [seeds] = 1.2 vol.%).

- At pH 3.0, the dispersion turned to orange gragudlhe absorption spectrum, characteristic
of non-triangular thin particles (disk-like), wascorded at the end of the reaction. It exhibited an
intense band at 550 nm and two weak bands at 4808336 nm. TEM confirmed that circular
nanocrystals were the dominant products with a ndéameter of 50 nm.

- At 3.0 < pH < 5.0, a net color change was obtaifidwk blue color characteristic of high-
aspect ratio nanoparticles was observed. A lagiém of large triangular nanoparticles that were

irregularly shaped and of different sizes was fatnas evidenced by the broad plasmon band
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centered in the near IR in the absorption specttanization of the surface by citrate carboxylate
groups induced a net elongation of the nanoplatdgavored the formation of flat crystals (~ 74%)
with a triangular shape compared to the case of @Hvith identical silver concentration.

- As the pH was further increased up to 6.4, the aimk shape became more uniform and a
higher proportion of flat nanoparticles were progtlid~ 90%). The monodispersity of the Ag
nanoparticles was reflected by the narrower anderspmmetrical band centered at about 700 nm
and the weak intensities of the shoulder in the-300 nm area in the extinction spectrum. As the
preparation was performed at higher pH value (up.f), the triangular particles became more
truncated.

- In basic media, a net blue-shift of the main absomnpband was observed. It was
accompanied by an increase of the band charaatenétthe spherical particles. There was
significant nucleation of new particles favoreddyincrease of the reduction reaction rate due to
the unprotonated form of the ascorbic acid (note&’)A Additionally, the presence of a high
concentration of OHinterfered directly on the process of coordinatdiAg” and Ag seeds by the
citrate species. The strong binding of AgOH ratiaea in terms of the value of Ks of AQOH
(1.52x10°) resulted in isotropic passivation of the ovessleds surface via an AgOH layer and
promoted isotropic growth.

- Finally above pH 10, fast coloration to deep yellwas obtained and there was no longer

evidence of nanoplate formation.

The scheme of Figure 1.50 summarizes the predornslapes obtained as well as the variation
of charge of citrate ions and ascorbic acid with pHlering the protonation state of the carboxylate
groups of the citrate as well as the ascorbatenguhie growth process has dramatic impacts on the

uniformity in size and shape of the nanoplates.

The generation of uniform triangular nanoplates walaarly favored in slightly acidic solutions
when the pH was maintained constant at abouti®6in the presence of a high proportion of
citrate (HCif) and ascorbate monoanion (HAAThe rate of nanoparticle growth was dependent
on the concentration of the monoanion and was cesgly highly pH-dependent around the pKa
of the ascorbic acid. Moreover, a change in thdaramation of the adsorbed species at the particle
surface might also occur as a function of the pHa klightly acidic solution, the citrate would be
predominantly present as HEiform. This chemical specie probably adsorbed irather flat
conformation. As the acidity of the solution wasrgased, protonation of the citrate species occurs
and the possibility existed that theCGit” and HCit species extend further in solution than does th
HCit> specie. Previous investigations had shown thag tmb of the carboxylate groups would
bind to the surface, leaving the third one nornoalthe surface [Kilin08, Henglein99]. This would

explain why HCit" was key specie for achieving the uniformity oftjzdes shape. The selective
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adhesion of HCft on a given facet had not been observed directtinguhe nanocrystal growth,
but the theoretical studies and the experimentakofations might suggest that the adsorption of
the HCif” would be favored on the {111} surface relativetie {100} one because of geometrical
considerations. This would explain why the yieldredngular shape increased at pH = 5.6.

C.3.3.6 Can thecitrate be substituted by another carboxylated compounds?

Since the monoprotonated citrate allowed to gebha $ize and shape control, we explored the
possibility of substituting the citrate with otherarboxylated compounds containing two

deprotonated carboxylate groups similarly to otlesearch groups [Zhang11b].

Disodium succinate and disodium malate were tesidte succinate exhibits only two
carboxylate functions while the disodium malateibith two carboxylate and one alcohol functions
(Figure 1.51).

NaO @]
0 0
ONa NaO
NaO OH )—ONa NaO ONa
0 o) @) @) OH
pKa,= 3,1;pKa, = 4,8;pKa; = 6,4 pKa=4,0;pKa, = 5,6 pKa= 3,4;pKa, = 5,2
Trisodium citrat: Disodium succina Disodiummalate

Figure .51 - Molecular structures of trisodium citrate, disodium succinate and sodium malate.

Absorption spectra and corresponding TEM microgsaphthe colloidal suspensions obtained
with the various carboxylated compounds are shawthe Figure 1.52. The use of malate instead of
citrate induced the formation of flat objects wahmore or less triangular shape. The obtained
particles were more rounded and thicker than witifate. This resulted in a blue-shift of the main
resonance from 700 nm (with citrate) to 510 nm amed-shift of the weak resonance characteristic
of the thickness from 333 nm to 340 nm. The useuwfcinate induced the formation of thin
nanoplates with a thickness intermediate (7.9 +rir) than that of citrate (4.7 £ 0.5 nm) and
malate (14.5 £ 1.8 nm). An additional band at 450 emerged probably due to the presence of
hexagonal nanoparticles in the dispersion.
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Figure 1.52 — TEM images and corresponding absorptio spectra of dispersions obtained by using citratéed),

succinate (blue) or malate (green) as capping agemnd with [AA] = 0.17 mM, [AgNO;] = 0.21 mM,
[citrate] or [succinate] or [malate] = 3.90 mM, [PW] = 0.09 mM, and [seeds] = 1.2 vol.%.

We observed that the reaction rate of reductiodgifspecies was faster with succinate than the
one with citrate. This could be explained by thedo amount of Af complexed with succinate in
comparison to citrate species. This was confirmgdhie electrochemical measurements (Figure
[.53). The addition of succinate in an aqueoustsmiuof silver ionic precursor induced a lower
decrease of the potentidi\(Ag = 1.8 £ 0.2 mV) than the one observed withatér¢s.5 mV in the

presence of citrate) for identical concentratiohsileer ions.
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Figure 1.53 — Time evolution of electrode potentiabf a silver solution when citrate is added.
[AgNO;] = 0.21 mM and [Succinate] or [Citrate] = 3.90 mM.
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Moreover, in the presence of succinate, the kinteséices essentially keep their sigmoid-shape
but were temporally reduced by a factor 2 (FiguBl). This confirmed that the colloids were
produced more rapidly in presence of succinate ihgmesence of citrate. Consequently, thicker (8
nmvs.5 nm for citrate) and smaller nanoprisms were peed in comparison to those obtained in

the presence of HCit
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Figure 1.54 - (Left) Comparison of the variation ofthe electrochemical potential of silver upon additin of ascorbic acid in

aqueous solution of silver ions in the presence séeds and succinate or citrate and (Right) the coesponding kinetics traces.

As for citrate, the uniformity in size and shapesvs&rongly dependent on the protonation state
of the carboxylate groups. Figure 1.55 presentsatbsorption spectrum and typical TEM image of
colloidal suspensions obtained with succinate atfitiad instead of citrate at two different pH

values.
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Figure 1.55 - Absorption spectra and correspondinglEM images of silver nanoplates obtained with succirta at pH 5.0 (red
curve) and 7.0 (blue curve), with [AgNQ] = 0.21 mM, [AA] = 0.34 mM, [succinate] = 3.90 mM[PVP] = 0.09 mM
and [seeds] = 1.2 vol.%. Scale bar of the insets58 nm.

While fully protonated (KHSucci) or partially protonated (HSugcsuccinate caused a greater
percentage of shape impurities (disk, spheres)ytipeotonated succinate led to nanoparticles with
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a well-defined triangular morphology and well-defthSPR features in the absorption spectrum. At
pH = 7 {.e. above the pKa values of succinate (Figure 1.56¢) bands were sharper and more
symmetrical, which reflected more uniform size gttions than at pH = 5. The pH of the solution

should be around 7 and lower than 9 to avoid hicentration of OHions and the formation of

AgOH.
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Figure 1.56 - The different molecular structures andthe percentage of succinate species as functionp.
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We also wondered if polyacrylic acid (PAA) exhibigi a carboxylate group in its repeat unit

(pKa 4 - 4.5) could allow to control the shape arm@ distributions (Figure 1.57).

N~ O
s
Polyacrylic acid (PAA)  Polyvinylpyrrolidone (PVP)
Figure 1.57 - Molecular structure of PAA and PVP.

As shown in the Figure 1.58, the use of PAA instead®VP in the growth step induced an
increase of the thickness from (8 £ 1 nm) to (28) aim with a reduction of the average length and
a strong truncation of the nanoparticles. That @adenced by a red-shift of the weak resonance in
the UV from 337 to 346 nm due to the thicknessdase and a blue-shift of the main resonance
near 680 nm (with PVP) to 470 nm (with PAA) dueth@ size reduction and truncation. The
presence of only one carboxylate function did rlmwaa selective adsorption of the polymer on
some crystalline faces like citrate or succinatéctviexhibit two or three carboxylate functions. In

the PAA case, the molecules adsorbed on all thetalrfacets of silver promoting the growth of

more isotropic nanoparticles and thus increasieghitkness of the final particles.

63



Chapter | Synthesis of the metal satellite namigas

1.0 .
? '.oo,ea
f ¢ aenS” ¥4
S by ad "3*
808 *9, ~ 3:%-’
g = vj"‘h‘o.‘
30.6 - e :
2 ‘ 200 nm yith PAA
_‘; 340 350 a5
204 - ad % ore
= . f"..qzx':; s
£ ok . - aVbﬁfv
502 N R IFRA
z ) ’.. ?"e.‘q".l
s O avgaptre A8
P_ae® 0% oF > A
0.0 ‘ ‘ ——— . 29,390
200 Wy wil IV P
300 500 700 900 1100 1300 208 arpe» 4 A

Wavelength (nm)
Figure 1.58 - TEM images and corresponding absorptio spectra of dispersions obtained by using PAA (gem) or PVP (blue)

as capping agent at pH 7.0 and with [AA] = 0.17mM[AgNO;] = 0.21 mM, [succinate] = 3.90 mM,
[PVP] or [PAA] = 0.09 mM, and [seeds] = 1.2 vol.%.

C.3.3.7 Considerations on the growth mechanism in carboxylated compounds additive

systems

Silver nanoplates grow in non-equilibrium condisoand their growth is clearly influenced by
the factors contributing to the reaction kinetics, the rate at which silver atoms are generated
from silver precursor and added to the surfacenefgrowing seeds. By carefully controlling the
reaction kinetics, newly formed atoms can be selelgt added to specific sites rather than the
entire surface of the growing seeds. In this sactiee address several key points relevant for the
mechanistic understanding of their formation antlimel a few questions that need to be addressed

by future research:

- First, we demonstrated in this study that when diethesis is conducted with a silver
precursor, a carboxylated compound and a long-ghalymer with tiny crystalline seeds (< 5 nm),
the yield of silver nanoplate is dramatically imped. Because of their ultra-large specific surface
area, the fine seeds serve as efficient catalgstshE decomposition of ascorbic acid. Even if a
small fraction of AA reduces Agdirectly in solution, the newly formed Agtoms reach the
surface of the Ag nuclei and contribute to the reaot deposited metal. The smaller the seeds, the
higher the active surface area and the betteridte gf nanoplates.

- Second, the crystallinity of the initial tiny seesimportant for plate-like formation. It
seems plausible, although not proven by direct ex@at, that the key deciding factor for initial
symmetry-breaking needed to avoid spherical growtithe formation of a singlg¢111] planar
twinning defect on the growing seeds. Since lant@llaning planes are formed by chance and are
randomly distributed among seeds, it is difficdttarget their formation at the nucleation stage.
However, it is possible to control the formation tbie lamella twinning plane via kinetically
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controlled collision of newly formed Ag atoms wittie surface of the growing single crystal-seed.
The landing of atom on an inappropriate site onssed surface is considered to be the beginning
and is easily followed by the formation of a twilape which enhances grain growth. It has been
known for a long time that a nanoplate seed witingle [111] twin plane or two parallel twin
planes can grow faster than other seeds, sinselgssurfaces have a rough structure with re-entran
corners, which are believed to be suitable placesmtorporation of solute iorjBerry68]. As soon

as the[117]] twin plane formation begins, it self-catalyzes teduction in the direction parallel to
this plane. The growth may be much slower in thedfion perpendicular to thgl1l] planes
yielding the generation of elongated spheres wieieblve to form nanoplates. This hypothesis
implies the initial presence of single crystalliné&a-fine seeds. Tiny seeds are prepared in a high
degree of supersaturation conditions which favbes formation of twin planes. Twinning takes
places at random among seeds. Nevertheless, omvetsthat by controlling the degree of
supersaturation in the nucleation step, it becaossiple to limit the formation of seeds that have a
large number of imperfections. A high degree ofesgaturation including a high concentration of
reducing agent, a high concentration of stabiliZ&¥SS and citrate) is effective in forming single
crystal seeds at the expense of the twinned ones.

- Third, we believe that the symmetry breaking byntwiig which introduces anisotropy is
dependent not on the reaction rate at the graifacurbut on the supply rate of ad-atoms by
diffusion from the bulk of the solution to the sematface. In the range where the reduction rate
runs very fast, the amount of atoms supplied from lbulk is too large for the seed surface to
readily incorporate them regardless of the strectoir the seed surface. Consequently, a rapid
growth of the different seeds facets results insggpherical particles displaying a large number of
structural defects. It could also lead to the fdioma of new nuclei with different shapes. In
practice, it happens when the reduction is perfdrmwéh a strong reducing agerd,g. sodium
borohydride and unprotonated ascorbic acid, or whennjection rate of the metallic precursor is
fast. In the range where the reduction rate isaafftly slow, the amount of Agatoms supplied by
diffusion is thought to be limited and to be incorqted into growing grains depending upon the
grain surface. As a result, the formation of twiangs is limited. The seeds gradually become
anisotropic and take the form of flat nanoparticlksmoderate reduction rate is clearly achieving
by using a weak reducing agent such as monopradrescorbic acid AAby simply decreasing
the injection rate of silver nitrate in the reantimedium or by reducing the concentration of free
silver ions in the presence of a silver-complexaggent. The carboxylated compounds as well as
some long chain polymers are known for a long ttmstrongly coordinate silver ions and silver
seeds [Zengl0c, Dongl0, Jiang10, Henglein99]. éncse of the citrate or succinate, they cap the

seed nanoparticles and complex the silver ionsir Husorption creates a strong negative charge at
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the surface of the seeds. The ascorbate monoantitha metallic complexes negatively charged
need to penetrate the negative potential fieldosumding the seeds particle. Consequently the rate
of silver reduction is one order of magnitude slowen the rate observed for the same system
when the seeds grow as spheres in the absencebokgtated compounds. The process is highly
pH-dependent. The optimal pH for citrate and suaterspecies is in a narrow window. It is around
5.6 for citrate and 7 for succinate medium. Thisids an increase of the concentration e®H the
protonation of the organics and thus protects #pped seeds from decapping. In the case of long
chain polymers such as PVP, the rates of the mractre mainly governed by steric aspects. The
polymer has a few effects on the silver ionic preou It thus slows down the reaction owing its
adsorption onto the initial silver nuclei. The anigf the plate-like morphology is thus assignea to
slow deposition of newly formed silver atoms to seeds during the early stage of the growth. Low
reduction rates also avoid self-nucleation. Readkinetics are thus the dominant factors affecting
the particle growth and shape. The essential elesadrihe mechanism are illustrated in the Figure
1.59.
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Figure 1.59 - lllustration of the mechanism respontble for Ag nanoprism formation. Reduction of Ag" takes places on Ag
seeds. By careful control of the reaction kineticsjewly formed atoms and clusters can be selectivedylded to specific sites

rather than the entire surface of the growing seedsThis favors the creation of twin plane, leading tmanoplates formation.

- Last, the elongated seeds grow into either circlaxagonal or triangular plates. This
depends on the ratio of the difference of growtie {411} and {100} surfaces. Our experiments
indicate that the ratio of growth rates between {thEl} and {100} faces could be adjusted by
varying the protonation state of the carboxylatechpounds. The HCit or Sué species may
selectively bind to the Ag {111} faces rather AgO{l}. With more HCif or Sué adsorbed to the
{111} faces, they more repel the [AgCijomplexes and grow at a slower rate. The {100k$ac
grow themselves almost out of their existence andtipthe {111} faces remain. When the growth
rate in the{111] direction is greater than that in tfEQ direction, triangular particles result. The
formation of triangular plate-like nanocrystalstimis clearly associated to the stability and the
diffusion rate in between the reactive monomer ig3eand the growing nanocrystal seed surface.
Choosing an appropriate complexing agent is ortbeokey steps in obtaining control over reaction

kinetics and anisotropic nanocrystal growth. A gabwice allows to finely adjust the relative
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growth rates of {100} and {111} faces and modifyetBhape of the plate-like nanocrystals. Such
conclusions are in agreement with work reportiraf tihe reaction kinetics is the key in directing
the growth of nanoparticles [Zhanglla, Zhangl0a].

The proposed mechanism fits with the spectral eéwsiuobserved during the growth, since a
gradual rise of the visible-NIR band is observedjFe 1.60). Moreover, the particle size could be
finely tuned from side lengths of 20 nm to (at t§a® nm by simply varying the molar ratio
between seeds and Aghi the growth solution (Figure 1.61). This effegies along with a color
change of the samples from light yellow to blue angrogressive intensification of the dispersion
color. The possibility of changing the size prowdestraightforward way to tailor the spectroscopic
features of the silver nanoprisms
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Figure 1.60 — (Left) Evolution of the absorption spettum and (right) corresponding picture of growth sdution depending on
the AgNQ; volume added from 1 to 12.5 mL (JAA] = 0.34 mM, [itrate] = 3.90 mM, [PVP] = 0.09 mM, and [seeds] =.2%vol).
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Figure 1.61 — Evolution of the edge length of Ag nasprisms depending to the AgN@ volume added with [AA] = 0.34 mM,
[citrate] = 3.90 mM, [PVP] = 0.09 mM, and [seeds] £.2%vol.
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C.4 Chemical stability of the silver nanoprisms

With respect to colloidal stability, we observedttthe as-prepared Ag nanoparticles gradually
evolve to rounded plates over a couple of days wéterned in air at room temperature. This
sensitivity of the particles toward oxygen can Ihrgly decreased by protecting them with
chemisorbed molecules such as thiol-alcanes. Td@atiement of the weakly adsorbed surfactants
(citrate or succinate and PVP) by a thiol-alcanstiengly helpful for stabilizing the triangular
shape of the nanoparticles. Different moleculesewesed: 11-mercaptoundecanoic acid (MUA),
sodium 3-mercapto-1-propanesulfate (MPS) and 1TaptoundecylN,N,Ntrimethylammonium
bromide (MUTAB) (Figure 1.62). Each molecule exMtiba thiol function as head group which has
a strong affinity with Ag surface and a more oslé&sng carbon chain with a carboxylate, sulfonate
or trimethyl-ammonium function, respectively, ag tgoup to ensure a negative (with MUA and

MPS) or positive (with MUTAB) overall charge to tedver particles.

0 0 CHa
HaC-N- -
HSCH,(CHaCH:™ O PN Bona Ty rEOTeRCRST B
3
MUA MPS MUTAB

Figure 1.62 - Molecular structures of MUA, MPS andMUTAB.

These molecules exhibit a “head thiol group” whids a strong affinity with the silver and a
“tail group” (Figure 1.63). Their self-assembly areated by chemisorption of the headgroup onto
the silver followed by a slow organization of th®ail’ groups”. As the molecular coverage of the
substrate increases, the headgroups assemble dogamththe substrate, while the tail groups
assemble far from the substrate. Areas of orierdedsely-packed molecules nucleate and grow

until the surface of the substrate is coveredsimgle monolayer.
Functional group —> R R R R R R
Tail

Head group —>

_ Substrate J

Figure 1.63 - SAM schematic.

Although the self-assembly took place rapidly, veserved that a clean environment of the

silver nanoprisms was a key step to prepare stalbli@idal dispersions (Protocol 8).
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Protocol 8 - Coupling of MUA (or MPS or MUTAB) in agueous medium

The grafting of MUA on the silver particles surfagas performed directly in the growth
medium. A volumew)a — calculated by the equation 1.16 — of a 25 mM Matieous
solution adjusted at pH 10 corresponding to an egcef 50 compared to the grafting
density of MUA (dua = 4 molecules/nfl), was quickly added into the silver suspension,
under magnetic stirring. The growth solution and MUA solution were pre-adjusted to
pH 10 in order to solubilize the molecules in watéhe reaction mixture was stirred
overnight. In order to eliminate the excess oflyithe mixture was placed in two 45-mL
tubes and centrifuged at 8000 g during 20 min &C20rhe supernatant containing free
thiols was removed and the bottom, containing tbdified particles, was redispersed in
water by sonication. This washing step was repeatetimes. Same protocol was
performed for the grafting of MPS (by considering¢E= 4 molecules/nA) and MUTAB
(by considering @uras = 2 molecules/nfR). However, for these two coatings it was not
necessary to initially adjust the pH value of tb&ugson.

The volume \jua was calculated as follows:

dmua* St* purity of EDPS+excess
[MUA]*N

VMUA = (|15)

with N the Avogadro number and e total surface of silver (m?2) calculated asofwk:

Sp =N, Sy,  (1.16)

with Np is the number of Ag particles angy$he surface of one Ag triangle calculated as Yedio

Sag = 2(B*h) +3(t*B) (1.17)
where B, h and t are the edge length, height aiclrtbss of the Ag triangle, respectively.

The Figure 1.64 shows the absorption spectra wésianoprisms before (blue curve) and after
the functionalization with MUA, MUTAB and MPS. Theain plasmon band of Ag nanoprisms
slightly red-shifted when MUA was added to the snspon evidencing the coating of particles.
However when MPS was added to the dispersion, e-ditift was observed due to an etching of
nanoprisms as previously observed in presencelufelsaFinally, when MUTAB was added a red-
shift was firstly observed then 24-h later a str@amjargement and decrease in intensity of the
plasmon band. That was associated to a destalilizahd aggregation of nanoprisms due to the

presence of bromide in large amount.
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Figure 1.64 — Absorption spectra before and afterdinctionalization of Ag nanoprisms with MUA, MPS andMUTAB.

The MUA-protected Ag nanoplates remained unchangeel after several months at ambient
temperature and in the presence of air. They &smined stable in strong oxidative medium such
as B0, that easily destroys unprotected Ag nanoparti¢teglly, by comparing the TEM images
of silver nanoprisms before and after functionalaa with MUA, we observe that nanoprisms
were better dispersed after coating due to a highstribution of charges on the surface of

nanoprisms.

Figure 1.65 - TEM images of silver nanoprisms functonalized with MUA.
The adsorption of MUA on the silver nanopatrticlesdified the physicochemical properties on
the surface of silver particles. The measuremehtei@a potentiald) of the colloidal suspensions,

before and after the surface modification with MWlpwed to determine the overall charge of the

particles (Figure 1.66).
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Figure 1.66 — Isothermal variation of zeta potenti&of silver nanoparticles before (AgTNPS)
and after (AgTNPs@MUA) the surface modification withMUA in function of pH.

Before and after the surface modification with MUWAe silver nanoprisms exhibited a negative
charge with an isoelectric point (IEP) around pH.5 - 2.5 due to the carboxylate groups of citrate
or MUA adsorbed on their surface. However, aftectionalization, the absolute zeta potential was
almost twice higher than at the output of synthesisl only stabilized with citrate and PVP
evidencing a higher density of negative chargel WMiUA and thus confirming the silver surface

modification.

C.5 Conclusion on the silver nanoprisms synthesis

This study provides a number of important informatand conclusions for the seed-mediated
synthesis of silver nanoprisms produced in aquetedium in the presence of citrate, succinate and
PVP. Optimum conditions producing triangular shgpeticles were achieved. Tiny single
crystalline Ag seeds (1.2 vol.%) can be best tians¢éd into triangular shape particles by addition
of HCit* or Sué” (with a molar ratio [HCft ou Sué]/[AgNO3] = 18) at pH = 5.6 for citrate and 7.0
for succinate. This knowledge may enhance the demibility and scalability of seed-mediated
growth synthesis of Ag triangular colloidal paréisl The 3D-structural analysis provided clear
evidence that the single crystalline nanoprismseai@osed by three identicel00 facets and a
single twin-plane. Apart from the relevance of thessults for understanding the mechanisms
involved in their formation, these findings are wnfant to understand the anisotropic reactivity of
Ag nanoprisms towards different types of molec(iRsh10, An08]. Therefore an additional study,
described in annex 2, was performed on the devedopraf new morphologies from the silver

nanoprisms such as silver disks, gold nanocagesibea/gold nanobowes.
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D. Summary

The works presented in this first chapter allowedauarge scale production of various metal

nanoparticles:

- Monodisperse 26-nm silver spherical nanoparticlesevproduced in one step via a polyol
approach. They are monodisperse in size and shapé¢hay exhibit an overall negative
charge due to the presence of PVP as stabiliziagtaturing the process.

- Gold spherical nanoparticles with different diamgtéfom 10 to 50 nm were obtained
through a seeded-growth approach. They were praduncéigh amount and high yield.
They exhibit a negative overall charge thanks &oditrate ions used as stabilizing agent.

- Silver triangular nanoplates were produced throwghseed-mediated growth. The
mechanistic study of the formation of these anggotr particles allowed us to significantly
improve the reproducibility and the yield of théver nanoprisms synthesis especially by

controlling the reaction kinetics.

All of these nanoparticles will be used as satelldarticles during the elaboration of the

raspberry-like nanoclusters.
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Chapter Il Raspbelige nanoclusters through the assembly of metabparticles on silica beads

In this chapter, we fabricate and characterize ixopic plasmonic nanoclusters that exhibit a
raspberry-like morphology. They consist of dielecttore spheres, which are smaller than the
wavelength of the incident radiation, and are dateml by a large number of metallic satellite
nanoparticles. A state of the art of the differexisting approaches to achieve such nanoresonators
is first exposed. Then, we describe the proceduae we have developed to assemble the metal
nanoparticles onto the silica beads. After assemiblgir optical properties were analyzed and

compared to theoretical investigations.

A. State of the art

Using classical bottom-up fabrication, two main @gghes have been developed to produce
nanoclusters with raspberry-like morphology: (i)e tllirect nucleation/growth of the metal
nanoparticles on the surface of a preformed dietegpherical core and (ii) the controlled assembly
of preformed satellite particles around a dielectore. The first approach, largely described in
literature, is not pertinent in our case becauseay induce the formation of satellite nanoparsticle
with random interspacing and number of particlelser€ is also the problem of irregularity and
non-uniformity of the metallic particles in termfsize, shape, crystallinity and overall morphology
[Westcott98, Jankiewicz12]. The second route allawsetter control not only of the dimensions
and morphology of the satellite particles but atédheir number and position around the central

dielectric bead.

A.1 Driving forces for clustering of preformed nanopacdes

Several different driving forces have been proposednduce the clustering of preformed
colloids of different sizes, shapes and compositiom generate well-defined structuresg(
covalent, electrostatic, hydrogen, Van der Waakpleation, capillarity ...). For example, salt-
induced random aggregation of Ag or Au colloidaltigées in solution phase has allowed the
generation of dimers or trimers in relatively higteld [Wang08]. The clusters could be then
“frozen” by encapsulation within diblock copolymédgsolystyrenessblock-poly(acrylic acidyy) in
a DMF/water medium yielding very stable clusteng(ife 11.1).
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(a) Electrostatic Interactions CO nt rDI I I ng

Eo O0 | "t

O

[<] e e
e _® € —
e L de ©
¢ © (o'
e ©¢lt® e
Colloid
Building Blocks  Aggregation  Encapsulation Separaticn

Figure 1.1 - (a) Schematic illustration of clusteing assisted by electrostatlc interactions.
(b) Colloidal sample with high yield of gold dimer§Romo-Herrerall]

The clustering of particles can also be assistedrggnic or biological linkers to direct their
aggregation [Brousseau 11199, Novak01]. For inst&andovaket al. used rigid phenyl-acetylene

oligomers with two, three or four thioacetyl groupsridge gold nanopatrticles (Figure 11.2).
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Figure 11.2 - (Right) TEM images of gold nanopatrtickes clusters formed using linkers | (A, B) and Il wth n=1 (C)
Il with n=2 (D), Il (E) and IV (F) [Novak01].

Alivisatos et al. made use of DNA to synthesize dimers or trimersgolid nanoparticles
[Alivisatos96] (Figure 11.3). DNA has been shown lbe an interesting functional molecule for
posing as both the scaffold and the linker for tmasion of interesting assembly architectures
because of their inherent molecular recognitiorpproies. Later on, the process was extended to the

assembly of nanoparticles of different sizes [Ldvaé€f.
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Head-to-head dimer
Figure 11.3 — (a) Thiolated DNA strands to bind thenanoparticles together and form head-to-tail dimeror head-to-head
dimers or trimers [Alivisatos96]. (b) Schematic repesentation and TEM images for specific nanocrystalmolecules obtained

with nanoparticles of different sizes [Loweth99].
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Gang et al. showed that asymmetric functionalization of nambplas via sequential bio-
recognition could promote the formation of (goldiamver) dimers in a high yield (80%) as well as

the engineering of anisotropic Janus-like assemiphtaye09].

Alternatively, 2D- or 3D-templates with defined dinsions have also been used to construct
clusters of nanoparticles. Various clusters coitgingold nanoparticles could be formed by
confinement within cylindrical holes of a substrai@terned by lithographic techniques [YanQ9]
(Figure 11.4). The results of the latter studiesarly show that well-defined nanoclusters can be
produced. However, their amount per batch is lichaed it is quasi-impossible to redisperse them

without damage.

e et P aa [PEP TR ETA P e o

Figure 1.4 - SEM images of 40-nm gold nanoparticle cluster arrays with varying diameters of holes
D =50 nm (a), 80 nm (b), 100 nm (c), 130 nm (d)0@ nm (e). [Yan09]

Micro-emulsion droplets have been also employe@xgemplate to confine the clustering of
spherical particles [YiO4]. For that, Yaet al. prepared an emulsion toluene-in-water. Silica
particles, previously dispersed in toluene, bounttedhe interface of the toluene droplets. The
subsequent controlled removal of the toluene frdme droplets by evaporation generated

compressive forces drawing the particles togethdrfarm small clusters (Figure 11.5).

Figure I1.5 — SEM images of silica microspheres chters obtained by using emulsion droplets as 3D-tqtate. [Yi04]

The technique allows to produce large amounts wdtefs with a varying number of spherical
particles from 2 to 15. [YiO4] Nevertheless, tim@suming centrifugation steps are necessary for
recovering batches of identical clusters

A.2 Clustering strategies for dielectric and metalliomponent nanostructures

These different self-assembly approaches can peaodvenient and versatile processes for the
controlled preparation of multi-component nano-dedtures. Through these approaches, different
nanoscale materials can, in principle, be combimd one entity that exhibits novel physico-
chemical properties or enhanced properties. Incdse of raspberry-like nanoclusters, strategies
makes use of electrostatic interactions, covalamtding and bio-interactions have been so far
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proposed to assemble the metallic particles onsthéace of the dielectric core. In most of the
cases, silica or polystyrene beads have been ssédlactric core because of their easy synthesis,

modulation in size and surface functionalization.

For instance, a series of raspberry-like nanosirast have been developed by using
organosilanes bearing amine (-NHliphenylphosphine (-PRbor thiol group (-SH) as linkers. The
amine, phosphine and thiol groups are known tout@tse for the grafting to metal nanoparticles,
in particular gold and silver, thanks to the auagaelectron lone pair that coordinates to the meta
surface. Hala®t al. showed that the nature of the organosilane styoimfluences the density of
coverage [Westcott98]. High-density gold nanopbasi€¢2-3 nm) could be obtained by using NH
and SH-modified silica particles rather than RRiodified ones (Figure I1.6).

) d)

Figure 1.6 - TEM images of silica nanoparticles (= 100 nm) after deposition of Au nanoparticles (d 2-3 nm). Silica
particles were modified with (a) EDPS (-NH), (b) MPTMS (-SH), (c) DPPETES (-PPk) and (d) unfunctionalized. The
assemblies were generated in a mixture of 40% watand 60% ethanol. All scale bars are 10 nm [Westci@8].

Amino- and thiol-modified silica particles are dpgirepared via several approaches. Usually,
the introduction of amine or thiol groups has to daeried out in one-step by simultaneous
hydrolysis of the specific organosilane and thé&ailprecursor. It is also possible to react the
organosilane with preformed silica particles disperin an appropriate liquid [Ashayer08, KimQ06,
Nakamura08, Westcott98]. This approach via cootainadbonding has also been widely used in

order to form a uniform metallic layer onto dielgcttore of various size [Pham02, Liang11].

Recently, Muhliget al. extended this approach for 8-nm gold nanopartidfesligl1]. 150-nm
silica particles were modified with thiol groups lmging (3-mercaptopropyl)trimethoxysilane)
(MPTMS) according to a protocol developed by Nakearet al. [Nakamura08]. Then the gold
nanoparticles were added to the modified silicdigas in toluene medium. High density of gold
nanoparticles could be supported on the surfasglioh as shown in Figure 1I-7 (left). They also
showed that the raspberry-like nanoclusters could bonstructed by usingN-[3-
(trimethoxysilyl)propyl]-ethylenediamine (EDPS) adinker (Figure 11.7-right). At neutral pH, the
amine groups are positively charged promoting sbdstatic interactions with gold nanoparticles.
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Figure 1.7 - SEM images of core-shell clusters ohined via (left) thiol- and (right) amine-assembly[Muhlig11]

Xue et al. also employed the same approach to coat siliciclesr with different sized gold
nanoparticles (3.5 - 32 nm) [XueO07]. They showesdt th surface modification of 60-nm silica
spheres with the (3-aminopropyl)trimethoxysilanéd?TMS, Figure 11.8) allowed the assembly of
small gold nanoparticles but not the assembly gfdaones (13 and 32 nm). In their study, they
compared the density coverage obtained by suclctdaeating to the one obtained by using
polyelectrolyte having an amine groups: the pohyktneimine) (PEI, Figure 11.8).

OCHs ocH; M
HaCO-Si— "2 Hy00- SI—/\/ " NH, \f/\ 1/

OCH3 0CH3 H3C CH3
APTMS EDPS PDDA
Figure 11.8 - Molecular structures of APTMS, EDPS, PEIand PDDA.

PEI easily adsorb on the silica surface throughtedstatic interactions between amine groups
of PEI and -OH groups of silica surface. Unlike wAPTMS-modified silica, they showed that
polyelectrolytes facilitate the deposition of langetallic particles (32 nm) (Figure 11.9). However,
higher the diameter of the gold nanopatrticles (f@ptb become close to the diameter of silica core
particles), the lower the coverage density.

™.

Figure 11.9 - TEM images of the clusters obtained byassembly of 32-nm gold nanoparticles on
(A) APTMS- and (B) PEI-modified 340-nm silica particles. [Xue07]

Similar comparative studied was performed by Ashage al. by using silica particles
functionalized with APTMS or polydiallyldimethylanomium chloride (PDDA, Figure 11.8)
[Ashayer08]. The PDDA has the advantage to exhabguaternary ammonium group on each
monomer unit, ensuring a permanent and strongipestharge and therefore a higher density of
gold nanoparticles on the silica particles (FigiE0).
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Figure 11.10 - TEM images of gold nanoparticles adsded on (a) APTMS- and (b) PDDA-modified silica paricles.
[Ashayer08]

By exploiting the electrostatic interaction betwesgppositely charge polyelectrolytes layers,
various inorganic nanoparticles could be depositetb colloidal beads [Liu07]. This process is
called as “Layer-by-Layer (LbL) approach. It wassfideveloped to assemble nanoparticles thin
films on flat substrates (Figure 11.11).
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Figure 11.11 - Schematic illustration of the first two adsorption steps, depicting film deposition stding with a positively

charged substrate. The polyion conformation and layeinterpenetration are an idealization of the surface charge reversal

with each adsorption step. [Decher97]

By modulating the number of polyelectrolytes layare shell thickness, the composition and
the loaded amount of inorganic content of resultcwgnposite particles could be modulated
[Decher9l, Decher97]. The Caruso’s group has extelys worked on this approach and
demonstrated the fabrication of a wide spectrunmariostructured materials. For instance, they
described coating of polystyrene (PS) colloidal tipees with silica coated gold or silver

nanoparticles (Figure 11.12) [Salgueirino-Maceira8pasova05, Karg07].

Figure 11.12 — Two examples of polyelectrolytes (PDA/PSS) modified PS spheres coated with (a) Au@SiO
nanoparticles/PDDA multilayers (760 nm total diamegr) [Salgueirino-Maceira03] and (b) two layers of nagnetic FeO3

nanoparticles then two layers of Au@Si@nanoparticles (760 nm total diameter) [Spasova05].
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Note that by exploiting this LbL approach, onlygardielectric spherical colloidal particles with
submicron diameters (500 nm — 5 pm) have beenragséa for the deposition of nanoparticles (5-
30 nm).

Very recently, biological linker has been employknt the fabrication of raspberry-like
nanoclusters of small overall diameter. Diorateal. reported the first fabrication of nanoclusters
based on 90-nm PS beads functionalized with strefitaand 36-nm silver nanoparticles with
biotin terminated poly-ethylene glycol (PEG) liganfSheikholeslamil3]. Thanks to the highly
specific chemical recognition of the protein steyidin to the biotin antibody, silver nanoparticles

strongly interacted with latexes to form raspbédikg-nanoclusters.

Figure Il. 13 — (a) Schematic illustration of the potein-directed assembly. (i) Ag nanoparticles aréunctionalized with biotin
terminated ligands and mixed in a high ionic strenth buffer with (ii) streptavidin coated PS nanoparicles to form
(i) raspberry-like nanoclusters. (b) TEM and (c) SEMimages of the obtained nanoclusters. [Sheikholesiél3]

A.3 Summary

From this short review, it emerges that the methuased on electrostatic interactions are the
most versatile ones for generating raspberry-lie@aclusters. Not surprisingly, the density of
charges on the silica surface strongly influencke surface density of attached metallic
nanoparticles. In most of the reported cases, dkallise particles are spherical gold nanoparticles
exhibiting a diameter much smaller (3 - 30 nm) thi@ one of the silica core (100 - 300 nim) a
ratio at least above 10 between the core’s andlissgediameter. The resulting particles possess
novel optical properties. However, their opticaaeances are at a frequency where the cluster size
Is equivalent to\/2 and no effective medium in assembled compomstegpected to form by so big
clusters. In our work, the challenge lies in thigriigation of nanoclusters for which the size ratio
between the dielectric core and the metallic nartaghes is lower than 3 (100 nm for the silica and
30 nm for silver spherical nanoparticles) but aisothe generation of nanoclusters made of
anisotropic metallic particles with sharp tips. Tiaspberry-like nanoclusters have to be produced
in large quantity for further use as building blsckor the construction of more complex

nanostructures, such as 3D dense colloidal crystals
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B. Synthesis of the silica beads as dielectric corepiales

B.1 Generalities

The amorphous silicon dioxide, commonly named callj can be obtained from various
processese.g. precipitated silica, silica gel, pyrogenic silicamong the synthetic methods, the
“sol-gel” way offers undoubtedly the best contrat the silica morphology at the nanoscale
[Brinker90]. Additionally, this way is a soft chestiy route,.e. a chemistry occurring in conditions

close to ambient temperature and pressure, redtloengost and technical constraints.

By the sol-gel approach, the silica formation osctnrom molecular precursors, generally
alkoxysilanes Si(OR)where R is an alkyl group (H2n+1), through the combination of two
reactions: the hydrolysis and the condensation.rélysis of alkoxysilanes induces hydroxyl
intermediates, such as silicic acid Si(QH) the case of a full hydrolysis. Then, the poly-
condensation of the Si-OH groups leads to the faomaof siloxane links Si-O-Si, then to
oligomers and ramified macromolecules, up to danrihsional network. The competition between
both reactions conditions the growth phenomenonthedattice densification. By modulating the
experimental conditions, such as the nature ohR catalyst or the medium (pH, solvent ...), it is
possible to control this hydrolysis-condensatiod #re superficial charges of particles, and thes th
final state of the obtained silica. In order to abtcolloidal suspension of dense and spherical
particles, a basic catalysis is required for thdrblysis of the alkoxysilanes. Note that the IEP of
the pristine silica is close to pH i2. for a pH value higher than 2 the silica partighesgressively
become negatively charged and for a pH higher thdre suspension of the silica nanopatrticles is

colloidally stable.

The first synthesis of spherical silica particleshwcontrolled size (from ~100 nm to ~2 um)
was proposed by Stober, Fink and Bohn [StoebertBg process, which is now known as
“Stbber’s process”, consists in the hydrolysis-camghtion of an alkoxysilane in a hydro-alcoholic
medium containing ammonium hydroxide as catalystheyl preferred the use of
tetraethylorthosilicate (TEOS) as silica precurand ethanol as solvent. Many efforts of process
optimization have been made to obtain sphericakaibjin a relatively wide range of sizes
[Bogush91l]. However, the size distribution did regipear so narrow and the repeatability of

experiments was often poor [Wong03].

Recently, a promising method using amino acidsaasclcatalysts and a biphasic non-alcoholic
medium was reported by Hartlenhal. [Hartlen08]. As in the Stober’s process, the THQ8rolysis
is the limiting step but major differences in theerimental conditions allows a better control of
the particles formation. The introduction of an amacid in low quantity in the aqueous solution (5
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— 35 mM) permits relatively soft basic conditionsH(= 9-10) — unlike those of an ammonia
medium (pH = 11-12) — and reduces the hydrolydis. raurthermore the medium being biphasic,
the TEOS can only be hydrolyzed at the interfadevéen the aqueous solution and the organic
phase promoting a controlled nucleation rate. Atfher nucleation step, the pH limits the solubility
of the silica and promotes the species condensalfibns the TEOS is progressively hydrolyzed
and diffuses overtime to a limited extent in theemus solution, is directly condensed on the silica
particles which then grow according to a well-coidd mechanism of monomer addition.
Thereafter, via a successive seed-mediated graefis,sthey obtained particles of 15 — 200 nm of

diameter and homogeneous in size.

Lastly, the synthesis of well-calibrated silicatpaes (PDI < 1.005) was optimized in our lab
[Desertll, Desertl2]. The process is in two stépshe synthesis of silica seeds via the Hartlen’s
technique followed by (ii) a seeded-growth throwgimodified Stober’'s process. Because in the
present work, we also needed of silica particlekigh amount, high yield and with a narrow size

distribution, we chose this procedure which is desd below (Protocol 9).

B.2 Synthesis of calibrated silica beads through theded-growth process

First, tiny silica nanoparticles were synthesized Hydrolysis-condensation of TEOS in a
biphasic medium water/cyclohexane and in presefcegnoamino acid, thé-arginine, as basic

catalyst and buffer according to the Hartlen’s wi@kotocol 9).

Protocol 9 - Synthesis of silica seeds

345 mL of an aqueous solution containing 7.5 mNL-@frginine were introduced in a
500-mL rounded-beaker. 22.5 mL of cyclohexane wdded on the top of the aqueous
solution and the mixture was heated at 60°C. 371.50MTEOS were introduced in the
top organic phase. The stirring was tuned in ortlercreate an interface of constant
area between both phases and was maintained d@4nly. Then the cyclohexane was
removed in a rotavapor at 50°C under partial vaculrne concentration in silica seeds
was determined by dry extract.

It was found that the higher the volume of TEOS, igher the size of the silica seeds, while
their number remained relatively constant. Thuss tloncentration in particlesN§o,) was
calculated from the experimental values of the TBOBmMe introduced (M:o0s and the diameter
of silica seedsl{s;o,) by the following equation where M apdare the molar mass and the density

of each entity:

D __ 3|6.VTE0S-PTEOS-Msio, (1.1)
Si0, T.Nsi0,-Psio,-MTEOS .
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These seeds were then grown in a hydro-alcoholidiume containing ammonia and wherein
the TEOS was slowly and continuously introducea{@tol 10). The final size {df particles, with
an initial diameter known Dintroduced in concentratioiN§;o,) kept constant during the growth,

only depended on the amount of reagentfd) according to the following relation:

M -Psi
Vrpos = 02 (Nsio,) -%- (D - D) (1.2)

Msio,-PTEOS

To avoid a secondary nucleation of silica, TEOSthdse fully used for the growth of the seeds.
So its concentration has to be controlled and a&dapd the overall surface area of the seeds to

grow, i.e. a surface of silica higher than 50 cm?/dBesert11].

Protocol 10 - Growth of silica seeds from 28 to 1

50 mL of ethanol, 5 mL of ammonium hydroxide (1 &) 5 mL of the agueous

suspension of the silica seeds were mixed in amilb@eund-beaker. 8.68 mL of TEOS
diluted in 20 mL of absolute ethanol were addedaatate of 1 mL/h thanks to an

automatic syringe pump. The final concentratiorsitita beads was determined by the
dry extract method.

As previously mentioned, the size control of nambglas and their aggregation state at the end
of each synthesis step are essential to elabocs®deneous nanoclusters in the further step. The
as-prepared silica seeds were characterized by TENure 11.14). They appeared relatively

spherical and their diameter was estimated to (28nm.

Two batches of different-sized silica nanopartiqlese with an expected diameter of 80 and
another one with an expected diameter of 100 nmn¢ wy¢nthesized from the preformed silica seeds
and observed by TEM (Figure 11.15). In both casks,particles were spherical. The first batch of
silica particles exhibited a very narrow size dttion with a mean diameter estimated to (89 * 2)
nm and will be noted “Si©89”. The second batch was made of silica beads avihean diameter
of (106 + 3) nm and will be noted “Sjc106”. For both batches, the PDI of the silica lseagre
calculated to 1.002 revealing the highly monodisjpgiof the particles.
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Figure 11.15 - TEM images and corresponding size-disibution of two batches of silica beads (Si@89 and SiG-106) obtained
via the seed-mediated route. The size distributionsf SiO,-89 and SiQ-106 were calculated from 351 and 1040 particles,
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respectively.

This synthesis approach of silica nanoparticleswad to get highly monodisperse silica core
particles. The Table 1.1 summarizes the charastiesi of the different nanoparticles synthesized in
this work and available for the next assembly step.

Table 1.1 - Summary of the physicochemical charactéstics of the different nanopatrticle batches.

. [Nps] output e overall charge
scheme |Diameter (nm)| PDI | Apax (nm) synthesis stabilizing agent (pH ~ 7)
Si0,-86 ‘ 89+2  [1.002 2.4x10' negative
Si0,-106 ‘ 1063 [1.002 3.1x10'® negative
AuNP10 > 101 1.02 520 1.9x 10 citrate negative
AuNP20 > 20+3 1.04 518 1.8 x 10" | citrate + ascorbate | negative
AuNP30 ) 33+£6 1.07 522 1.2x 10" | citrate + ascorbate negative
AuNP40 ) 40+9 1.09 525 1.2x 10" | citrate + ascorbate negative
AuNP50 ) 50+ 8 1.07 530 3.1x 108 citrate + ascorbate negative
AgNP ) 26+5 1.12 404 5.0x 10 PVP negative

= + 7.

AgNPrisms| 1t=4§ L z’ ~ 600 1.3x 10" MUA negative
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C. Assembly of metal nanoparticles on silica beads viathe
electrostatic approach

From the literature overview, the electrostaticrapph appears to be the most efficient one in
order to assemble metal nanoparticles onto a silaze particle and get high levels of surface
coverage. To ensure electrostatic interaction batvatlica and metallic nanoparticles described in
the chapter I, the both components have to exluposite surface charges. However, all the
particles at the final step of their synthesisi¢ailand metal) exhibit a negative overall charge
(Table II.1). Since the chemistry of silica is wiklown and its surface easy to functionalize, we
decided to modify the surface charge of the sitieads for further fabrication of the raspberry-like

nanoclusters (Figure 11.16).

0 + ) — ;%)

+
Positively charged Negatively charged
Si0, NPs Metal NPs

Figure 11.16 — Assembly approach via electrostatiinteractions between positively-charged silica cose

and negatively-charged metal satellites.

In the following section, we present the two apphms adopted to generate positive charges on
the silica cores surface: (i) the grafting of aniremilane and (ii) the use of the LbL technique to
deposit several layers of polyelectrolytes with theer layer being a polycation. The resulting
nanoclusters will be called “first-” and “secondageation” of raspberry-like nanoclusters,

respectively.

C.1 “First generation” of raspberry-like nanoclusters

C.1.1 Functionalization of silica beads with an aminosilae

The most common approach to modify the surfaceilafasparticles in aqueous medium
consists in the use of an organosilan8iR,., where X is a hydrolysable group (X = Cl, OR’, ...).
The co-condensation of several silanes leads téotheation of a polysiloxane film made of a few
layers of silane precursor and functionalized bg-hgdrolysable R groups which may be able to

form covalent bonds or interact with molecular see¢Figure 11.17).

90



Chapter Il Raspbelige nanoclusters through the assembly of metabparticles on silica beads

TR R OR
—O—?i—O—?i—O—?i—O—?i—O—
O

Figure 11.17 — Schematic showing the surface arrargment of trialkoxysilane molecules (self)-condensed

on the surface of a silica nanopatrticle.

A wide variety of organosilanes exists, conferriaghe modified silica particles various surface
physicochemical properties. An aminosilane appagrsrtinent choice because it ensures a positive
overall charge of the silica particles on a largage of pH and the amine groups strongly
coordinate to the metal nanoparticles surface. dinénosilane chosen in our case is the EDPS

(Figure 11.8) which exhibits simultaneously a primmand a secondary amine group.

The grafting protocol of EDPS on the surface of shiea nanoparticles was derived from the
works of Dr. Stéphane Mornet [Mornet02]. It wasfpened directly after the growth of the silica
beads in Stober's medium (Protocol 11). The voluheEDPS (M:pp9 necessary to the full

coverage of the silica particles was calculatetbbews:

VEDPS = dEDPS * ST * I:I((ES}I:SS)) * purlty * excess (“3)

where @ppsis the grafting density of EDP St & the total surface area of silica (m2), M(EDRSJ
p(EDPS) are its molar mass (222.36 g.Mand density (1.028 g.ch, respectively. Note that a
value of 4.9 pmol.M was chosen for @@ps This value was only an estimation based on
experimental results [Mornet02, Reinhardt13]. Agess of 20 regarding to the “optimal” grafting
density of EDPS was applied to ensure a maximdtiggaof the molecules on the surface of the

silica beads.

At the end of the surface modification with EDPSmaderate heating under vacuum and in
glycerol was performed in order to improve the dgrend robustness of the grafting on the silica
surface. In few words, it is supposed to further diehydration of the particles and therefore help i
changing the spontaneous electrostatic interacbetween the ammonium groups and the
silanolates into covalent siloxane bonds (flip megbm) [Mornet02]. The glycerol, having a
boiling point of 290°C, was used as wetting ageantrd) the deshydratation and allowed to prevent

the irreversible flocculation of the nanoparticles.

Protocol 11 — Surface modification of silica beadsth EDPS in ethanolic medium

Under vigorous stirring, a volumegypsof EDPS aqueous solution was quickly added to
20 mL of the suspension of the as-prepared sileaoparticles. The reaction mixture
was stirred overnight. Then the mixture was tramsfitin a 100-mL round beaker and
10 mL of glycerol were added under stirring. Onlke tispersion homogenized, it was
placed on a rotavapor and heated at 40°C for theaexion of the ethanol then at 70°C
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for the water, under reduced pressure during 1 hth&rmal treatment was then
performed during 3 h at 100°C under partial vacuukfter cooling, 70 mL of ethanol
was added under slow stirring. The mixture was @dhén two 45-mL tubes and
centrifuged at 15000 g during 20 min at 20°C. Theesnatant, containing glycerol,
ethanol and oligomers of silanes was removed aerdptllet, containing the modified
particles, was redispersed in ethanol by sonicatidhis cycle was repeated 6 times.
After the removal of the last supernatant, 100 rhiwater was added. To promote the
redispersion of the modified silica beads and nemthe adhesion of the polysiloxane
film on the surface of the beads, an acidificatieass performed by gradual step of one
pH unity, by adding a few drops of 1M acetic aaidder vigorous stirring. In acidic
conditions (~ pH 6), the silica beads started tspdirse. The suspension was adjusted to
5 and kept under stirring during 24 h. The pH wagaia measured and readjusted to 5.
The mixture was finally placed on a rotavapor af@Qunder reduced pressure, to
eliminate the residual ethanol. The suspension ngdspersed in 100 mL of water and
the concentration of the modified silica beads determined by dry extract.

After functionalization with EDPS, no change inesiand shape of the silica particles was

observed by TEM (not shown here). To confirm thdasie modification of silica particles with the

aminosilane, the diffuse reflectance infrared Feutransform (DRIFT) spectra, before ($i€9)
and after functionalization (SKBO@EDPS and SK3BB0@EDPS), were compared (Figure 11.18).

The aminosilane was only grafted on the surfacsilmfa nanoparticles, therefore the quantity of

aminosilane detected was very small compared teitica. To increase the ratio aminosilane/silica,

we recorded the DRIFT spectrum of modified-silieamoparticles with a smaller diameter (50 nm).

Thus in this case, the bands characteristic of afunctions appeared more intensely.

Reflectance (a.u.)

3700-3400

2983
2950

—— Si0-89
Si0,-89@EDPS
—— SiO-50@EDPS

Y944
1108

475

T

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cn?)

Figure 11.18 — DRIFT spectra of silica nanoparticlesbefore and after modification with EDPS.

All the bands were attributed to different vibrasoand are summarized in the Table II.2.
Compared to the spectrum of the unmodified silaiditional bands at 2983 and 2950 cemd in
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the 1400-1500 cih range were observed in the spectra of EDPS-mddgibca nanoparticles.
These observations confirmed the successful ggadtifEDPS molecules on the silica surface.
Table 1.2 - Summary table of the observed vibratiorbands on silica NPs (Si@89) and EDPS-modified silica NPs (Si@

89@EDPS and Si@50@EDPS). Abbreviations: s, strong; m, medium; w, ak intensity; vsym, Symmetric stretching; vasym,

asymmetric stretching; 8, bending; p, rocking vibrations.

v (cm™) Intensity Attribution SiO,-89 | SiO,-899EDPS | SiO,-50@EDPS
3700-3400 S v(OH) X X X
2983 m Vasyn{CH,) X X
2950 m v(NCH,) X X
1975 shoulder typical silica X X X
overtone
1870 W typical silica X X X
overtone
1627 W 3(H,0) enclosed x X x
water
1449 w 3(NCH) X X
1419 w S(CN") X X
1108 S Vasyn{ SI-O-Si) X X X
944 S Vsy Si-O-Si) X X X
802 S 3(Si-O-Si) X X
565 m cyclic (Si-O-Si) X X X
475 S p(Si-O-Si) X X X

The grafting of EDPS on the silica nanoparticledified the physicochemical properties and
especially affected the overall charge of the pks$i The measurement of thgotential of the

colloidal suspension before and after the grafoh@gDPS allowed to highlight this phenomenon
(Figure 11.19).
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Figure 11.19 - Isothermal variation of {-potential of 106-nm silica nanoparticles before (®,)
and after (SIO.@EDPS) surface modification with EDPS as function gfH
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The IEP of the pristine silica particles was aroghtl ~ 2.5 induced by the deprotonation of
surface silanol groups. After functionalization tife silica beads with EDPS, the IEP was
determined around pH ~ 8 confirming the presencahe groups on the silica surface. However,
it was expected that EDPS-modified silica partickese positively charged on a more large range
of pH with an IEP around 9-10 corresponding to pk& value of the aminosilane [MetwalliO6].
The lower value obtained can be attributed to aonmplete coverage of the silica particles with

EDPS or to an interaction of the amine groups wittface silanol groups via hydrogen bonding.

C.1.2 Assembly of silver spherical nanoparticles on EDP&odified silica cores
The first trials of assembly were performed witk #6-nm silver spherical nanoparticles which

were naturally negatively charged due to the ptotedayer of PVP on their surface (Protocol 12).

Protocol 12 — Assembly of Ag spherical nanopartglen the EDPS-modified silica
beads

Typically, in an Eppendorf tube, 0.2 mL of a dithtsuspension of silica beads
(5.16x10" part/L) were dropwise introduced in 1 mL of thdvesi spherical
nanoparticles suspension (5xi(part/L). The mixture was stirred overnight at room
temperature and protected from light exposure.

To obtain dense, close-packed nanoparticles cabtingthe surface of the silica, we observed
that the core particles had to be in large defemthpared to the satellite particles. Moreover, the
higher the particle concentration in the reactivediam, the faster the assembly process since the
higher the probability of contact between particl€se limiting colloidal suspension in terms of
concentration in particles was ever the one of hreaoparticles which were produced in lower
guantity than the silica beads. Thus to optimizedéposition procedure, a range of assemblies was
prepared by varying the ratio of concentration [AF)[SIQ cores]. The Figure 11.20 shows
images of these preliminary tests performed fromat@ of 1 to 160. For a ratio equal to 1, there
was as many silver particles as silica particled fam a ratio of 160, there was 160 times more

silver particles than silica beads.

160 80 40 20 10§ |5 2.5 1 <— [AgNPs]/[SiO, cores]
‘@

VYUY ¥Wiew
Nano)clus;ers assembly Flocculation
) ) D J
ERE & -
) d) ? b) ) ,

Figure 11.20 — (Top) Photograph of the range of asseblies performed by varying the ratio [AgNPs]/[SiG; cores]

from 1 to 160 and (Bottom) schematic illustration 6the two different phenomena observed.
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Regarding the size ratio between the satellitecamd particles, the maximal number ghp of
satellite particles of radius “r” which can be attad to the surface of a core particle of radius “R

can be estimated as follows:

- When the size ratio R# 10, the approximate equation (11.4) can be usedhwtisregarding
the curvature of the core particle and considethrag satellites form a 2-dimensional hexagonal
arrangement on a planar substrate (Figure 11.21-a).

NPmax = 75 ( + 1)2 (11.4)
- When the size of the satellites increases and besainse to the one of the core (R/r < 10),
this formula cannot be applied (Figure I1.21-b).isThime, the maximal number of satellites
attached to a core particle can be estimated flmmahgular distancex) between two satellites

attached to the surface of the core through tHevimhg equation:

a =180 — 2 * {cos-1 (ﬁ)} (11.5)

Basing on the works of N. J. A. Sloane, R. H. Hardgind W.D. Smith, it is possible to
determine the number of points on the surfaceagrdral sphere from the angular distance between
these points [Conway98]. A table of spherical codesesponding to the optimal 3-dimensional
arrangement of points on a sphere (withp,Mp= 4 to 130) was published electronically at
NeilSloane.com/packings/.

a)

Figure 11.21 — Schematic illustration of the packirg of satellite particles on the core one regardinthe size ratio r/R.

By applying the first approximate formula, we esitm that it is possible to attach 74 silver
nanoparticles of 26-nm diameter on a silica bea8%hm diameter. But since the size ratio r/R is
lower than 10, this tend to overestimate the valudlpnax. The second formula gives a distance
angular of 26.1° in between two satellites, coroesiing to a 3D-arrangement of 64 silver particles
on one silica bead. However, it is important toentitat these two calculation ways do not take
account of the various interactions which couldseketween the different particles and particularly
the repulsive electrostatic forces between theesianoparticles. So these values of,N@are only
upper boundaries and allow us to define the exaksatellite particles necessary for their assembly

on the silica beads.
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Experimentally, we observed that when the ratio NRg]/[SiQcores] (in particles/L) was
lower than 43, silver particles interacted with exa¥ silica beads and formed agglomerates of
particles, evidenced by the flocculation of paescl(Figure 11.20). However when the ratio was
higher than or equal to 43, stable dispersions wbtained. Moreover, as expected the greater the
excess of satellite particles, the faster the r@a@nd the higher the probability to form rasplperr
like nanoclusters. The assemblies were charactertae TEM (Figure 11.22). An effective
interaction was observed between silver and sipeaticles since each silica particle was
surrounded by a large number of silver particles.céntrol experiment was performed by
assembling the silver nanoparticles on pristineaibeads: no interaction between particles was
observed, confirming indirectly the successfullafgng of EDPS on the surface of silica (TEM

image not shown here).

Figure 11.22 — (Left) TEM image of nanoclusters obtaned with an excess of 160 of the 26-nm silver pactes with regard to

lﬂqﬂl‘.’, Y e

89-nm silica cores. Inset scale bars: 50 nm. (Righbchematic illustration of Ag satellite particlesfallen-in on the membrane.

TEM images revealed the presence of the nanocydtet they agglomerated one to each other.
Moreover, the satellite particles were systemdyicatbserved in a “daisy-like arrangement” around
the silica core: they obviously found their finalgition in contact simultaneously with the silica
and the carbon film of the TEM grid, resulting franfalling-in mechanism during the drying step
(Figure 11.22). It evidences the attractive forbetween the silica core and the silver satellitesew
not strong enough for withstanding the capillarscés inherent of the drying process and therefore

maintaining the satellites in a raspberry-like nimipgy.

Nevertheless, the electrostatic approach for dgithre assembly process was not questioned.
Many efforts to optimize the assembly process agtdaghigher coverage were performed such as
e.g.by changing the ratio [AgNPs]/[Si€ores], the pH of the reaction medium, the ratstiofing
and the rate of addition of core particles into éxeess of the satellite particles. For instance, i
order to get a homogeneous diffusion rate betwa€s 8nd Ag particles and thus to expect a
higher level of coverage, the assembly was perfdrmea microfluidic device [Hassanl13]. The
microfluidic procedure is illustrated in the Figute23. The devices were fabricated at the
Laboratory of Future (LOF, Bordeaux). The systens waade of a PDMS micro-reactor with two
inlets and one outlet. The aqueous colloidal susipancontaining the silver particles was injected
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in one of the two inlets and the aqueous suspertdiomodified silica particles was injected in the
second inlet with the same flow rate of Q = 400huLThe mixture evolved in the channel and
enters in an oily medium to form aqueous dropsnTthe drops evolved in the serpentine channels
to promote the intimate mixing of both aqueousaidll suspensions in the drop. At the outlet of
the micro-reactor, a “water-in-oil” emulsion wastaibed. Finally, the oil phase was separated from
the aqueous suspension containing the nanoclusgexsslow centrifugation. The strong advantage
of this technique is the high reproducibility andeiter homogeneity of the diffusion reaction af th
metal nanoparticles towards the silica core. Tlaetren is exactly the same whatever the drop. At
the end of the process, expected nanoclustersanttiore monodisperse raspberry-like architecture

should be collected.

AgNPs .
g )g)) oil
@ D )
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Figure 11.23- Microfluidic synthetic procedure for the assembly of silver nanopatrticles onto silica laels.

Figure 11.24 shows pictures of the microfluidic iagsd assembly of the Ag nanoparticles
(yellow suspension) onto the EDPS-modified siliemdis (white suspension) at different steps in
the microfluidic chip. At the beginning the two mtlal suspensions were well-separated. Then as
the drop evolved in the serpentine channel, theturexbetween the two species of particles

occurred and yielded to a mixture with a homogesemlor.

O ‘
A\
Figure 11.24 - Photographs of the microfluidic asssted assembly of Ag nanoparticles (yellow suspensjoonto the EDPS-

modified silica beads (white suspension) at differg steps in the microfluidic chip.

Compared to the direct assembly, the microfluidipraach did not seem to have a real
influence on the final morphology of the nanoclust@igure 11.25). Most of the clusters assembled
together in agglomerates and the satellite pasticée fallen-in on the TEM grid (Figure 11.22).
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Figure 11.25 - TEM images the nanoclusters obtainedby microfluidic assisted assembly. Insert scale bar 100 nm.

We thus had to find out a way to reinforce the aidkl stability of the raspberries. This was

performed by coating the nanoclusters with silitaraemoval of the excess of satellite particles.

To improve their colloidal stability during the wasg step, an aqueous PVP solution was
firstly added to the colloidal suspension in ortiestabilize the particles via steric hindranceefTh
centrifugation cycle was performed to remove theefrAg nanoparticles from the heavier

nanoclusters (Protocol 13).

Protocol 13 — Washing procedure of raspberry-likanoclusters

The colloidal suspension was diluted in 30 mL ofagmeous PVP solution (0.5 g/L).
After 2 h, the mixture was three times washed hyribegation at 3000 g for 20 min and
redispersed in water.

The TEM images before and after washing of theoatdll suspension are shown in Figure 11.26
(-a and -b). No aggregation and no deterioratiothefAg nanoparticles was observed revealing the
capping of particles with PVP. The centrifugatidiowed to remove much of the silver particles
excess, however agglomerates of clusters wereossierved. Furthermore, the density of metallic

nanoparticles was systematically lower than theabserved before washing.
' & L——

Figure 11.26 — TEM images of raspberry-like nanoclusers (a) after assembly of Ag nanospheres (26 nmyto EDPS-modified

silica beads (89 nm), (b) after washing step and)(after encapsulation in silica shell. Insert scalbars: 50 nm.

In order to better consolidate the PVP-stabilizadatlusters and confirm the assembly of silver
particles all around the dielectric core, the ndusters were encapsulated with a silica shell by
using a conventional Stdber process (ProtocolTHg.necessary volume {¥69 of silica precursor
was calculated as previously from the equatior)!by considering that all EDPS-modified silica

98



Chapter 11 Raspbelige nanoclusters through the assembly of metabparticles on silica beads

beads were conserved during the washing steps ppobxamately 20 silver particles were
assembled by silica bead.

Protocol 14 — Encapsulation of nanoclusters with8anm silica shell

After centrifugation, nanoclusters were disperse@ iminimum of water (~ 0.5 mL), the
volume was completed to 4.94 mL with ethanol andl6@f ammonium hydroxide were
added to solution. Then 2 pL of TEOS diluted in p@0of ethanol were dropwise
injected into the solution with an addition rateed to 0.5 mL/h.

A thin layer (~ 10 nm) of silica was deposited dhtlae nanoclusters (Figure 11.26-c) under
these conditions. The clusters were isolated antbramy distributed on the carbon grid. The
position of satellite particles on the silica beadss “frozen” by the deposition of the silica shell
This encapsulation allowed to confirm the inte@ctibetween silver particles and the EDPS-
modified silica beads and the raspberry-like molpi of the nanoclusters. However, a slight
fragmentation of some silver nanoparticles in tih@rganic layer was observed (Figure 11.27). Tiny
silver nanoparticles of few nanometers coexisteith Wie initial ones. Their formation was due to
the aerial oxidation of the metallic particles @mvby the ammonia used as catalyst for silica
growth.

Figure 11.27 - TEM images of PVP-stabilized nanoclugrs encapsulated with a silica shell via the Stobgrocess.

C.1.2.1 Optical properties of the raspberry-like nanoclustesuspension

The extinction spectra of the 26-nm silver nanaplad and the nanoclusters, before and after
silica coating, are shown in Figure 11.28. No diffiece was observed between both the spectrum of
the dispersed satellite nanoparticles and the drtbeonanoclusters. The nanoclusters retain the
plasmon resonance characteristics of the dispesatedlites. This could be assigned to the absence
of interparticle interactions or to the presenca diigh amount of satellites particles in compariso
to the amount of the nanoclusters. Upon deposiiothe thin silica layer on the raspberry-like
nanoclusters, a red-shift and a widening of théaserplasmon band was observed. The thin layer
of silica allowed to wash the colloidal suspensamd the removal of the excess of free metallic

particles. The red-shift was assigned either toirterparticle interactions and to the change ef th
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electronic properties of the medium surrounding piaeticles. Silica is electronically inert but its

refractive index is different from that of watehd red-shift in the position of the absorption band
could thus be due to an increase of the local ece¥@ index around the particles. Additionally, the
long tails in the spectrum indicates the presemdiglat scattering in the systems.
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Figure 11.28 — Normalized absorption spectra of cdbidal suspension containing silver nanoparticlesA\gNPs), PVP-

stabilized nanoclusters (Si@AgNPs) and nanoclusteesaicapsulated in a silica shell (SI@AgNPs@SiD

C.1.2.2 “Full” characterization of a single nanocluster

In order to understand the physical origins of tieserved properties, single nanocluster
characterization was performed by electron tomdyaBD-STEM) and Spatial Modulation
Spectroscopy (SMS) implemented at the IPCMS (Stnasf) and the Laboratoire de Spectrométrie
lonique et Moléculaire (LASIM, Lyon), respectivelyhe SMS technique, developed in the group
of F. Vallée at the LASIM, is based on spatial matan of the position of a given nanoparticle
under a tightly focused laser light spot and detecof the concomitant modulation of the
transmitted light. It is the only technique permit quantitative determination of the extinction
cross-section of the studied nanoparticles. It thesmits a comparison of experimental and
theoretical results. The principle and implemenotatof the SMS technique are described in the
Annex 1. The electron tomography technique, dewelap the group of O. Ersen at IPCMS, allows
to determine the structure, the morphology andctiemical characteristics of nano-objects with
nanometer resolution. In order to avoid the damadéise nano-objet that could be induced by the
electron beam, the Figure 11.29 presents the ‘foatlopted to perform SMS and 3D-STEM
measurements on a same particle. Firstly, the idallGsuspension containing the raspberries was
spin-coated on a silica substrate. To ensure thecabpseparation of the nanoclustere(
interparticle distance> 1 um), the dilution of the suspension was previowsdjusted. The

individual nanocluster was first crudely localized the substrate, taking low magnification TEM
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images then its optical spectrum was subsequendgsared by SMS. Once the nanocluster

optically characterized, it was analyzed by electmmography to determine its real structure.
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Figure 11.29 - Strategy adopted to characterize thenorphology and the optical properties of a singl@anocluster.

e Characterization of single nanocluster by Spatial Modulation Spectroscopy (SMS)

The optical extinction spectra of two single nanstgrs not coated by silica deposited on silica
membrane were first measured (Figure 11.30). In &@hsence of silica, the nanoclusters were
systematically constituted of a silica bead surdmehby “a ring” of silver spherical nanoparticles
felt on the substrate. The polarization angle usedhe measurements was whenever determined

by searching the polarization of light maximizirigetamplitude of measured signal at the surface

plasmon resonance of the nano-object (around 430 nm
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Figure 11.30 — Optical extinction spectra and corresponding TEM images

of two individual PVP-stabilized nanoclusters meased by SMS.
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On the first extinction spectrum (Figure 11.30-)efte could observe that, additionally to the
plasmon band characteristic of the free 26 nm sihamoparticles at about 400 nm, new resonances
appeared at longer wavelengths (near 550-600 nhgsd bands could be attributed to coupling
modes between metallic nanoparticles. It is wethkn that when plasmonic nanoparticles are in
close interactioni.e. when the distance between them is lower thanatieis of the nanoparticles,

a modification of the distribution of the electfield occurs. The individual plasmon oscillations
can couple with each other resulting in the appearaof coupling LSPR modes [Hao04,
Amendolal0, Jain10]. This is generally characteriag a strong red-shift of the LSPR wavelength
because a lower energy is required to drive th@leduplasmon oscillation modes of the assembly
[Jain07]. However, the plasmon oscillation couplisgpromoted only when the polarization is
oriented along the interparticle axis and it isiliiled when the polarization angle is orthogonal to
the interparticle axis.

The extinction spectrum of another nanocluster yfegll.30-right) also exhibited these
additional bands but with different intensitiesl@aiger wavelengths. The distribution of metallic
particles was different from one cluster to anotbee that was making the interpretation of the

experimental data very difficult.

The same type of experiments was performed orasiiwered raspberry-like nanoclusters. The
Figure 11.31 shows the extinction spectra of twdiwidual nanoclusters encapsulated in silica shell.
For both nanoclusters, the main plasmon band ri&neh characteristic of silver nanoparticles (in
silica environment) was present. In both case,simectrum also exhibited another resonance at
longer wavelength (in the 500-550 nm range) duenterparticle interactions. By varying the
polarization of the incident light, the intensity these bands was modified evidencing the
inhomogeneity in the material distribution. The gs@dation angle used for the measurements was
whenever determined by searching the polarizatibnlight maximizing or minimizing the
amplitude of measured signa@T/T = (Prans —Phnc / Pnc) at the surface plasmon resonance of the
nano-object (here around 420 nm). For examplehencase of the nanocluster shown in the Figure
[1.31 (right), the amplitude was minimal at= 50° and maximal ai = 140°. Theoretically, if the
silica bead was uniformly covered with the metgblasticles, the nanocluster may exhibit an overall

isotropic structure and all the silver nanopardee each other in the same way.
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Figure 11.31 - Optical extinction spectra of two nanoclusters encapsulated in silica shell measured ISMS

for two polarization angles (black and red squaresin each case and their corresponding TEM images

From these overall results, it clearly appearedl tthea synthetic procedure for the generation of
the nanocluster had to be optimized to get moréoumiand dense coatings of nanopatrticles and

further understand the effect of interaction ofitaterial components.

e Structural characterization of single nanocluster by electron tomography

To determine the exact position and number of Hietadrticles attached to the surface of the
EDPS-modified silica bead, electron tomography ysialwas performed. The characterization was
performed on the “most” robust nanoclusterthe cluster encapsulated in a silica shell. Thygife
[1.32 shows TEM and STEM micrographs of the seléctanocluster before and after the optical
SMS analysis. Before SMS measurements, the sified surrounding the nanocluster was clearly
visible. After the optical measurements, the silwanoparticles became more rounded. Moreover,
additional tiny particles within the silica shelkerve clearly visible on the TEM images. These tiny
silver particles were due to a photo-fragmentatbsilver under the photon beam during the SMS

measurements.

50 nm

Figure 11.32 - (a) TEM image of the chosen nanoclust before SMS analysis, (b) BF- and (c) HAADF- STEMmages

of the nanocluster after SMS analysis. The yellow d@llows to label the same silver satellite partiel on each image.

The tomography was performed in STEM mode and imagere collected by covering an
angular range from -72.5° to +62.5° with an incratref 2.5°. The STEM mode allows to increase

the contrast in the images between each elemaheafanocluster compared to the TEM mode due
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to its higher sensitivity to the mean atomic num@gy = 14 and £y = 47) and thus facilitate the
spatial separation of each component from the tak volume. By combining all the STEM

projections, the volume of the nanocluster was es&fally reconstructed (Figure 11.33-right).

NP1 XY sections 3D-modeling

Figure 11.33 — (Left) BF- and HAADF-STEM images extraded at 0° and -72.5° from tilt series; (Middle) Extacted BF- and
HAADF-sections in XY and XZ axis from the reconstrugion of the nanocluster; (Right) 3D-modeling of thenanocluster with
silver particles in blue, the silica bead was notapresented for a better observation of the sateltparticles.

From the 3D-modeling, we observed a relative homegas distribution of the Ag
nanoparticles on the surface of the silica parti€lee nanocluster was composed of seventeen Ag
nanoparticles. From the two sections presentederfigure 11.33 (middle), the diameter of many
particles could be measured. The diameter of i diead was estimated to 88 nm and the mean
diameter of six satellite particles was estimatexlad 23 nm. Two larger Ag particles (~ 34 nm)
were also observed. Finally, many tiny silver et were observed with sizes between 2 and 7.5
nm. The comparison of HAADF-STEM images of the stigated nanocluster, before and after
tomography analysis, allows to ensure that theyaigaldid not damage the overall morphology
(Figure 11.34).

Before STEM 3D After STEM 3D

.

Figure 11.34 — HAADF-STEM images of the studied silia-coated nanocluster before and after the tomographanalysis.

C.1.3 Assembly of silver nanoprisms on EDPS-modified sda beads

By using a procedure similar to the one descriloealssemble silver spherical nanoparticles on
the surface of silica, silver nanoprims were deggeoson EDPS-modified 89-nm silica beads. In this

case, the Ag nanoprisms (AgTNPs) were stabilizetidif citrate and PVP which ensured them an
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overall negative charge. A preliminary step of waghby centrifugation (8000 g, 20 min at 4°C)
was required in order to eliminate the excess ghwic molecules (ascorbate, citrate and PVP)
present in the solution. Similarly to the sphericanoparticles, a range of assemblies was
performed by varying the ratio [AgTNPs]/[Si€res] (Figure 11.35). Floculation was observeddor
ratio lower than 5 evidencing the formation of ctzalike agglomerates of particles. For a ratio

higher than 5, the dispersion remained stable asgberry-like nanoclusters were obtained.

Floculation Nanoclusters assembly

OOBY LY

[AgNPs] / [SiO, cores]=> 0.08 0.16 0.32 0.63 1.26 2.52 5.04 10.09 20.18

100 nm

Figure 11.35 - (Top) Photography of the range of asamblies performed by varying the ratio [AQTNPs]/[SiQ cores] from 0.08
to 20.18 and (Bottom) TEM images of nanoclusters ohitzed for different ratios.

After a washing step similar to the one describadie (Protocol 13), TEM images show the
effective deposition of the Ag nanoprisms on thdame of the dielectric colloids (Figure 11.36).
However, we observed that the washing step induxesklective etching of the tips of the
nanoprisms, making them more rounded. We also wbdethat the overall material distribution
was very sensitive to the observation time underelbctron beam of the microscope.

22 saeearaak , 2

Figure 11.36 - HRTEM images of washed nanoclusterstgained with an excess of 20 of Ag nanoprisms

compared to EDPS-modified silica cores.

By focusing the electron beam of the microscope are object during the TEM
characterization, we observed a “melting” of thkcai particle (Figure 11.37). The longer the

observation time was, the thicker the coveragehefdilver particles by silica. For instance, we

105



Chapter 11 Raspbelige nanoclusters through the assembly of metabparticles on silica beads

observed that after ~ 5 min of observation, theattietparticles were totally immersed in a silica

matrix.

Figure 11.37 — HRTEM images focusing on one Ag nanopsm attached on an EDPS-modified silica bead

and showing the evolution under electron beam in éme interval of 5 min.

Despite the instability detected, we tried to perfeelectron tomography analyses on a single
nanocluster coated with only one silver nanoprishe analysis was performed in STEM mode and
images were collected by covering an angular rdraga -70° to +72° with an increment of 2.5°.
After analysis, the nanocluster had undergone gtroadification in its morphology (Figure 11.38).
Due to a too long exposition under electron beam2(5 hours), the silica “melted” and

encapsulated the silver nanoprisms making the velgoonstruction impossible.

Before 3D-STEM After 3D-STEM

20_nm 208N s

Figure 11.38 — (Top) BF- and (Bottom) HAADF-STEM images of a single nanocluster having only one Ag nanoism
assembled on the silica core before and after théeetron tomography.

We also tried to perform the analysis at a lowegmifecation to avoid damage of the object
(Figure 11.39). Two agglomerated nanoclusters waresen for the study. The extracted HAADF
sections in the XY axis obtained from the recorw&d volume of the nanoclusters revealed that
the lower magnification allowed to decrease thephology alteration. However, we still had the

same problem of colloidal stability of the nanotéus. Without silica coating, the silver triangles
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fell-in on the carbon grid. Optimization of the fsessembly procedure is necessary to obtain stable

nanoclusters.

XY sections

BF-STEM HAADF-STEM

Figure 11.39 — (Left) BF- and HAADF-STEM images extraded at 0° from tilt series and (Right) HAADF sectims in XY axis
from the reconstruction of the nanoclusters. The y&w dot allows to label the same silver satellitegsticle on each image.

Despite these colloidal instabilities of the nanstérs once deposited on a substrate, the optical
properties of the nanoclusters in suspension weitiesl by UV-Vis spectroscopy (Figure 11.40).
The deposition of the silver nanoprims onto theaibeads led to a blue-shift of the peak of the
isolated nanoprims instead of the red-shift expkcidis was due to the change of morphology of
the prims during the grafting process. The tipshef silver nanoprims being progressively etched
during the assembly process, it yielded to the-sBhi& of the main absorption band position.
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Figure 11.40 — Normalized absorption spectra of sysensions containing silver triangular nanoparticleAgTNPS)

and PVP-stabilized nanoclusters (SI@AgTNPs).

Figure 11.41 shows the optical properties of twogse nanoclusters measured by SMS. Several
resonances were observed at longer wavelengthsredy interparticle interactions. However, as
for the spherical particles, due to the strong mbgeneities from one nanocluster to another one, it

was not possible to understand the effect of ictera of the material components.
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Figure 11.41 - Optical extinction spectra of singlePVP-stabilized raspberry-like nanoclusters

measured by SMS and their corresponding TEM images.

By coating the silver nanoprims with a thiol-alcasmeh as MUA ¢f. Protocol 8), the shape of
the silver triangular particles could be presergeen during the assembly process (Figure 11.42).
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Figure 11.42 — (Left) UV-Vis spectra of colloidal sispensions containing the MUA-coated Ag nanoprismdane (AgTNP-
MUA) and the washed nanoclusters obtained by assetitig the MUA-coated Ag nanoprisms on the EDPS-modiéd silica
beads (SI@AgTNP-MUA) and (Right) corresponding TEM imaes of the nanoclusters. Insert scale bars: 100 nm.

Consequently, the trends in the optical propemiessured were similar to those reported for
spherical particles. The dominant plasmon band psadition slightly shifted toward longer
wavelengths. However, optimization of the depositrocedure was necessary to obtain more

dense, close-packed and robust nanoclusters.

C.1.4 Conclusion on this strategy of direct assembly

The assembly approach via electrostatic interastioas been found suitable for generating
nanoclusters with a raspberry-like morphology. Hegre the nanoclusters have to be coated with
PVP or with a silica shell to improve their collaldstability. The optical study of their properties

allowed us to highlight coupling plasmon modes tumterparticle interaction. However, their full
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understanding was difficult since the obtained aiddl suspensions contained nanoclusters with
large composition distribution. The correlation dstuof analytical 3D-TEM and optical
spectroscopy on a single raspberry has also revesiene modifications of shape or material
distribution of the nanoclusters after long per@fdcharacterizations. The synthesis protocol has
thus to be modified to improve the density of metadarticles on the surface of the dielectric,ithe
composition distribution and their colloidal stafyilto fully understand and model their optical

properties.

C.2 *"Second generation” of raspberry-like nanoclusters

In order to obtain a denser packing of the metalfinoparticles, we used the LbL technique to
generate a uniform surface charge and smooth cpatimo the silica beads. By depositing a
polyelectrolyte having a quaternary ammoniueng. PDDA, onto the silica, it would act as
electrostatic molecular glue between each metglcticle and the dielectric. The PDDA
polyelectrolyte was chosen in order to provide @ghbr charge density compared to a
polyelectrolyte with a primary or secondary amineoup such as PEIl or poly(allylamine
hydrochloride) (PAH), respectively [Ashayer08, Xidg0The use of long polymer chains was also
expected to allow a higher surface of contact betwthe satellite and core particles since the
multilayer of polymers brings a “soft brush” expsttto facilitate the adhesion.

C.2.1 Surface modification of silica beads via Layer-by-lyer process

The two oppositely charged polyelectrolytes setbdte the multilayer assembly were PPDA
and PSS (Figure 11.43). PDDA allowed a permanesitp@ charge in a large range of pH due to its

quaternary ammonium groups and thus allowed ardaegge of pH to perform assembly.

ket 2
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|
ONa
PDDA PSS

Figure 11.43 - Molecular structures of PDDA and PSS

The experimental procedure established for ourgeeps described in Protocol 15. It consisted
in the successive deposition of PDDA and PSS osuinkace of the preformed silica beads (Figure
[1.44).
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Figure 11.44 - Schematic illustration of the LbL approach used to modify the surface of the silica nanagticles.

As the silica was initially negatively charged, thiest layer was made with the PDDA
polycation, then PSS as polyanion and finally &alager of PDDA to ensure a final positive charge.
The polyelectrolytes multilayer weas deposited iboasbeads of 106-nm and 89-nm diameter. PSS
and silica were negatively charged at pH 7.4 wRIEDA was positively charged at this same pH,
thereby all the PDDA or PSS solutions, and siligspgnsions were prepared in phosphate-buffered
saline (PBS).

Protocol 15 — LbL adsorption of polyelectrolytes eiica particles

Firstly, the silica nanoparticles were washed thtiees by centrifugation at 9000 g for
10 min and redispersed in a solution of phosphaitkéebed saline (PBS) (0.01M) at pH
7.4. The solutions of 2 mg/mL PDDA and of 3mg/mg ®8re prepared in pH 7.4 PBS
(0.01M). 10 mL of the dispersion of silica nanopes were added to 20 mL of the
solution of PDDA. The adsorption was allowed togered for 30 min under stirring with
a roller mixer from Stuart (SRT6D). The excess DDR was then eliminated by
centrifugation at 6000 g for 10 min and the pasgere redispersed in 10 mL of PBS.
After three washing cycles, the colloidal suspemsi@s injected into 20 mL of PSS
solution. The adsorption procedure was similar he bne used for the PDDA layer.
Finally, a last layer of PDDA was assembled onghliea particles and the last washing
cycle was performed in water. The final concentratn silica beads was determined by
dry extract.

The Figure 11.45 (-a and -b) shows the TEM imageseasponding to the two different sized
silica beads after the assembly of three successpers PDDA/PSS/PDDA. No aggregation, no
change in shape and smooth and regular coatinigeoparticles were observed. However, in both
cases, an increase of the diameter of approximat&ym evidenced the success of the assembly
giving a multilayer thickness of ~ 3.5 nm. The riajter was spotted by focusing on a single silica
particle (Figure 11.45-c). The thickness was evidato ~ 3.5 nm even if the contrast difference
between the silica and polyelectrolyte layer is.I@\Wis value of multilayer thickness was coherent
with previous values reported in literature. IndeAd et al. measured by using a Quartz Crystal
Microbalance (QCM) a bilayer (PDDA/PSS) thicknegs-@ nm [Ai02]. With the same technique,
Carusoet al. determined a thickness of (1.4 + 0.3) nm per ldgerthe successive deposition of
PAA and PAH and confirmed this value with the S@flarticle Light Scattering (SPLS) technique
[Schuetz03].
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Figure 11.45 - TEM images of (a) 89-nm and (b) 106-m silica nanopatrticles after the deposition of PDDAPSS/PDDA

multilayer. (c) Zoom on a single modified silica naoparticle, the two arrows delimitate the multilaye of polyelectrolytes.

The successive deposition of polyelectrolytes @nsitica surface was also monitored by micro-
electrophoresis (Figure 11.46). A regular alteraatiof {-potentials was observed suggesting the
successful deposition of PDDA and PSS at pH 8.rAflte deposition of the first PDDA layer(a
potential of + 39 mV was observed while after tekeahd layer of PDDA (following the PSS layer)

a (-potential of + 50 mV was recorded. This increas&-potential revealed an increase of the

positive overall charge density.
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Figure 11.46 — C-potential values of the PDDA/PSS/PDDA coated 106wsilica nanoparticles

as a function of the number of layers deposited gtH 8.

Once the multilayer of polyelectrolytes was depmakitwith the outermost layer of PDDA
(subsequently noted Si@PDDA), the IEP of the silica was strongly shiffesin ~ 2.5 to ~ 10.2,
revealing the successful adsorption of the quatgramonium groups on the surface of the silica
(Figure 11.47). This value of IEP is higher thare thalue of 8 obtained for EDPS-modified silica.
This is due to the substitution of amine groupsghgternary ammonium groups which ensure a
permanent and higher density of positive chargesrebVer, in the pH range wherein the
assemblies were performacde. pH ~ 6-8, the LbL deposition of polyelectrolytassared a much
larger amount of positive charges adsorbed onititza surface compared to the ones adsorbed by

using EDPS.
111



Chapter Il Raspbelige nanoclusters through the assembly of metabparticles on silica beads

90 +

-4

;0. L. SIO,@EDPS

5o ;} ........... §§N SiO,@PDDA

A
30 - t

10 -

KA

N
w

L

4 5 6 7 8 9%911121314

HoH

¢ (mv)

-:100 1

-30 - Sio, 13

-

[

o+

-50 -

-

4

L

.
H A

-70 - pH

Figure 11.47 — Isothermal variation of -potential of the 89-nm silica nanoparticles beforgSiO,) and after EDPS-surface
modification (SIO,@EDPS) or after the multilayer deposition with the atermost layer of PDDA (SiQ@PDDA).

From the characterization of the silica nanopaticmodified by polyelectrolyte multilayer
(PEM), we highlighted a net improvement of the agnsf positive charges on the silica surface
thanks to the high amount of quaternary ammoniuesent in the PDDA and the successive

deposition of oppositely charged macromolecules.

C.2.2 Assembly of silver spherical nanoparticles on PEM-mdified silica beads

The first trial was performed with the 26-nm Ag epbal nanoparticles (Protocol 16). The
maximal number Np.x of 26-nm Ag nanoparticles that could be attached @9-nm silica bead
was estimated to 64 (with an angular distanee26.0°) while for the 106-nm silica beads it vé&s
(o = 22.72°). Experimentally, twice more Ag particldmn necessary were used to ensure a full

coverage of the silica beads.

Protocol 16 — Assembly of silver spherical nanopelgs on PEM-modified silica beads

Typically, 1 mL of a diluted suspension of PEM-rfiedisilica beads (1.5x1®part/L)
was dropwise introduced into 1 mL of the isotropiver nanoparticles solution. The
mixture was stirred overnight.

The nanoclusters were characterized by Scanningirife Microscopy (SEM, Annex 1) after
deposition on a silicon wafer previously functiarafl with (3-aminopropyl)triethoxysilane
(APTES). The Figure 11.48 shows representative iesagf the obtained raspberry-like nanoclusters.
They demonstrate the homogeneous coverage andpdogeng of the silver nanoparticles as well

as the production of raspberry-like nanoclustetsigh yield and high amount.
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Figure 11.48 — HR-SEM micrographs of nanoclusters btained by assembly 26-nm silver nanopatrticles
onto PEM-modified silica beads of 106 nm in diametefSiO,-106 @PDDA).

Compared to the assembly performed with EDPS-nemtlifilica particles (Figure 11.22), the
LbL assembly clearly generated more stable nanterkisUpon deposition on the TEM grids, no
satellite particles fell-in on the membrane (Figurd9). TEM images revealed the high and
uniform quality of the coatings and an increaseahef density of metallic particles was observed
when the core particle diameter increased fronn8806 nm.

a) |
SiO,-89@PDDA -

b)

nm

100 nm

d)
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Figure 11.49 - TEM images of raspberry-like nanoclugers obtained after assembly of Ag nanospheres (26n)
onto the PEM-modified silica beads: (a, b) Si@89@PDDA and (c, d) Sig-106@PDDA.

The removal of the excess of metal particles aftaroparticles assembly on the silica spheres
was accomplished (Protocol 17). To ensure theloictal stability during the process, an additional
layer of PDDA was deposited on the surface of theoclusters. The washing step yielded to the
removal of the excess of metallic particles; bebdb a decrease of the density of coverage (Figure
[1.50-b). An additional layer of silver nanopargsl was thus deposited on the PDDA-stabilized
nanoclusters (Figure 11.50-c), followed by a typieegashing step, to get denser packing of the
nanoparticles on the silica beads.
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Protocol 17 — Washing of raspberry-like nanoclusser

10 mL of the colloidal suspension were diluted gL of an aqueous solution of 2
mg/mL PDDA. After 30 min, the mixture was washedetitimes by centrifugation at
3000 g for 20 min and redispersed in water (or &sP®lution (0.01M) at pH 7.4).

The extinction spectra of a series of coated naistets were measured as shown in Figure
[1.50. After the metal particles removal, a new dhappeared near 480 nm due to interparticle
interactions. The deposition of an additional nambples layer leads to a slight red-shift of this

additional peak surface plasmon resonance as walh acrease of its intensity.
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Figure 11.50 — (Top) TEM images of nanoclusters (a) dained by assembly of Ag nanoparticles on PEM-modiéd 106-nm

silica beads, (b) after washing and stabilization ith PDDA and (c) after deposition of a second layeof Ag; (Bottom)

corresponding normalized absorption spectra of sugmsions containing Ag nanoparticles alone (Ag NPs),

PDDA-stabilized nanoclusters (Si-PDDA@AgNPs@PDDA)na PDDA-stabilized nanoclusters having a bilayer ofAg

particles (Si-PDDA(@AgNPs@PDDA).

In order to improve the washing step and to inardhe colloidal stability of the nanoclusters,
we studied the possibility to convert the interlafjgrces from weak supramolecular interactions to
strong covalent bonds by post-crosslinking the-asiembled multilayer of polyelectrolytes. For
that, we proposed to post-infiltrate a photo-séresitcross-linker: the 4)4liazido-2,2-
stilbenedisulfonic acid disodium salt (DAS) in theactive medium. This molecule exhibits two

phenyl azide groups and is easily photolyzed updhifttadiation to generate a highly reactive
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nitrene intermediate which reacts with almost allds of organic matter to form covalent bonding
(Figure 11.51). Zhanget al. previously obtained promising results by using ttmolecule as photo-
cross-linking agent in order to increase the raiest of conventional PEMs of PAH/PAA

deposited on a planar substrate [Zhang12].
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Figure 11.51 — Chemical equation of the crosslinkig reaction of PDDA by DAS.

In aqueous solution, the DAS was characterized rbytasorption band near 340 nm (Figure
[1.52-blue curve) due to the azide gNyroups. The absorption intensity was linearlygmmional to
the amount of present azide groups. Under UV iatamh, we observed a deep yellow coloration of
the solution with the release of gas. It was ewigenon the UV-Vis spectrum by a gradual decrease
of the 340-nm band with the concomitant appeararice shoulder near 410 nm (yellow curve).
This decrease suggested the decomposition of te gewups under UV irradiation into the highly
reactive nitrene intermediate accompanied by aaselef nitrogen. After 5 min of irradiation, no
change in the absorption spectrum was observeckmrsiitg the full consumption of the azide

groups of DAS.
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Figure 11.52 — UV-Visible spectra of an aqueous DA$0.05 mM) solution with or without PDDA,

before and after UV irradiation.

115



Chapter Il Raspbelige nanoclusters through the assembly of metabparticles on silica beads

As a control test, a similar experiment was perfenirby introducing the DAS into an aqueous
solution of PDDA. Before irradiation, the absorptigpectrum (purple curve) was the same than the
one obtained with DAS in water. However after iretidn (red curve), the shoulder near 410 nm
was significantly more intense than as previoudigenved, probably because the nitrene groups
reacted with the carbon chains of PDDA to form selewy amine bonds (Figure 11.51).

The DAS was then introduced in the aqueous susmpensontaining the raspberry-like
nanoclusters. It was expected to form covalentgasdoetween the different polyelectrolytes layers
of PSS and PDDA. The experimental procedure ohgthening with DAS is described in the
Protocol 18. After the UV irradiation, the colloldauspension was washed by centrifugation. Since
the free DAS molecules exhibited a yellow color daethe degradation of azide groups, it was
possible to ensure that no residual DAS moleculer®wemained in the suspension at the end of the
washing cycle by controlling the absorption spautaf each supernatant.

Protocol 18 — Strengthening of raspberry-like nadasters with DAS

An agueous solution containing 0.05 mM of DAS wapared in dark. Then, 1 mL of
the DAS solution was added to 1 mL of the PDDA#s&tald colloidal suspension in
dark. After 4 h, the mixture was placed in a quae#l and irradiated for 5 min under
stirring with a 150 W Xenon lamp at a distance bfcin. Finally the suspension was
washed by centrifugation at 4000 g for 10 min. Jekow supernatant containing the
excess of free DAS was removed and the bottom wedispersed in water. The
centrifugation cycle was repeated until the suptanabecame free of DAS molecules
i.e. until the disappearance of the DAS characterigbsorption band on the UV-Visible
spectrum.

It is clear that this procedure allowed a morecadhit metallic particles removal. The intensity
of the peak surface plasmon band due to interpaititeractions strongly increased in intensity in
comparison to the plasmon band assigned to the riretallic particles (Figure 11.53). The
morphology of the nanoclusters was preserved ipeagon or once deposited. However, we also
observed that DAS treatment strongly increase ttopgution of agglomerates of nanoclusters
which were difficult to dissociate by sonicatiorhéFefore, although the cross-linking of PEM with
a photo-sensitive molecule appeared as an origindl promising approach to strengthen the

nanoclusters, this strategy was not extended ifotlaving of this work.
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Figure 11.53 — (Left) Absorption spectra of PDDA-stailized nanoclusters suspensions before and aftené consolidation with
DAS. (Right) TEM images of the DAS- strengthened natlusters.

C.2.3 Assembly of gold spherical nanoparticles of diffenet sizes on PEM-modified silica

beads

In order to investigate the potentialities of thbBLLassembly approach to deposit metallic
particles of larger size, we performed assemblyearpents with metallic particles of different
sizes. This study would allow to determine the deleace of the optical properties on the size of
the metallic particles. A narrow size distributionthe satellite size is one of the prerequisite to
achieve reproducible optical properties of the cosite colloids. To study this size effect, gold
nanoparticles were used instead of silver. It deed much easier to produce large spherical

particles of gold with a narrow size distributiathrer than with silver.

We used gold nanoparticles, stabilized with citratigh different diameters from 10 to 50 nm.
In order to remove the excess of citrate presenhénsolution, the metallic particles were first
washed by centrifugation or filtration. The protbobassembly was similar to the one described for
the Ag nanoparticles (Protocol 16). The concerdrabf the PEM-modified 106-nm silica beads
suspension was kept constant for all of the assempt 1.5x18® particles/L), whatever the size of
the satellite particles, in order to obtain in eaalse the same final concentration in raspbergy-lik
nanoclusters (~ 7.7x1braspberries/L). The Table 1.3 summarizes the erpmntal concentrations
used for each suspension of metal particles. Thalses of concentration were calculated from the
maximal number (Np.y of satellites which could be attached to the axefof one 106-nm silica
bead and by using 2.5 times more of satellite glagtifor 10- and 20-nm gold nanoparticles or

twice more for 30-, 40- and 50-nm gold nanoparsicle
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Table 1.3 — Maximal number of satellites attachableper silica bead (Np.ax) calculated from the equations 11.5 or 11.6 and
experimental concentrations (in particles/L) of methand silica colloidal suspensions used for the assblies.

AgNP26

Npmax 488(”'4) 132(”.5) 68 (I.5) 44 (I.5) 32 (I1.5) 85 (I.5)
[Si-106@PDDA] 1.5x10%  1.5x1¢°  1.5x1¢¢  1.5x1*  1.5xad° | 1.5x10°
[satellites] 1.9x10°  4.9x1d*  2.0x10*  1.3x10°  9.6x10* | 2.6x10°
[raspberries)a 7.7x10¢  7.7x10%  7.7x10¢* 7.7x10¢ 7.7xAd¢ | 7.7x10°

Figure 11.54 shows high resolution SEM of the difflet composites produced. Whatever the
diameter of the gold nanoparticles, a strong imtésa in between gold and silica particles was
observed. With the 10-nm gold nanoparticles, a## #ilica particles were fully covered and
nanoclusters had a real raspberry-like morpholddyey were obtained in high yield and high
amount. When the diameter of the satellites in@gdsom 10 to 50 nm, the density of metallic
nanoparticles became lower and it became more am mifficult to distinguish individual

nanoclusters.

of 10 nm (a, f), 20 nm (b, g), 30 nm (c, h), 40 n¢d, i) and 50 nm (e, j) on the PEM-modified silica bads.

Before characterization of their optical propertid® different suspensions were stabilized with
PDDA and washed by centrifugation to eliminate gioéd nanoparticles excess. The TEM images
of each raspberries batch revealed that this stepal damage the nanoclusters (Figure 11.55). The
nanoclusters obtained with gold nanoparticles otd @0 nm in diameter kept their well-defined
raspberry-like morphology. However, the ones olg@iwith gold particles of 40 and 50 nm exhibit
a lower density of coverage. The gold nanopartipledably became too heavy and some of them
fell-in on the carbon grid all around the silicaeggold density 19.3 g.ch).
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Figure 11.55 — Normalized absorption spectra of Aunanoparticles alone (red curves) and PDDA-stabilizkraspberry-like
nanoclusters obtained by assembling Au nanopartictewith different diameters of (a) 10, (b) 20, (c)@ (d) 40 and (e) 50 nm
on the PEM-modified silica beads (light blue curvesand their corresponding HRTEM images. The dashed blueurves

correspond to the coupling mode contributions.

The extinction spectra of the different raspbeikg-Inanoclusters were measured (light blue
curves) and compared to the ones of the isolatEdrgmopatrticles of similar diameter (red curves).
As expected the trend observed in the measuredabgtioperties were similar to those observed
for silver. Assembly of gold particles led to agteon band red-shift in comparison to the one of
the corresponding free metallic particles. This hartearly revealed strong coupling effects
between the metallic particles. The peak positiothis plasmon band red-shifted with the increase
of the size of the metallic particles (dotted spauni. However, its intensity decreased when the
density coverage was lower, for instance for theplharries made with 40 nm and 50 nm gold

nanoparticles layer.

Optimization of the “washing procedure” was necgssa remove the excess of the metallic
particles and permitted a better characterizatibrthe optical properties of the as-produced
nanoparticles. This was accomplished by encapsagldtie nanoclusters with a thin silica shell.

Two encapsulation protocols were tested: the dak$stober process” and a biphasic approach.

- Via the Stdber’s process

Firstly, the nanoclusters were coated with a sibt@ll by using the conventional Stbéber’s
process. The strategy adopted was similar to tleepoaviously used for the encapsulation of the
first generation of raspberries. At the output s§embly, the nanoclusters needed to be stabilized
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with PVP (Protocol 17) instead of PDDA in orderit@rease the interaction between the metal
surface and the silica precursor (TEOS). Then twveye placed in a hydro-alcoholic medium
containing ammonia and wherein TEOS was slowly emwtinuously introduced (Protocol 18).
After the washing and stabilization step with PMRe nanoclusters kept their raspberry-like
morphology as shown in Figure 11.56-a. However, reviesome raspberries were isolated and
evenly encapsulated with a silica shell (Figur&aic), most of them were agglomerated with a

diffuse surrounding silica film (Figure 11.56-b).

a)

b) c)

Z

200 nm 50 nm

Figure 11.56 — TEM images of PVP-stabilized nanoclugrs before (a) and after (b, ¢) encapsulation

with a thin silica shell via the conventional Stébeprocess in hydro-alcoholic medium.

Moreover, the density of metallic particles appdal@ver than the one observed before the
Stober’s process. This could be due to the fadtttie silica coating of the nanoclusters via this
process required a medium concentrated in part{si@sace area of nanoparticles higher than 50
cm’/cm’) and a transfer of the particles from aqueougtiarlic medium through several washing
steps, promoting damage and colloidal destabibpadif the nanoclusters.

- Via a biphasic approach

Another strategy was thus developed for keeping rdmpberry-like morphology of the
nanoclusters by avoiding the transfer in the ethavtuch was an agglomeration-prone liquid.
Recently, Schulzendodt al. proposed the controlled silica coating of gold aarticles by using
an approach inspired from the Hartlen’s work [Har@8] and passing through a stepwise ligand
exchange [Schulzendorfll]. Briefly, the citratebdiiaed gold nanoparticles were firstly exposed to
L-arginine, which ensured a higher stability of gagticles and a slightly basic medium required for
the silica growth. Then they were exposed to amasilane (MPTMS) in order to promote the
condensation of the silica precursor on the vitnélapsurface of the gold nanoparticles. By slightl
modifying and adjusting the experimental conditiolts our system, the nanoclusters were
encapsulated in a thin silica shell (Protocol 1%he process was directly applied to our
nanoclusters at the output of the assemibdyno washing, concentrating or stabilizing step veith
polymer was required. Note that thearginine should be present in the suspension fincsunt
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concentration (20.7 mM) to allow a controlled cgsed of the TEOS hydrolysis but also to ensure a

colloidal stability of the particles by fully covag their surface.

Protocol 19 — Encapsulation of nanoclusters withsdica shell in biphasic medium

Typically, 10 mL of the raspberry-like nanoclusteuspension were diluted into 200 mL
of water in a 500-mL rounded-beaker. Then, 5 mlarofaqueous L-arginine solution
(20.7 mM) were added to the medium under modetating. 50 mL of cyclohexane
containing 45 pL of MPTMS were layered on the tbfhe aqueous suspension. After 1
h, the mixture was heated at 60°C and 5 mL of TB@& introduced in the organic
phase. The reaction was occurred for ~ 8 h. Theurexwas then placed on a rotavapor
at 50°C under vacuum to remove the cyclohexanallyithe solution was allowed to
cool down. In order to remove the excess of sildremixture was centrifuged at 3000 g
for 10 min at 20°C. The supernatant, containinggoiners of silanes, was removed and
the pellet, containing the encapsulated nanoclgstevas redispersed in ethanol by
sonication. This washing step was repeated 6 timi#ls the three last redispersions
performed in water.

This protocol was applied to the different nanotus made of gold nanopatrticles (from 10 to

50 nm). For the different nanoclusters, it wasiclift to observe the thin layer of silica by TEM

analyses (Figure 11.57). However, indirect evidencame from their colloidal stability after each

centrifugation cycle in ethanol medium and the taat whatever the size of the gold satellitesy the

did

not fall-in from the silica beads upon depasition the carbon grid. Moreover, by using this

procedure, the silica coating was directly perfainag the output of the assembly, without any

washing step. This allowed to not modify the p#&sadensity and avoid the agglomeration of the

particles.

100 nm

Figure 11.57 — TEM images of the nanoclusters obtaied by assembling gold nanoparticles of different dimeters of (a, f) 10,

(b, 9) 20, (c, h) 30, (d, i) 40 and (e, j) 50 nm ¢he PEM-modified silica beads after encapsulation

with a thin silica shell via the biphasic medium aproach.
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The extinction spectra of the different coated ipkas were measured (Figure 11.58-green
curves). It is clear that the silica encapsulaaiiowed a strong removal of the metallic particles
excess. The contribution of the raspberry-like méugiers became dominant or more important in
the absorption spectrum than the one observed éeditica coating step (Figure 11.55). The
plasmon band was consistently shifted toward lomgerelengths in comparison to the free satellite
particles (red curves). It is also shifted as tlzngter of the metallic satellite increased. Howgeve
the long tails in the spectra indicated the presesidight scattering in the systems. The larger th

satellite particles, the larger the scatteringheflight.
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Figure 11.58 — Normalized absorption spectra of Aunanoparticles alone (red curves) and silica coata@spberry-like
nanoclusters obtained by assembling Au nanoparticéeof different diameters of (a,) 10, (b) 20, (c) 3@d) 40 and (e) 50 nm on
the PEM-modified silica beads (green curves) and tlirecorresponding TEM images. The dashed blue curves oespond to

the coupling mode contribution.

Analysis of the optical properties of the differe@inoclusters by coupling 3D-STEM and SMS
techniques, is still in progress. So far, the detaanalysis of the optical response of singleaili
coated raspberry made of 10-nm gold nanopartickesperformed. The analysis was made for five
different particles and the extinction cross-sewiaollected is consistent for all systems. The
extinction cross-section of the raspberries exatha weak polarization dependence confirming the
high and uniform quality of the coatings. Two oémh are shown in Figure 11.59. For both, a main
plasmon band centered at 590 + 30 nm was obsenreever the polarization angle. The
amplitude of the cross-sections was evaluated @9@& 700 nrh The strong red-shift of the main
plasmon band characteristic of the 10-nm gold narimbes from 520 nm to ~ 590 nm clearly
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evidenced the strong interaction between the npetalicles onto the silica surface. Note that the
band position was close to the one measured focanesponding colloidal suspension (Figure

[1.59 - green curve).
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Figure 11.59 - Optical extinction spectra of two slica-coated raspberry-like nanoclusters obtained byassembling 10-nm Au

nanoparticles on PEM-modified silica beads, measurebly SMS for two polarization angles (black and redquares) in each
case and their corresponding TEM images. The green ote corresponds to the UV-Vis spectrum of the corrgponding

suspension.

The measured optical properties will be comparetiéccomputed ones in the section C.3. Such
detailed comparison would allow to understand tiwesjzal origins of the optical properties of the
nano-raspberry and in particular the origin of thgonance observed.

C.2.4 Assembly of silver nanoprisms on PEM-modified silia beads

A similar study was also performed for silica s@secoated with silver nanoprims. The LbL
assembly approach allowed to deposit silver nantpprotected with MUA. As previously, the
concentration of silica suspension was kept equat 1..5x10° particles/L during the deposition
process. At the output of the assembly, we obselve@ffective deposition of Ag nanoprisms onto
the silica beads (Figure 11.60-right). However, theposition of silver nanoprims was complicated
by the strong anisotropy of the nanoprisms. Largel #at facets of the prims promoted
simultaneous interaction with two silica particlés.addition to their high anisotropy, the strong
charge density provided by the MUA-functionalizationduced a higher electrostatic repulsion
between them and affected the coverage densithi@silica beads. Consequently, the coating was

far to be uniform from one object to another.
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Figure 11.60 — (Left) Normalized absorption spectraof MUA-coated Ag nanoprisms alone (Ag TNPs-MUA) andDDA-
stabilized nanoclusters before (Si-PDDA@AgTNPs-MUANd after crosslinking with DAS (Si-PDDA@AgTNPs-
MUA@PDDA-DAS); (Right) TEM images of some nanoclustes.

The optical measurements did not evidence stroaggd on the position of the dominant peak
(Figure 11.60-left). A broadening was observed tluéhe inhomogeneity of the nanoclusters and the
existence of different coupling modes induced g/ \tarious kinds of interactions (tip-to-tip, face-

to-face or tip-to-face).

C.2.5 Conclusion of the LbL assembly

The LbL approach allowed the assembly of metallctiples onto silica spheres of various
sizes. It allowed to generate uniform and smootitings. This approach could be used for both
gold and silver nanopatrticles whatever their sizé shape. However, the higher the dimensions of
the satellites, the trickier the assembly of silgatellites. By stabilizing the nanoclusters with a
additional layer of polymer or encapsulating themaisilica shell, the excess of satellite particles
used to ensure the dense coverage of the silies could be removed. The optical responses of the
final composite particles are dependent on the hwqgy of the satellites, their size and the

number of particles deposited on the dielectric.

C.3 Comparison of the UV-Visible absorption spectra wtheoretical simulations

The theoretical optical response of the raspbeke/hanoclusters previously synthetized was
investigated in order to study and analyse theiphlsrigin of their measured linear response.

In the case of the nanoparticles with a simple shayrh as spheres or spheroids, analytical
solutions could be found. However, when the morpgplof the particles became more complex,
the analytic calculations became tricky and nuna¢ncethods should be used. In order to model
the optical spectra of the different raspberry-lik@oclusters, the Single Dipole Approximation
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(SDA) modeling approaches was used. The numerigdies were investigated by the group of Pr.
M. Albani (Metachem project partner) from the Ddpsnt of information engineering and
Mathematics (DIISM) of the University of Siena imaly. They used a modeling approach
[Vallecchill] based on the SDA [Bohren83]. SDA ablle thought as an approximation of the
Discrete Dipole Approximation (DDA) which is usuallised for clusters of particles in which only
one dipole was assigned to each patrticle. In tinelsitions, it is assumed that the nanoclusters were
illuminated by a linear polarized plane wave pragiag in thez direction and polarized in the
direction. However the orientation of the coordeaystem was arbitrary due to the isotropy of the
nanoclusters. The scattered field was then expamiedspherical harmonics and the various

equivalent multipoles of the nanocluster were dstijHansen88].

The frequency position and intensity of the nansigts resonances were identified through the
analysis of the extinction, scattering, and absonptross-sectionsd). The nature of the various
resonances of the nanoclusters was recognized dyngmsing the total scattering cross-section
Cscas iNto the contributions originated by the induadctric and magnetic dipole momentses,

andCE™ respectively, and that was associated with allréimeaining higher order multipolée.”

which were plotted separately.
Coca = C5&a + Csia + Coea. (11.6)

The theoretical extinction and scattering spectith® raspberry-like nanoclusters constituted of
the 26-nm silver nanoparticles attached on 106-ilimasbeads were simulated. Due to some
uncertainty regarding the exact number of satsllitee. the exact level of coverage) and their
geometrical disposition around the silica core,ghsametric analyses of the optical response of the
silver nanocluster were performed at variable numbg silver spherical satellites. Three
configurations of the silver nanoclusters were stigated, and their corresponding simulated
extinction and scattering cross-sections are shawine Table 11.4. Since the size of the silicaecor
was fixed to 106 nmi.e. close to the experimental value), the minimum rppdeticle distance
between silver satellites was variable and redwaigtd increasing the number of satellites. the
level of coverage. Note that in all the simulatioih® nanoclusters were considered as encapsulated

in a 5-nm silica shell having a relative dielecprmittivity £5;0, = 2.25 and that the environment

medium was water, with a relative dielectric petivitly ey, = 1.77.

All considered nanocluster configurations exhibitesignificant levels of absorption.
Nonetheless, plots from Table 1.4 also show the hanoclusters exhibited both an electric
(turquoise curve) and a magnetic (purple curvepldipesonance. For the nanoclusters with the
smaller number of silver satellites, the electnel anagnetic dipole resonances occurred at close

frequencies, with the magnetic resonance slighlatirshifted with respect to the electric one. For
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the high density of metallic particles, the magneédsonance increasingly red-shifted, due to the
stronger coupling between silver satellites, aagbdsition apparently coincided with the red-skifte
peak of the extinction. Moreover, the contributioh scattering to the total extinction of a
nanocluster became predominant with respect torptiso for nanoclusters comprising a larger
number of silver satellites. A weak higher ordengdrupole) contribution in all the nanocluster
configurations was also observed. This quadrupedemance was located at shorter wavelengths
compared to both the magnetic and electric dipes®mances, even if the distances between these
resonances reduced for decreasing number of siétellites. The effect of this quadrupole moment

was an increased absorption of the nanoclusteritse@sonance.

Table 1.4 - Sample configurations of silver nanoclsters (NC) with 106-nm silica core and a variable umber of 25-nm silver
satellites encapsulated in a 5-nm shell and theiocresponding simulated extinction, scattering and Bsorption cross-sections
noted 6., 6sca Gans resSpectively. The total scattering cross-sectios decomposed into the contributions originated byhie

induced electric @(pe)) and magnetic dipole momentsd(p,,)) and that associated with all the remaining higheorder

multipoles (6mutipoies) Which are plotted separately.
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Similarly to the case of silver nanoclusters, tlaeametric analyses of the optical response of
each type of gold nanoclusters were performed widtellites of given different diameter, at
variable numbers of satellites. The analysed galtboluster configurations are shown in Table 1.5
with their relevant geometrical parameters andrtlo@irresponding simulated extinction and

scattering cross-sections.

The optical response of all nanoclusters formedstmaller satellitesi.e. 10 and 20 nm, was
dominated by absorption losses, which was not usetep since absorption losses dominate also at
the level of the single nanoparticles. Nanoclustermed by satellites with diameter of 30 nm
exhibited increasingly stronger electric and maigndipole resonances as the number of gold
satellites became larger and the interparticleads reduced. As in the silver nanoclusters, the
magnetic resonance increasingly red-shifted imtlbee densely populated nanoclusters, due to the
stronger capacitive coupling between the satelldes its frequency position apparently coincided
with the red-shifted peak of the extinction. However the considered nanocluster configurations,
the scattering contribution became at most of Hmeslevel as that of absorption losses. Note also
that the higher order (quadrupole) contributionsrevgery weak in all the gold nanocluster
configurations, and did not affect the nanoclustetinction, differently from the case of silver
nanoclusters. This was likely the consequence ef ahsence of shell enclosures around the
nanoparticles that allowed a more compact arrangerok nanoparticles around the core and

provided a smaller overall nanocluster size forvamynumber of satellites.

Table 1.5 - Sample configurations of gold nanoclugrs with a 106-nm diameter silica core with a variale number of
satellites and satellite radii and their corresponihg simulated extinction, scattering and absorptiorcross-sections noted.y,
Gsca Gans FESpectively. The total scattering cross-sectios decomposed into the contributions originated byhe induced
electric (6(pe)) and magnetic dipole momentsd(p,,)) and that associated with all the remaining higheorder multipoles
(mutipotes) Which are plotted separately.
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The analyses have shown that size of the metadlioparticles have a great impact on the
optical response of nanoclusters due to the siperdkent damping constant of metals. The silver
nanoclusters, constituted of 25-nm silver satallissnd gold nanoclusters formed by satellites with
diameter of 30 nm exhibited increasingly strondecteic and magnetic dipole resonances as the
number of satellites became larger. The magnesicnance was shown to increasingly red-shift in
the more densely populated nanoclusters, due tordtieced distances and stronger coupling
between the satellites, and to produce a red-shfeak of the extinction. However, while for the
considered silver nanoclusters the contributiosaaittering could become predominant with respect
to absorption for nanoclusters comprising the larmgenber of satellites, in the gold nanocluster
configurations the scattering contribution becarmenast of the same level as that of absorption

losses.

Experimentally, we recorded the global extinctipectrum of a population of nanoclusters. We
could not dissociate the absorption and the saagterontributions to the total extinction of the
nanoclusters. The simulations performed allowedtausinderstand the optical response of the
raspberry-like nanoclusters. The extinction spastoould be decomposed on the scattering cross-
section into electric, magnetic and multipolar cimitions. By comparing the theoretical and
experimental data we could explain the observeduéwo of the optical responses of the
nanoclusters in function of the composition, sinel devel of coverage of the satellite particles

attached on central silica beads.

In the case of gold, the calculations revealedfttrathe small gold nanopatrticles, the extinction
spectrum of the nanoclusters was dominated bylikergtion contribution (Figure 11.61). When the
number of particles adsorbed on the silica incrasered-shift was obtained as experimentally
observed for the 10- and 20-nm gold nanoclustersehe size of the gold particles became
larger, the scattering became predominant. Additignthe higher the coverage density, the higher
the intensity and the red-shift of the magnetictabation, due to the stronger coupling between the
nanoparticles when their interparticle distanceab®e smaller. These predictions confirmed the
experimental observations. The perpetual obsergdeshift of the plasmon band was due to the
intensification of the scattering contribution (batlectric and magnetic resonances) which shifted
to longer wavelengths when the coupling betweenhgbas increased. It also allowed us to conclude
that the apparition of the shoulder at longer wewgths is due attributed to the magnetic

contribution.
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Figure 11.61 — Comparison of (Left) theoretical and(right) experimental spectra of silica coated nanaaspberries
made of (top) 10- (middle) 20- and (bottom) 30-nmadd nanoparticles.

In the case of silver, although the total extinctgpectrum was dominated by absorption losses,
both electric and magnetic resonances also comgdbwhatever the number of silver particles
attached onto the silica beads. The higher therageedensity of the nanoclusters, the higher the
red-shift of the magnetic resonance compared teekbetric one. That was in agreement with the
experimental optical responses obtained for sihamoparticles and the new red-shifted plasmon
band could be attributed to the intensification thé scattering contribution which became

predominant when a large number of satellites \ateehed on the silica (Figure 11.62).
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Figure 11.62 — Comparison of (Left) theoretical and(right) experimental spectra of silica coated nan@aspberries
made of 26-nm silver nanopatrticles.

D. Conclusion

Electric and/or magnetic nanoresonators of sizevib¢han 150 nm (nearly af4) with narrow

size distribution have been obtained by associgtiagmonic particles onto the surface of silica

spherical particles. A higher density of metallartles was successfully obtained by using self-

assembly strategy based on layer-by-layer eleetiiosapproach instead of the direct chemistry

functionalization approach. By using such routes ihtegrity of the metallic nanoparticles was

preserved (no coalescence) due to the presenceéhaf polymeric spacer (1 - 2 nm). The method

enables to produce nanoclusters in sufficient ansotor the preparation of extended dense 3D

arrays. The comparative analysis of the theoretizal experimental of their optical response

strongly suggests that the nanoclusters exhibit@pnagnetism in the visible frequencies.
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Overall conclusion

The main goal of this study led to the fabricatam new 3D isotropic metamaterial based on
the design of nanoclusters proposed by SimovskiTaatyakov. Our strategy led to the fabrication
of nanoclusters by arranging gold or silver nantiglas onto a central dielectric particle with an
overall diameter close to 150 nm. This particulgpet of architecture allowed the control of

magnetic and electric resonances in the visiblamreg

In the first chapter, the synthesis of a numbedifiérent metallic nanoparticles which could be
scaled up for mass production had been achievedr@il-b). Silver spherical particles of diameter
larger than 20 nm was achieved by a polyol appredtbh was a reliable strategy able to provide
metallic particles in gram-scale in aqueous sofutiGold spherical nanoparticles of diameter
ranging from 10 to 50 nm were produced via a cddbiseed-mediated route. Silver nanoprisms
were also produced via a seed-mediated growth approNe improved the synthetic method
which enabled large-scale production in order totrab their size within a narrow distribution. By
comprehensively exploring the role of the seedsagdnic stabilizers in the growth rates process,
the best conditions for producing uniform Ag nansms with tunable sizes have been found and a
growth mechanism was proposed. The side-face steuatf the triangular nanostructure was
determined in detail using electron tomography HRTEM. It has been found that they are built-
up by {100} side-facets with a single parallel twahane. This approach provides also a route to
synthesize Ag nanodisks and Au nanocages and AgiAngular nanoboxes in high yieldsf.(
Annex 2).

In chapter II, these optimized metallic nanopagscivere then self-assembled on preformed

silica beads in order to elaborate raspberry-légweatlusters via two approaches:

(i) Direct chemistry functionalization. Although ma structures similar to the desired
nanoclusters were observed, the surface coverage noh always 100 % homogeneous and
complete, but more importantly their colloidal slidgypwas fairly poor and the purification of sirggl

clusters was difficult.

(i) Exploiting electrostatic interactions induceg deposition of a polyelectrolytes multilayer.
This approach allowed to successfully produce aéisplverry-like nanoclusters made of the different
metallic particles (Figure 1). High density of mktaparticles onto the dielectric core was obtaine
Their architecture were close to the desired gegnaetd size of the isotropic resonators proposed
by theoretical investigations of C. Simovski. Theerest of this approach also lay in its poteribal
graft randomly anisotropic nanoparticles such aangular silver particles. The as-obtained

nanoclusters were compatible with a biphasic sitioating process and thus were easily coated
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with silica of arbitrary thickness without any pieation while preserving their architecture. This
outer silica thin shell allowed to improve their chanical and colloidal stability for further 3D
assembly. The method also enabled to produce nlajects in sufficient amounts for the

preparation of extended dense arrays.
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Figure 1 — Schematic illustration summarizing the rain colloidal objects elaborated in this thesis. jaSynthesis and surface

modification of the silica beads through the LbL pra@ess. (b) Synthesis of the different metal satelinanopatrticles. (c)
Assembly of the metal satellite nanoparticles on thmodified silica beads to form raspberry-like nanolusters. (d) Silica
coating of the raspberry-like nanoclusters and (Dow) TEM images of the silica-coated gold raspberriesral uncoated silver

raspberries. Scale bar = 50 nm.

The optical characteristics of the different asagi#d nanoclusters have been experimentally
investigated using conventional UV-spectroscopy/@ndsing SMS technique. In this latter case,
the results were correlated to the individual moipgy of the nanocluster determined from their
2D-TEM images. The measured optical responses wamgpared to the computed ones. Good
reproduction of the measured spectra was obtaingtid case of the nano-raspberries made of
spherical silver or gold particles in term of spakposition, with the numerical model using the
TEM measured size of the particles as an inputtakitig into account the chemical environment.
The comparative study allowed us to conclude that nanoclusters exhibit both electric and

magnetic resonances at optical frequencies. Toiroorthese results, it will be interesting to
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experimentally probe and quantify these two contrdns. From the recent works of Dioneteal .,

it would be possible to directly probe, the elecand magnetic contributions of a single raspberry-
like nanocluster by using the scattering dark-fieildcroscopy coupled with a spectrometer
[Sheikholeslamil3].

Preliminary experiments in order to obtain a deBBemetamaterial made of the nanoclusters

exhibiting magnetic response have been carriethwineed further improvements.
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Figure 2 — Schematic illustration of an extended a&mbly of nano-objects acting as building blocks.

Among the different techniques existing to elab®@three dimensional extended assembly of
nanoparticles€g. sedimentation, electrophoresis, spin-coating,ndryi.), the microfluidic based
processes, developed by J. Leng and coworkers &, laows to build-up, in a short time,
homogeneous dense materials from a diluted suspen$inanoparticles [Anglyl3, Massel3]. The
principle of this process is described in Anne¥igure 3 shows SEM images of a dense material

made of silver nano-raspberries (SAg,@SIO,).

Figure 3 - SEM images of the extended assembly obtad from the dilute suspension containing the finrsgeneration of

raspberry-like nanoclusters encapsulated in a sil& shell (SIQ@Ag@SIO).

The raspberries form a tightly-packed state wittereded dimensions but many defects can be
observed that induce a random organization of #mdusters in the 3D material. An optimization
of the process is in progress to improve the lacder of the nanoresonators, likely to be a key
issue of self-assembled metamaterials. The origiptital properties of the metamaterial will be
then measured by ellipsometry in order to extriaetdomplex refractive index of the sample. Such
dense materials integrating several nano-objedts gvmensions much lower than the wavelength

of light may display promising electromagnetic pedpes and thus innovative applications.

139



Overall conclusion

Additionally to the applications for metamaterialdie nano-raspberries exhibiting local
electromagnetic enhancement excited from collectseillations of free electrons on a highly
roughened metal surface can be very interestingafiplications in surface-enhanced Raman
spectroscopy (SERS). Preliminary tests of detectibra probe molecule by SERS have been
performed with the raspberry-like nanoclusters amimg the 10-nm gold nanoparticles. The
experimental details and the first results obtaiaeel described in Annex 4. Due to the unique
structures such as their rough surface, the asaprdmano-raspberries appear to be very promising

as high-performance SERS substrates.

The simple and scalable colloid approach develojpethis study opens avenues for the
development of advance materials. In the futureyilitallow to fabricate building blocks made of
more complex metallic components such as dimerimoets, nano-stars onto dielectric or magnetic
beads. It will also allow the development of bulgliblocks made of a controlled number of
metallic nanocrystals well-positioned in relatianetach other onto a central dielectric core. This i
of strong interest, in particular in the case ohowdusters made of silver nanoprisms. By

substituting the conventional silica beads by ailieads bearing “sticky patches” it will allow to
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develop novel structure and new building units (iFeg4).
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Figure 4 - Schematic illustration of the elaboratio of raspberry-like nanoclusters having a controllel number of satellites
attached on the silica beads. (a) surface modifidgan of the silica beads with a coupling agent, (bral ¢) nucleation-growth of
PS nodules on the silica by seeded emulsion polyrigation, (d) growth of the central silica, (e(i)) arface modification of the
available silica with e.g. an aminosilane, (e(ii)) removal of the PS noduldsaving their imprints, (e(iii)) assembly of only éht
silver nanoprisms on the surface of the modified Bta. Another possible strategy: (f(i)) surface moffication of the available

silica with e.g. a passivation agent, (f(ii)) removal of PS nodulesf(iii)) surface modification of pristine silica with e.g. an

aminosilane and (f(iv)) assembly of six gold nanoptcles on the patches.

We have developed in the group a synthetic apprtdeathallows to produce large quantities of
colloidal entities made of a central silica corersunded by a precise number of polystyrene
nodules. These multipod-like structures could beduss precursors for the synthesis of spherical

particles with a precise number of well-locatedchas at their surface, which is based on the use of
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the PS nodules as protective masks. The furtheorption of satellite particles on the “inter-
patches” or “patches” areas should provide the gereration of raspberry-like nanoclusters. Their
3D assembly into complex ordered materials willyile unique chances for original functional
structures and open the development to a novel moofa“bottom-up” chemistry with enough

potential to compete with the “top-down” approacbeeanolithography.
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Annex 1: Characterization techniques

» UV-Visible spectroscopy

Metal nanoparticles exhibit specific color and remace modes in the visible range. UV-visible
spectroscopy provides valuable information regaydiize, shape and aggregation of nanoparticles.
The absorption spectra were recorded in the rafd@d@-1300 nm with an UV-3600 Shimadzu
UV-Vis-NIR spectrophotometer. Ten-mm optical paghdth plastic or quartz cells were used. The
data were recorded and treated with the UVProbevacé.

* Inductively Coupled Plasma Optical Emission Spectretry (ICP-OES)

The number of silver particles per batch was imdiyedetermined via chemical analyses
performed by ICP-OES on a Varian 720-ES spectramatehe ICMCB. This physical method
enables the detection of trace metals. This emmsspectroscopy uses the inductively coupled
plasma to produce excited atoms and ions that efagtromagnetic radiation at wavelengths
characteristic of a particular element. In the casesilver, the characteristic wavelengths are
328.068 nm and 279.553 nm. The intensity of thessioi at these wavelengths is indicative of the

ionic silver concentration of the sample.

In order to obtain reliable results, 5 measures gmnple were performed. One measure
required 5 mL of solution and the minimum concemdraof silver in solution had to be 0.5 mg/L.
In plastic Falcon tube, the silver nanoparticlesen®eforehand dissolved by adding a small volume
of regia aqua in the colloidal suspension. To getkbto the amount of silver nanoparticles per
batch, it was necessary to suppose that all sibres present in sample after dissolution treatment
came from metallic nanoparticles and they exhibitedsame dimensions.

» Diffuse Reflectance Infrared Fourier Transform Sp&oscopy (DRIFT)

The DRIFT spectroscopy allows to characterize ifferént species adsorbed and/or grafted on
the surface of the nanoparticles by measuring #maling and stretching vibrations of molecules
having specific functional groups when they areitedcby an infrared beam. These vibrations
produce bands in well-defined regions characterdtspecific class of compounds.

A volume of the EDPS-modified silica nanopartickespension was dried at 100°C. 9 mg of
the dried sample were added to 281 mg of dessid¢dBed spectroscopy grade). The mixture was
grinded in an agate mortar and the powder was dteposn the conical sample holder. The sample
was then introduced into the Bruker IFS Equinox spectrometer and the measurements were
performed in a Selector Graseby Specac reflectdin After 30 min of degassing, the installation
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of the sample in the cell, the infrared spectrums wacorded by the acquisition of 120

measurements with a resolution of 2tm

o Titrimetry

Measure and regulation of pH

To evaluate the influence of the pH during the glostep of silver nanoprisms and to maintain
the solution at a constant pH value, a Mettler dol&itrator T70 equipped with a DGi115-SC
electrode was used. The nature of reagent usedjtdate the pH, its concentration (an acid such as
HNO3 0.1M or a base such as NaOH 0.1M) and the typerdor used with its measure unity (mV,
pH) had first to be defined and the stirring rateswnaintained constant throughout the measure. A
curve calibration of the pH electrode was deterchingh three standard solutions (buffers at pH
4.01, 7.01 and 10.1). A pre-titration step was m@guto bring the solution to the desired potential
i.e. the desired pH value. Once the desired potentz meached, a step of regulation was set to
maintain the desired potential in solution, insaarpossible. For that, it was necessary to define
regulation range but also the trend (positive @yatige) of the signal of the sensor when the retagen
was added in the sample. The measure and regulattidre potential were stopped few minutes
after the end of the growth of silver nanoprism#.tAe values were recorded by using ttebX

light titration software.

Measure of pAg

The concentration of free Agons present in solution was determined by sulisty the
calomel electrode by a perfectt®Ncombination Silver/Sulfide electrode from Mettlesledo. An
electrode potential depending of the amount of &i&er ions in solution was developed across the
detection membrane and was measured against aanbmeference potential with a T70 Titrator

from Mettler Toledo). The measured potential wascdbed by the Nernst equation:
E = Ey+ S xlog(A)

where E is the measured electrode potent@th& reference potential (a constant), A the silwer
activity level in solution and S the electrode €dpbout 57 mV per decade for silver). The silver

ion activity is related to free silver ion concetion, G, by the activity coefficient,;y
A= Vi X Cf

Beforehand to determine the concentration of® Agns in solution, it was necessary to

determine a calibration curve with three standaldt®ns that bracket the expected sample range
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and differ in concentration by a factor of ten. Télectrode potentials of standard solutions were

measured and plotted on the linear axis againstdbecentrations on the log axis (Figure A.1).

500.0 1 glectrode potential
(mv)

10-fold change

ppm silver

1 10 102 103 104

10% 104 10 102 10
molarity

Figure A.1 - Typical silver calibration curve.

Note that the reproducibility was limited by facauch as temperature fluctuations, drift and
noise. With hourly calibrations, direct silver messments reproducible to 2% could be obtained.

» Electron microscopy

Transmission Electron Microscopy (TEM)

Electron microscopies were used to collect inforamabn the morphology, the structure and the
composition of the elaborated nano-objects. Thdistuobjects by TEM were observed in image
mode to determine their dimensions and in diffactmode to determine the organization and
orientation of the crystallites constituting theteral. Complementary studies by High Resolution
TEM (HRTEM) were also performed and allowed to wisze the material at atomic scale and thus

to determine directly on the image the nature eépnt planes.

Scanning Transmission Electron Microscopy (STEM)

Another mode of illumination used in this studyti® scanning transmission. Contrarily to
TEM mode which used a parallel beam in the forrmatbimages, in the STEM mode, the beam
was focalized on the sample and it scanned unifothd sample. In this mode, by using two kinds
of detectors, we could count transmitted electrivos different angles in order to form images
which could contain complementary information. Tiwtages could be simultaneously acquired by
collecting on the one hand, the electrons diffusied certain angle, detected with an Angular Dark
Field detector (ADF) and on the other hand thetedes transmitted or diffused at very shorter

angles detected with a circular detector situatethe axis of the microscope (Bright Field detector
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(BF)) (Figure A.2). These two images contained cementary information, concerning the
morphology (BF image) and the chemistry (ADF imagfethe nano-object.

” @ADF detector

x 2« |

' BF detector

Figure A.2 - Principle of STEM mode with the detectos used to form the two images BF with transmittedlectrons and the

image DF with the diffused electrons.

Energy-dispersive X-ray Spectroscopy (EDX)

The composition of the Ag/Au nanoprisms was evaddty EDX spectroscopy. This technique
allowed to determine the qualitative elementary gosition of a sample by investigating its
emitted X-ray spectrum when it is excited with @used electron beam. All elements can be
detected since each ones have a unique atomi¢wstualowing unique set of peaks on its X-ray
spectrum. The characteristic X-rays result from dleetron transitions between inner orbits (K, L
or M), which are normally full, when the sampleeiscited by an electron beam. An electron is
excited and removed from the inner orbit and a negas created. Another electron from an orbit
further out can thus fill the hole, and the diffece in energy between the outer and the inner orbit
may be released in the form of an X-ray. The nunavel energy of the X-rays emitted from the
sample are measured by an energy-dispersive spetn An element distribution image or

“map” can be produced by scanning the sample \wghricident beam.

Implementation of the TEM, HRTEM, STEM and EDX

The conventional TEM experiments were performedadPhilips CM20 microscope operating
at 75 kV at the Centre of Recherche Paul PascalPECRPessac) and on a Hitachi H7650
microscope operating at an acceleration voltagB80okV at the Bordeaux Imaging Center (BIC,
Bordeaux). The HRTEM, STEM and EDX analyses werefopmed with a JEOL 2200FS
microscope operating at 200 kV at the Centre des®tegse en Microscopie Electronique et
Microanalyse (CREMEM, Talence). For EDX analysigl-am probe was used in the bright field

STEM mode and the Analysis program software fro@lJkas used.
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All the samples characterized by TEM and STEM warepared as follow: one drop of the
colloidal solution was deposited on carbon-coatguper grids. The particles were dried on the grid

and placed in a box away from dust.

Scanning Electron Microscopy (SEM)

The SEM was used to visualize the elaborated nastk by scanning them with an electron
beam. The primary electrons interact with the ataihshe sample surface, causing emission of
energetic electrons which are collected by a detgetoducing an image. The signal produced

could contain information about the sample's serfaze, shape, texture and composition.

High Resolution SEM was performed on a JSM 6700Erascope at the CREMEM. The
nanoclusters were deposited on a pretreated siliafer. Firstly, the wafer was first cleaned in
hydrofluoric acid solution (HF, 40%, VWR Prolaba)rahg 5 min to dissolve the protective layer of
silica. Then it was amply rinsed with deionized evafo ensure a positive charge on its surface, the
wafer was functionalized with APTES in an organiedium. For that, the wafer was successively
dipped during 2 min in ethanol then toluene. Thestnate was then immersed in a toluene solution
of APTES (0.1%vol.) for 45 min. Finally, the inversycle was reproduced to wash the substrate
(dip in toluene then ethanol and finally waterndtly, one drop of the nanoclusters suspension was
deposited on the dried pre-treated silicon wafenttiried on the support and placed in a box away

from dust.

» Electron tomography

Most of the techniques of imagery and spectrosdoppduced in an electronic microscope
produce only a projection of the interesting sigimala plan (2 dimensions). This type of
characterization is often insufficient because ¢heano-objects have a complex morphology and
are structured and organized in 3 dimensions. Téetren tomography is a work mode in TEM
which is used to characterize in three dimensibesnano-objects. The characteristics can be the
morphology, the porosity, the crystallography, sheface chemistry or the spatial organization of

nanometric entities.

This technique is able to reconstruct the volumdhef nano-objects from two-dimensional
observations and is the only technique able toigeothe resolved information in three-dimensions
and in a range from micrometer to nanometer. Isists to record a series of image in projection of
an object that is rotated around an axis orthogtm#he direction of electron beam, this series is

commonly named: “tilt series”. The intensities ofuevalent pixels projections allow, through an
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iterative process, to calculate the intensity @bael, the 3D-equivalent of a pixel, of the imade o
the object in 3D.

The experimental data for tomography were acquinganeans of a spherical aberration (Cs)
probe corrected JEOL 2100F transmission electramascope with a field emission gun operating
at 200 kV at the Institut de Physique et Chimie Mlegériaux de Strasbourg (IPCMS). The STEM
mode was chosen to obtain tomographic reconstngticee of diffraction artefacts and with a
better resolution. Moreover, this mode offers thegiility to record two tilt series simultaneously
with two detectors, the first in bright-field (BFF&EM) and the second in high angle annular dark-
field (STEM-HAADF). Before the introduction of theample in the microscope, the microscopy
grids were gone to “plasma cleaner” (Solarus moddi)s device uses a combination of two gases
argon/hydrogen, to obtain plasma used to cleamibeoscopy grids with the sample deposited on

the membrane.

The implementation of electron tomography passesitih four essential steps: the acquisition
of series of projection images, the alignment otle projections of the series, the calculation of

the object volume from the series and finally islization and its analysis.

— Acaquisition of projections series

The acquisition of STEM - HAADF tilt series was feemed in the scanning mode, using the
HAADF annular detector and a 10-cm camera lengthesponding to inner and outer semi-angles
for the HAADF detector of 60 and 160 mrad, respetyi. Using a 100-mm condenser aperture
provides a probe diameter of approximately 0.12amu to a current density of about 0.5 pA/A
The depth of focus during the STEM acquisitions wsismated to be about 20 nm, ensuring thus
that the whole nanoparticle is inside the focalunoé. The acquisition software, plugged into the
Digital Micrograph software, automatically increaday increments the tilt angle of the sample
holder, simultaneously controlling the defocusingd ahe specimen drift at each tilt angle. In
addition, it allows the automatic tuning of the disoof the beam in order to keep the focal point on
the tilted specimen. An image was recorded for gadition of the sample holder with an exposure
time for each pixel in the images set to 40 msingi\an acquisition time of 10 s for a typical 1024/
1024 STEM-HAADF image. The pixel size in both imageas 0.09 nm. Using a high tilt sample
holder from the GATAN Company, HAADF tilt series svacquired with angles spanning from £70
every 2.5°.
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electron beam
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CCD came‘ra
Figure A.3 - Principle of acquisition of a projecton series.

— Alignment of images from projections series

Once the acquisition of the tilt series was conguletthe images were first roughly aligned
using a cross-correlation algorithm. The resultsisis in the convolution product between two
successive images calculated from different redgpigsitions of the second image in relative to the
first one. The second image is then translated gosition corresponding to the best resemblance

between the two. This operation is repeated fon éawomial of two successive images.

A refinement of this initial alignment and a precietermination of the tilt axis direction were
then obtained using the IMOD software. It consistthe use of geometrical template defined by
fiducial markers. For that, just follow the varati of the different referential points defined be t
image at tilt 0°, in function of the tilt angle tihdranslate and rotate the others images in
consequence. In general these references poingoltdeads (from 5 to 30 nm), deposited on the
membrane supporting the sample. These beads afe contrasted and they have the same shape

whatever the observation direction.
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Figure A.4- lllustration of the images projected bya specimen at successive tilt angles. After trargionally and rotationally

aligning all of these projection images, the imagedbject is.
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— Reconstruction or calculation of the volume

The volume of the studied object was then calcdlatng algebraic reconstruction techniques
(ARTs) implemented in the TomoJ softwawath the number of iterations not exceeding 20.
Visualization and quantitative analysis of the fimalume were carried out using Slicer and ImageJ
softwares. To obtain the 3D models correspondingeémanoparticle surfaces, a data segmentation

procedure based on a simple selection of the vasetsfunction of their intensities was used.

)

% 4/04;
g ®

Figure A.5 — Reconstruction of the volume by a dataegmentation procedure.

— Visualization and analysis of the volume

Finally, once the volume calculated, the last stepcerns its 3D visualization, necessary to
highlight the most interesting information for theidy of the object. The most common technique
consists in the extraction of slices with a defime@ntation, with thickness equal to the pixelesiz
in the start images. Another possibility is to esgant the surface of the interesting object bygusin

segmentation methods. This representation hasitrentage to really be visualized in 3D.

o Zetametry

The (-potential measurements were performed on a Zeta83200HS from Malvern Instrument
which uses a method of capillary electrophoress®@ated to an interferometer laser with Doppler
effect. The exploitation device PCS v1.41 from Maifvwas used to calculate th@otential from

the measured electrophoretic mobility {pupum.s"V.cm) through the following relation:

{=128*p,
The samples were prepared as follow: A volume ofOof silica particles suspension (pH
7) was divided in two beakers. In the first, fewops of NaOH 1M were added into the sol to obtain
basic values of pH and samples of 8 mL were rem@wealy 0.7 unity of pH. In the second, the
same protocol was performed but this time by addew drops of HNQ@ 1M to obtain acidic
values of pH. The samples were injected in themaeter at least 1 h after the sample preparation to
ensure stabilization of pH. Finally, the pH of eaample was once again measured after analysis.
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» Spatial Modulation Spectroscopy (SMS)

When a particle is illuminated by a light spotpiibduces losses in the transmitted light intensity
proportional to its absorption cross-section, whigtihe sum of absorption and diffusion. In the
case of a nanopatrticle, the light spot can be &t fecused on a stain of the order of 1 pm? and the
losses introduced by the nanoparticle are miniofaihe order of 18 to 10°, which makes it very
difficult to detect. However, if the position ofdmanoparticle is modulated in the light spot at th
frequency f, it is noted that the spot intensitymsedulated at the modulation frequency of the
nanoparticle (Figure A.6). By detecting the sigo@amponent at frequency f, then it is possible to
detect the presence of a nanoparticle, and meak@eabsolute extinction coefficient. By
performing this measurement at different wavelesgih is possible to obtain the extinction

spectrum of this particle.
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Figure A.6— Principle of the SMS to detect and read the extinction of single nano-objects. The righfigure illustrates the

change of transmitted power due to the modulationfathe position of the particle in the focal area.

The SMS was performed at Laboratoire de Spectréenkmique et Moléculaire (LASIM). In
order to study a single nano-object, it is necgstaat only one object is in the lighted area. For
that, diluted samples are used. They are deposited substrate with a density lower than one
particle/umz2. The samples were prepared by spitingban a transparent substrate (glass slice or
TEM carbon grid). This method consists in the d@mrsof one droplet of colloidal suspension on
the substrate in rotating. The solvent is remowethb effect of the centrifugal force. Once a singl
object deposited on a carbon TEM grid, it is lighteith a focused visible electron beam and the
transmitted light after the nanoparticle was meadtny a light detector (photodiode) connected to a
lock-in amplifier (Figure A.7). A one-axis osciliah (1 kHz) is applied to the sample holder, in
order to the isolated nanoparticle enters and metperiodically from the profile of the laser. The
lock-in amplifier (frequency f) measures the chamgethe detected intensity between the two

extreme positions of the nanoparticle. This vasiatiis maximal when the particle is on the edge of
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the Gaussian profile of the laser and equal to reribe particle center. By slowly sweeping the
sample, it is possible to make a map, each nanoleaoeing identified by a pair of peaks.
Microscope objective Lock-in

Photodiode amplifier

1.2f
S o

Piezo plate X, Y

Figure A.7 - Experimental device of the SMS by usma laser source.
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Annex 2: Anisotropic reactivity of silver nanoprisms

In the search for the development of new morphe®diom this approach, a further study was
performed on the formation of silver disks, golthoeages and gold nanoprisms from the silver
triangular nanoplates.

» Etching of the tips with halides (X

Different authors studied the reactivity of Ag npriems with halides [An08, Roh10].
According to these previous studies, the dissalutid silver only takes place on the tips. The

experimental protocol to form silver nanodisksesctibed below.

Protocol 20 - Chemical reshaping of silver nanopms with halide

20 pL of HCI (0.1 M) was added at once into 1 mlasfprepared silver nanoprisms
(1.3x13* part.L'Y) under stirring. The modified silver particles wethen directly
characterized without additional washing.

The Figure A.8 shows the color evolution of the Aanoprisms dispersion when” @ns were
added (2.0 mM). During oxidation, the initially lelicolor gradually evolved passing by purple,
pink, orange and finally yellow.

LU
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Figure A.8— Pictures of silver nanoprisms dispersio at different times after addition of chloride ions (2 mM).

The absorption spectra corresponding to the siNspersion before and after the etching and
TEM images of final products are presented in Feglir9. Upon addition of Clthe main surface
plasmon peak of silver triangular nanoparticlesilgtd a significant blue-shift (from 670 to 473
nm), indicating that the triangular particles hagki transformed into disks. Moreover, the weak
resonance band at 335 nm red-shifted until 340 m® @ an increase of the nanoparticles
thickness. The TEM study confirmed these conclusioegarding the particle morphology.
Monodisperse nanodisks with a mean diameter oftaB@t 10 nm and a thickness of 12 £ 1 nm
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were obtained. Most of them tended to stack upa@h esher face-to-face and stand vertically on

their edge upon deposition on TEM grid.

After Before
1.0 - .
|
: e
£0.8
= -
g B
wn
= i
=06 100 nm (9
=
()
N
=0.4 -
g
B
(=]
702 -
|
N —
00 T T T ;\ S
300 500 700 900 1100 1300 zl“m

Wavelength (nm)
Figure A.9 — (Left) Absorption spectra of the Ag cdbidal suspensions before and after etching with dbride ions and (Right)

the TEM images of the obtained nanodisks. Inset scalgr = 20 nm.

Interestingly, the morphological transformation idgrthe tip oxidation process could not be
reversed; the thick disks generated from the trimicaf Ag nanoprisms could not be regrown into
triangles when incorporated in a solution contgnfkgNG;, PVP and citrate. This is due to the
passivation of the silver surface by AgCl. Thisgieation layer (2-5 A) is observable (Figure A.9).

» Galvanic etching with gold precursor

As previously mentioned the tetrachloroaurate iareswell known to oxidize the silver atoms
in Ag® and selectively remove the silver atoms{dfil1} facets, keeping the basic triangular
structure. This has been observed by others [AA€rnEletraux03, Shahjamalil2, Skrabalak07].
Indeed, gold triangular nanorings might be obtaibgdadding gold salt to the silver nanoprisms
dispersion (Protocol 21). Since the ascorbic ac@d m excess, the amount of gold salt added was

calculated to correspond to a full consumptiorhefteducing agent.

Protocol 21 - Galvanic etching of silver nanoprisnasth gold precursor

At the end of the silver nanoprisms synthesis, fril.4of an aqueous gold(lll) chloride
trihydrate solution (HAuGI3H0, 2.5 mM) was dropwise added to the dispersion
containing silver nanoprisms while stirring vigosiy. The addition rate was set as 10
mL/h by using a syringe pump.

Figure A.10 shows the TEM images and correspondbsprption spectra before and after the
addition of gold salt. When gold salt was addedrang modification in the optical spectrum was
observed: the color of the dispersion evolved fldoe to purple with an increase of the diffusion,
traducing a blue-shift and a decrease in intengftythe predominant band of the absorption
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spectrum (Figure A.10-a and -b). On the TEM images, observe the substitution of silver
nanoprisms by gold ring-like nanoparticles withaldw interior. Note that gold appeared darker
than silver by TEM due to its higher electron dgnsi
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Figure A.10 — TEM images and corresponding absorptiospectra of silver nanoprisms (a) before and aftefb) galvanic
etching with HAuUCI,; and after the refilling process repeated (c) 3 ah(d) 6 times.

Initially, the reduction of gold ions was promotatdthe surface of nanoprisms which served as
nucleation sites due to the good matching betwkem trystalline structure (both gold and silver
structures are fcc) and their lattice constan®7@6 and 4.0862 A for gold and silver, respectixely
Since the (100) surfaces constituting the lateaek$ of silver nanoprisms were more reactive than
the (111) surfaces of the top and the bottom afesihanoprisms, gold preferentially deposited

along the (100) faces promoting the lateral growthsilver nanoprisms through the following
reaction:

Ags + AuCly — AgAug + 4C1™
However, because the redox potential of the Al (+ 0.99 Wne) couple is higher than that
of the Adg/Ag (+0.799 e) couple, silver nanoparticles were simultaneowosigized to Ag with

AuCly, but also with Clions released during the reduction of gold ionghmnsilver nanopatrticles
surface.

3 Ags + AuCl; - Aug + 3Ag* + 4C1™-
Ags + CI™ — AgCls +e™
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Since the corrosion-like process needed three Agqatto produce only one Au atom, the
emergence of hole in the silver nanoparticles wasitable. As a result, the hole continued to serve
as an active site for the reduction process of gmid (Figure A.11). Thus the dissolution of silver
transformed each silver nanoprism into a structuitt a hollow interior. The process occurred

until the full consumption of the reducing agent.

Figure A.11 - Formation of a triangular gold nanoring from a silver nanoprism.
Once the gold triangular nanorings obtained, it \wassible to refill the interior by adding

additional gold salt and reducing agent as propbyeshahjamalet al. [Shahjamalil2].

Protocol 22 - Refilling of gold nanorings

1 mL of aqueous hydroxylamine hydrochloride sofuti® mM) and 1 mL of aqueous
HAuCI4 solution (0.27 mM) were added into the saspmn containing the as-prepared
gold nanorings through two separate tubes on a meicl syringe pump under
vigorous stirring. The addition rate was set as l/lm The process could be repeated as
many times as desired.

The TEM images and absorption spectra corresportdititge backfilling process repeated three
and six times are presented on Figure A.10 (-c-dpdTEM images revealed an increase of the
gold nanorings thickness from approximately 5 tonh® and a decrease of the holes dimension in
the interior of nanoparticles. This was traducedtlba absorption spectrum by a progressive
increase in intensity of the plasmon band nearrd®0associated to the gold nanoparticles with a
concomitant decrease of the diffusion phenomenonhigiter wavelengths. At this time, a co-
reduction of AuCS and Ad (from the Ag nanoprisms oxidation) by hydroxylaminccurred

inducing backfilling of holes by deposition of afogt Ag/Au onto the inner edges of the nanorings.

g
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Figure A.12 - Backfilling process of gold nanoring®y adding additional gold salt and reducing agent.

» Formation of AuAg triangular nanoboxes from Ag namisms as template

In the presence of the gold precursor and an exafegslucing agent, the reduction of the gold
precursor on the surface of the silver nanoprisras wromoted and the oxidation process was
prevented [An08, Aherne09]. Thus, the silver narsops can be converted in gold nanoprisms
(Protocol 23).
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Protocol 23 - Gold capping of silver nanoprisms

825 uL of ascorbic acid (10 mM) was added to 1319 ah the silver nanoprisms
dispersion under vigorous stirring. Then 10 mL ofagueous HAuGlsolution (10 mL,
0.5 mM) was dropwise added at a rate of 1 mL/haviyringe pump into the reaction
medium.

After the gold deposition on the 50-nm silver namgps in presence of a large excess of
ascorbic acid, only two resonances were observetherabsorption spectrum (Figure A.13-red
curve). The interband contribution of gold was aofed at short wavelengths and the main plasmon
band was strongly red-shifted compared to the dreher nanoprisms confirming the growth of

the nanoprisms.
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Figure A.13 - Absorption spectra and TEM images of Agianoprisms and Ag@Au triangular nanoplates

after gold deposition. Inset scale bar = 20 nm.

TEM analyses revealed a homogeneous darker sbeiharthe silver nanoprisms (Figure A.13).
It confirmed the deposition of gold on the surfadesilver nanoprisms. The triangular shape was
maintained but the tips were slightly truncatedoider to elucidate the real composition of the as-
obtained nanoparticles, an EDX analysis was peddron some isolated objects. The principle and
the experimental procedure of this technique aserilged in the Annex 1. The EDX analysis was
performed in STEM mode and the element distributimages called “map” was collected with 26
sweep counts for the gold and silver elements (EigM14). The map of the nanoprism clearly
reveals a core-shell morphology with a higher propo of both elements found in the shell. The
corresponding electron diffraction pattern presenssx-fold rotational symmetry with a first set of
plots assigned to the {220} Bragg reflection ane slecond one (inner circle of plots) indexed to the
forbidden 1/3{422} reflection traducing a homogeunsarystalline structure of the object. To study
more finely the composition of the object, the patage of each element was determined in a
defined area along a line from one tip of the naisop to its opposite side. Whatever the analysis
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position on the particle we found a constant proporof each element, typically 70% of gold and
30% of silver (Figure A.14-bottom left). Then byogting the intensity of counts recorded for each
element along the same area one observed a highporpon of elements at both ends of the
nanoprism (Figure A.l4-bottom right). These obskowa suggested that the nano-objects
exhibited core-shell morphology with a hollow caired a homogeneous and dense shell constituted
by an Au/Ag alloy.
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Figure A.14 — (Top) Elements map and schematic illusdtion of the Ag@Au nanoprism. Insert: correspondirg electron
diffraction pattern ([111] zone axis). (Bottom) —I&: curve of percentage and —right: curve of countsntensity of the gold

(green) and silver (red) in the selected area defdl by the blue arrows on the elements maps.

Initially, the gold precursor was reduced by asmdeid on the surface of the silver nanoprisms
with the concomitant oxidation of Ag atoms. Sinte tlarge excess of reducing agent in the
medium, both Ag and Au ions were then co-reducethersurface of the nanoprism. Due to their
close lattice constants, a homogeneous alloy Ayhgressively formed around the initial silver
nanoprisms which served as both template and sibres source. Once every silver atom was
oxidized and re-reduced elsewhere, hollow core amoe If the medium was continuously
alimented in gold precursor, the proportion of ailin the shell slowly decreased and a final outer
gold shell could be obtained. These results ase@ordance with the recent works of Aheetal.

which also proposed a similar growth mechanism [AB@9, Keeganl3].
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Annex 3: Principle of the microfluidic evaporation approach and

preliminary test of extended assembly

* Principle

The microfluidic assisted evaporation techniqueovedl to concentrate a dilute colloidal
suspension to shape-up a three-dimensional matdrizénsely packed nanoparticles (typical size
of the final material 10 pum x 50 um x 1 cm) in omge step. The technique is based on the
selective permeability of an integrated membranexivact the solvent of dispersion but not the

nanoparticles (Figure A.15).
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Figure A.15 - (Top) Evaporation-based cell used forgded assembly of nanopatrticles. (Bottom) Images skveral resist-on-

silicon patterns used for the fabrication of microfuidic devices.

The geometry of the micro-channels is neatly deffiog the soft lithography technique hence an
infinite variety of designs could be realized (Figw.15-bottom). Once the nanoparticles reach a
given concentration, densification of the particlekes place leading to a dense state of
nanoparticles growing from the tip of the microwhal. The key parameter to a successful
assembly via the micro-evaporation approach is sudficient colloidal stability of the
nanoparticles. From that, it works for a large sktsolutes, from molecules to large colloids.
However, the colloidal suspension should be asncks possible. The presence of pollutants
solubilized in water (excess of molecules, polymersan play the role of destabilizing agent.
Indeed, the evaporation-based device leads to amase of the concentration of all species
although at different rates and the localized iaseeof pollutant can induce the aggregation of the

dispersion.

* First results

Prior to assemble the raspberry-like nanoclustera dense 3D-material, some preliminary

tests were performed only from the different silvenoparticles used as satellites. All the
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experimental details and further study on the meisias which occurred during the assembly by
micro-evaporation are described in this articlegAi3, Massel13].

Initially the dilute suspension of silver nanopads (stabilized with PVP) exhibited a yellow
color, upon the solvent extraction process, therciirned to red, purple and finally blue traducing
the densification of the particles leading to apshap of a material (Figure A.16-c). At the end, a
millimeter long dense colloidal extended assembés wbtained. SEM micrographs of the final
extended assembly reflected a brick-like edificéhwa neat, flat and large facet but the close-
packed nanoparticles did not exhibit a well-defineglanization (Figure A.16-a and -b).

TCREMEM - SEN_ 50KV

) Dense state Dilute state

40 um
Figure A.16 — (a, b) SEM images of a dense array tined from silver isotropic nanopatrticles stabilizZd with PVP and (c) a
panoramic optical image of the concentration gradiet observed at the tip of the micro-channel.

Insofar as the suspension of the raspberry-likeodlasters should be free pollutant, it will be
necessary to encapsulate them in a silica shglrduide the electrostatic repulsion necessary to
grant their colloidal stability at high concentoati Hence, we also assembled the silver spherical
nanoparticles previously encapsulated in a silicalls The bottom-up assembled final material
nicely replicated the top-down designed microflaidhambers (Figure A.17). The structure of the
colloidal extended assembly was not ordered at-tange. The organization of the particles was
probably limited by the slight size dispersity bétcore-shell Ag@ Si$nanoparticles.
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Figure A.17 — SEM images of colloidal crystal madef Ag@SiO, by micro-evaporation approach.

The extended assembly of silver nanoprisms, usedagslites in the preparation of the
raspberry-like nanoclusters, was also performedh@toutput of the synthesis, they were stabilized
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with both PVP and citrate. Note they could not esked enough to eliminate all the molecules in
excess due to their low stability induced by tlairsotropy. Upon the evaporation process, a color
evolution of the colloidal suspension from lightiblto dark red was observed (Figure A.18-b). As
previously, the structure of the extended asserfibgly replicated the shape of the microfluidic

channel (Figure A.18-a). Firstly a dense 3D-makesfananoprisms seemed to be formed, but a
closer inspection of the extended assembly revealétlbular” structure with all the particles

concentrated along the walls of the micro-chank&@ure A.18-c and -d). Inside this structure, a
“viscous film” was observed probably due to the laggeration of the residual molecular species

(PVP and citrate) still present in suspension.

CREMEM SEI 5.0kvV  X8,000 Tum WD 6.8mm BSEI 5.0kV X1,500 10um WD 6.8mm

Figure A.18 — (a, ¢, d) SEM images of the arrays ¢dined from the dilute suspension containing nanogsms stabilized with

PVP and citrate. (b) Optical panoramic image of a gadient of concentration observed in the micro-chanel.

Thus it appeared crucial to eliminate all pollusamtitially present in suspension prior to
assemble them via the micro-evaporation process.eficapsulation of the nano-objects in a silica
shell also appeared as a well-compromise to clearcolloidal suspension without degrading the
fragile particles or clusters and thus to ensusaficient colloidal stability for the further extded

assembly.

Moreover, to avoid the precipitation of both padfints (if there) and nanoparticles at the same
level in the micro-channel, a colloidal filter wasnstructed. It is based on a millimeter-long
colloidal crystal PS beads (diameter of 200 nmjraa&ble to water but not to nanoparticles (pores’
size ~ 10 nm). Thus, the water along with tracepadfutants can flow inside the colloidal filter
which retains the nanopatrticles, forcing them tokpand grow without any pollutant. This work is
described in more details in this article [Anglyl3Jhis improved micro-evaporation process
containing a bed of latexes as filter was appl@the assembly of the raspberry-like nanoclusters
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constituted of silver spherical nanoparticles atbsitica core and encapsulated in a thin silicdl she
(Figure A.19-a). After the junction with the coltiail filter, the raspberries form a tightly-packed
state with extended dimensions. However many defedre still observed inducing a random

organization of the nanoclusters in the 3D material

: o * a2 psE : e CREph , ¥ Xl
Figure A.19 — (a) Image of the simple junction beteen the bed of large latexes as colloidal filterggged with fluorescein) and
the raspberry-like nanoclusters. (b, c) SEM imagesfdhe extended assembly obtained from the dilute spension containing

raspberry-like nanoclusters encapsulated in a sile shell (SIQ@Ag@SIQy).

» Optical properties of the extended assembly ofesilspherical nanoparticles

The 3D-material from the extended assembly of sibgherical nanoparticles (or nanoclusters)
exhibited relatively flat and large faces. It i;damly close-packed so the interparticle distance
was very small compared to the incident wavelengtie large dimensions and the high degree of
homogeneity of the material allowed a direct opticharacterization by using spectroscopic
ellipsometry in order to determine the refractimelax of the 3D-material [Baron13]. From the
optical measurements, it appeared that the exteasl®embly of the silver spherical nanoparticles
induced a strong red-shift (from 400 nm to 616 amj broadening of the main plasmon resonance
(Figure A.20-red curve). These significant changéshe resonance properties came from the
strong interparticle coupling which was large dwethe random close-packing of the silver
nanoparticles in the extended assembly. The mhteada real part of the refractive index which
rose across the visible spectrum from 0.5 to 3708tnm with decreasing absorption above 650 nm

well into the IR (Figure A.20-blue curve).
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Figure A.20 — Spectral evolution of the measured e (blue) and imaginary (red) part of the refractive index of the extended

assembly of silver spherical nanoparticles. Dots pgesent the values obtained by ellipsometry and theontinuous lines

represent the fit using the Lorentz-oscillator modefor the dielectric constant of the material.

Thus, it appears that the microfluidic evaporatproach allows to build-up a homogeneous
optical metamaterial with large dimensions from #utdd suspension of silver spherical
nanoparticles. This kind of material reach highueal of refractive index and low absorption in the
deep red and the near-IR part of the spectrum.
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Annex 4: Raman gain properties of the raspberry-lile nanoclusters

The SERS is a powerful technique used for the tleteof traces of organic molecules. It is
based on the Raman gain which is due to the exadtat the electromagnetic field in the vicinity
of metal nanoparticles. This enhancement of Ram@msity comes from the entry in resonance of
the surface plasmon. In presence of hot spotsjékection of a single molecule becomes possible
because of the huge exaltation of the Raman seajteross-section. However, the Raman
experiments performed in colloidal suspensions gioe-reproducible gains more or less varying
from one measurement to the other. In order toiokdabetter reproducibility in the results, it
appears preferable to prepare substrates contaniagye amount of coupling particles generating

hot spots.

Some preliminary tests of SERS effects were peraorwith the raspberry-like nanoclusters
containing the 10-nm gold nanopatrticles attachetherPEM silica beads and stabilized with PVP.
The experiments were performed by the N. Felidugrat the Itodys (Paris).The exaltation of the
Raman scattering was performed by using a probeculd: the trans-1,2-bis(4-pyridyl)ethylene
(BPE, Figure A.21). For all the experiments, thevelangth of the laser was 633 nm and the
concentration of BPE in the aqueous solutions vikedfto 1x10°M. At this concentration, the
detection of BPE was not allowed without SERS eaxtainh.

2N\

|
Z e

N
Figure A.21- Molecular structure of BPE
Before to deposit the nanoclusters onto an appatgpsubstrate, first tests were performed by
adding the probe molecule directly into the aquetnlfoidal suspension in order to validate the
SERS effect. The Figure A.22 shows the extinctipecsum of the colloidal suspension containing
the raspberries and the PBE. We observed exclydielplasmon band characteristic near 560 nm
of the gold nanoclusters since the PBE did not ibso the visible range. The plasmon band
presented similar look and no modification of itssipion was observed after the addition of PBE

traducing the goodstability of the PVP-stabilizeshaclusters in presence of the probe molecule.
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Figure A.22 - Extinction spectra of the suspensiooontaining the 10-nm gold raspberry like nanoclustes alone and the one

containing both raspberries and the probe molecul8PE (10°M).

The SERS spectra of the colloidal suspension bedark after the addition of PM of PBE
were presented in the Figure A.23. When the PBE pvasent in the solution, one observed the
appearance of an intense doublet of bands near I8 cnt and another less intense band with a
wavenumber lower than 1200 ¢niThe wavenumbers and assignments for these thage bands
are given in the table next to the SERS spectradgAf07]. The longer mixing time of PBE with
the colloidal suspension, the higher Raman intgnsft the molecule. After 24h the intensity

became stable.

3300(C - 1605 1637

- 28000 - 1197
8 ’ Raspb + BPE (24h)
% 230001 v (cn?) Assignments
c
£ 18000 - 1197 v(C-C)
= 1605 | 3(C-N)p,v(C-C)p,5(C-H)p
£ 13000 - 1637 v(C=C)v
&

8000 -

Raspberries alone
3000 . ‘ ‘ ‘
400 900 1400 1900 2400

Wavenumber (cm?)
Figure A.23 — (Left) Raman spectra of raspberries sspension before and after (30 min and 24h) the PBHEdition (10°°M).

(Right) Table of observed vibration bands of BPE. Abkeviations: v, stretching; 8, bending vibrations; p, pyridyl; v, vinyl.

Since the detection of the PBE in the suspensios, first result allowed to bring out the
production of hot spots on the surface of the raspgHike nanoclusters due to the coupling
between the gold nanoparticles. The nanocluster® \peeviously stabilized with PVP which

decrease the interaction between the moleculeshenohetal particles and thus decrease the signal
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intensity. Thereby, in order to improve the detmctand obtain a more intense Raman signal, it
would be preferable to adsorb the probe molecuttly on the surface of the raspberries before to

stabilize them with PVP.

As previously mentioned, in order to obtain the moeproducible Raman signal, it was
necessary to deposit the nanoclusters on a substidte samples preparation for SERS
measurements is described in Protocol 24. The ymeodf the PBE deposited on the prepared
substrate exhibited a better defined Raman sightleoPBE with the presence of the doublet of

bands near 1600-1640 ¢rand the single band near 1200c(figure A.24-c)

Protocol 24 — Samples preparation for SERS experirise

A substrate of Indium Tin Oxide (ITO) was immerfgedB0 min in an ethanolic solution

containing APTMS (10 %vol.). It was then rinsededrand heated at 100°C. After 1 h
of heating, the APTMS-modified ITO substrate wasensed in the colloidal suspension
containing raspberry-like nanoclusters for 12 hrthdried. Finally, the substrate was
immersed in the aqueous PBE solution ) during 24 h then washed and dried
before SERS measurements.

¢ 35000 -
D) GPPBBBYBY _ orus g
| ITO | - b
_ X
:. 1606, 1636
\.«25000 B !
£
g
8
£
g
2 15000 -
5
=
5000 | | [ I
400 900 1400 1900 2400

Wavenumber (cm)
Figure A.24 — (a) Schematic illustration and (b) SEMmage of the SERS substrate prepared by depositiaf nanoclusters on
an APTMS-modified ITO substrate. (c) SERS spectrum ofhe DPE molecules deposited on the prepared substeat

However, on the SEM image of the substrate, onddcobserve an agglomeration of the
nanoclusters and a coupling can occur in betweerrabpberries. It was thus tricky to define the
origin of the SERS effect which could be due to ¢bepling of the gold satellites on the surface
(“intra-nanocluster”) or to the coupling betweene thraspberries (“inter-nanocluster”). To
discriminate these two coupling modes, it will béeresting to use a substrate with holes obtained

by lithography permitting to fix and study isolatednoclusters (Figure A.25). Once the preparation
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of substrate optimized, it will be interesting ttudy the influence of the size, shape and
composition of the satellite particles.
# B @ % % B B
ITO

Figure A.25- Schematic illustration of a substratepresenting a network of lithographed holes in

which only one nanocluster could be deposited.
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Annex 5: List of reagents

Name abbreviation chemical formula purity provenance
Ammonium hydroxide NEOH 28-30% J.T. Baker
L-Arginine GH14N,O> >98% Sigma-Aldrich
L-Ascorbic acid AA GHgO4 99% Sigma-Aldrich
Bis(p-sulfonatophenyl)
phenylphosphine dihydrate BSPP GgH13K,06PS.2H,0 >99% Sigma-Aldrich
dipotassium salt
Cyclohexane Hio >99.7% Sigma-Aldrich
4,4-diazido-2,2-
stilbenedisulf(s)gli;: acid disodium DAS C14HgNgNa,OgS,.H,O >99% Fluka
Ethanol GHgO 99% Atlantic Labo
Ethylene glycol EG eHeO> 99% J.T. Baker
Glycerol GHgO3.xH,O > 86% Sigma-Aldrich
gold (1) chloride trihydrate HAUGI3H,0 99.99% Sigma-Aldrich
Hydrochloric acid HCI 37% VWR Prolabc
Hydroxylamine hydrochloride N}OH.HCI 99.0% Sigma-Aldrich
L-malic acid disodium salt £O0s >99% Sigma-Aldrich
mercaptopmpgfl’)'trimethoxysnan , MPTMS HS(CH);Si(OCH)s 95% Sigma-Aldrich
11-mercaptoundecanoic acid MUA 118550,S 98% Sigma-Aldrich
tlnlmrgﬁ]r;ﬁ‘;;‘gﬂﬁ%’%tym'\f o | MUTAB C1HaBINS 95 % Sigma-Aldrich
N-[3-(trimethoxy_si|yl_)propyl] EDPS CgH22N2Si 97% Sigma-Aldrich
ethylenediamine
Nitric acid HNG 65 wt.% Scharlau
Phosphate buffered saline pH7/4 PBS Sigma-Aldr
Poly-(vinylpyrrolidone) PVP M chggcl)\lo?’ém a Sigma-Aldrich
Po'y(dia"yfm‘;;hg)'ammoni”m PDDA Mw ~ 200-350,000 g.mdl | 20wt% | Sigma-Aldrich
Poly(sodium 4-styrenesulfonate) PSS M (~C;|E)I7OOSCS))E;m a 30wt.% | Sigma-Aldrich
Potassium gold (l11) chloride KAugl 99.99% Sigma-Aldrich
Silver nitrate AgNQ@ 99.999% Sigma-Aldrich
Sodium borohydride NaBH 99.8% Sigma-Aldrich
SOd;J‘:(%S::;:ﬁgfeto'l' MPS GH-NaO;S, 90 % Sigma-Aldrich
Sodium succinate dibasic succinate HNa,0O, > 98% Sigma-Aldrich
Sodium citrate dihydrate citrate sl@sNaz07.2H,0 >99% Sigma-Aldrich
Tetraethyl orthosilicate TEOS aB,00,Si >90% Sigma-Aldrich
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Annex 6: Protocols

For all the experiments, any glassware was cleamexd bath of freshly prepared aqua regia
(HCI/HNQO;3, 3:1), then rinsed thoroughly with,@ and dried at 90°C in an oven before use.
Ultrapure water (18.2 K).cm-1) was used directly from a LaboStar 7 UV TWiBtem (Odémi,

Grisy, France).

* Protocol 1 - Synthesis of silver spherical nanogakes

In two different vials, 16.9 mg of sodium hydrosuéf were dissolved into 10 mL of ethylene
glycol (EG) and 450 mg of PVP (Mw ~ 55,000 g.fjaih 15 mL of EG. Both solutions were left to
age for 4 h under stirring. One hour and half atfter preparation of both solutions, 60 mL of EG
were introduced in a three-necked rounded flaskppegad with a reflux condenser and heated at
150°C for 2 h 30, under stirring. The two othergksewere sealed with septa. Two hours later,
Argon flow was introduced in the rounded-beakernegdle with a large diameter. The extremity
of the needle should be placed at the surfaceecEth (not in the solution). Thirty min later, 35 pL
of NaHS solution and 15 mL of PVP solution wereaduced via a syringe in the EG. Then, 5 mL
of EG solution containing 120 mg of silver nitratere quickly introduced. During the first 5 min,
the solution colored dark yellow, then orange afleout 6 min. At this time, the reaction should be
stopped. For that, the rounded-beaker was placad ine-bath and 50 mL of absolute ethanol was
added to decrease more quickly the temperaturbeofdgaction. Finally, the silver nanoparticles
dispersion was firstly concentrated (from 130 to1l® mL) by using a Millipore Stirred
Ultrafiltration Cell with a regenerated celluloseembrane (100 kDa). Then they were transferred
from EG to water by repeating 5 times the ultrafitin cycle with an ethanol solution containing

PVP (3 g/L) to ensure the colloidal stability oétparticles and finally 5 times with ultrapure wate

» Protocol 2 - Synthesis of 10-nm gold nanopatrticles

700 mL of ultrapure water were placed in a two-meckounded flask mounted with a reflux
condenser and heated at 100-110°C under moderatagstThen 50 mL of aqueous potassium
gold(lll) chloride solution (0.83 mM) were introdet in the reaction medium. When the gold salt
solution reached 100°C, 75 mL of aqueous trisodiitrate solution (5.2 mM) were quickly added.
The solution progressively colored from yellow teeg red. The stirring was maintained for 15-20
min at 110°C.

» Protocol 3 - Synthesis of gold spherical nanopaltis
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A certain amount of 10-nm gold seeds dispersion ailased to 20 mL of deionized water in a
three-necked flask. Then 10 mL of a solutidncontaining KAuC} and 10 mL of the reducing
solution B containing trisodium citrate and AA, were addechidianeously but separately to the
medium at room temperature via two syringe pumpeustirring and over a time of 45 min. As
soon as the addition was complete, the mixture brasight to boiling (T = 90°C) and was
maintained at this temperature for about 1 h ustleing. Finally the solution was allowed to cool
down. The solutiod was prepared by diluting a KAuCstock solution (5.29 mM) to 10 mL and
the solutionB was prepared by diluting a mixture of an AA staution (56.8 mM) and a
trisodium citrate stock-solution (34 mM) again t0 nL. Note that the relative volume ratio
(Au:AA:Citrate) of all three stock solutions wereamtained constant for every growth (8:2:1).
Once the diameter and the concentration of the gatbparticles determined, it was possible to use
them as seed-particle for a next growth to caleute required amount of gold precursor to

achieve a certain particle diameter for a next ginow

For example, the synthesis of 20-nm gold nanopesticsing 10-nm gold seeds was performed
as follows: 2 mL of 10-nm gold seeds ([AuNP10] =10% particles.') was added to 18 mL of
deionized water in a three-necked flask. The smhuAi was prepared by adding 2.71 mL of KAuCI
stock solution to 10 mL, corresponding to the gitmf gold salt required (fs:= 14.3x106° mol).
The solutionB was separately prepared by adding 677 pL (= 2) @f/AA stock solution and 339
ML (= 2.71/8) of citrate stock solution to 10 mL @éionized water. Th& andB solutions were
added simultaneously but separately to the mediuno@n temperature via two syringe pumps
under stirring and over a time of 45 min. Diredlyer the addition was complete, the mixture was
brought to boiling (T = 90°C) and is maintainedtlais temperature for about 1 h under stirring.

Finally the solution was allowed to cool down.

» Protocol 4 - Synthesis of silver seeds for the ubtemical route

A 47.5 mL aqueous solution containing silver nérg0.10 mM) and trisodium citrate (0.31
mM) was prepared in a 100 mL two-neck round beakel immersed in an ice-bath. Argon was
bubbled through the solution for 20 min to remoxggen then the Argon flow was kept constant at
the surface of the solution throughout the reactidnder vigorous stirring, 1 mL of cold and
freshly prepared aqueous sodium borohydride (50 maM¥ quickly added into the solution.
Finally, 0.5 mL of aqueous BSPP (5 mM) was adddtkrAL h of reaction, the flask was removed
from the ice bath. Stirring and argon flow were miained for 5 h at room temperature. The
solution colored light yellow after NaBHaddition and the color intensified as the reaction
continued at room temperature reflecting the foromadf tiny particles (d <5 nm) in the solution.

The seeds were then used for the photo-conversaoegs 4 h after their preparation.
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» Protocol 5 - Synthesis of silver seeds for the cli@happroach

Typically, 49 mL of an aqueous solution containkgNO3 (0.1 mM) and trisodium citrate (0.3
mM) were prepared in a 100 mL two-necked rounddmotflask and immersed in an ice-bath. The
solution was bubbled with argon under constantisgrfor 30 min to remove oxygen. Then the
argon flow was kept constant at the surface ofstilation throughout the reaction. Under vigorous
stirring, 0.5 mL of aqueous NaBHcold and freshly prepared, 50 mM) was quicklyeithto the
ice-cold solution. The reaction was allowed to pext for 15 min, and during this time, 3-5 drops
of NaBH, solution were added every 2 min to the solutioerisure complete reduction of the*Ag
ions. Finally, 0.5 mL of aqueous PVP or PSS (5 nig/and 0.25 mL of NaBlwere added to the
solution in a drop wise fashion over a 5-min timexipd. After 1 h of reaction, the flask was
removed from the ice bath. Stirring and argon fleere maintained for 4 h at 20°C to allow the

excess of borohydride to be decomposed by water.

» Protocol 6 — Preparation of silver nanoprisms

Typically, 100 mL of ultrapure water were mixed lwitO0 mL of agueous AA (0.5 mM), 3.5
mL of as-prepared 4 h-aged seeds, 38 mL of aquRd@&s(0.7 mM in terms of monomer units), 38
mL of aqueous trisodium citrate (30 mM) in a 500 nound flask. Then, under magnetic stirring,
12.5 mL of aqueous AgNgJ2.5 mM) was added to the solution in a dropwashion with a rate of
addition fixed at 10 mL/h. The solution progresivehanged color via yellow, orange, pink,
purple and finally blue then it was intensifying thg addition of silver precursor was continuing.
Throughout the reaction, the mixture was maintainoader ambient atmosphere and at ~ 20°C.
Moreover, the silver precursor solution and thentbdlask containing the growth solution were

protected from light exposure.

* Protocol 7 - Synthesis of gold seeds stabilizedhwitrate only

250 uL of an aqueous solution of KAUGLO mM) and 500 pL of an agueous citrate solution
(10 mM) were introduced into 20 mL of water undeodarate stirring. Then 30 pL of a cold
agueous NaBH (0.1 M) solution was quickly added under vigorostaring. Stirring was
maintained for 1 h at 20°C.

* Protocol 8 — Coupling of MUA (or MPS or MUTAB) in@ueous medium

The grafting of MUA on the silver particles surfasas performed directly in the growth
medium. A volume Wua — calculated by the equation .16 — of a 25 mM MBd@ueous solution
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adjusted at pH 10 corresponding to an excess cbBtpared to the grafting density of MUAW¢h

= 4 molecules/nf), was quickly added into the silver suspensiorjenrmagnetic stirring. The
growth solution and the MUA solution were pre-atiasto pH 10 in order to solubilize the
molecules in water. The reaction mixture was slimgernight. In order to eliminate the excess of
thiols, the mixture was placed in two 45-mL tubed aentrifuged at 8000 g during 20 min at 20°C.
The supernatant containing free thiols was remoaed the bottom, containing the modified
particles, was redispersed in water by sonicafidns washing step was repeated 4 times. Same
protocol was performed for the grafting of MPS (tynsidering glps = 4 molecules/nf) and
MUTAB (by considering glutas = 2 molecules/nf). However, for these two coatings it was not

necessary to initially adjust the pH value of thugon.

» Protocol 9 — Synthesis of silica seeds

345 mL of an aqueous solution containing 7.5 mML-&rginine were introduced in a 500-mL
rounded-beaker. 22.5 mL of cyclohexane were adaethe top of the aqueous solution and the
mixture was heated at 60°C. 37.5 mL of TEOS wetsduced in the top organic phase. The
stirring was tuned in order to create an interfate€onstant area between both phases and was
maintained during 24 h. Then the cyclohexane wamved in a rotavapor at 50°C under partial

vacuum. The concentration in silica seeds was ohated by dry extract.

* Protocol 10 — Growth of silica nanoparticles fron82o 100 nm

50 mL of ethanol, 5 mL of ammonium hydroxide (1 Mihd 5 mL of the aqueous suspension of
the silica seeds were mixed in a 150-mL round-bea&®8 mL of TEOS diluted in 20 mL of
absolute ethanol were added at a rate of 1 mL/hkéh#o an automatic syringe pump. The final

concentration of silica beads was determined byltiieextract method.

* Protocol 11 — Surface modification of silica beadsth EDPS in ethanolic medium

Under vigorous stirring, a volumeeMpsof EDPS aqueous solution was quickly added to RO m
of the suspension of the as-prepared silica natiojgs: The reaction mixture was stirred
overnight. Then the mixture was transferred in @-afl round beaker and 10 mL of glycerol were
added under stirring. Once the dispersion homogehiit was placed on a rotavapor and heated at
40°C for the extraction of the ethanol then at 765Cthe water, under reduced pressure during 1 h.
A thermal treatment was then performed during 3 h08°C under partial vacuum. After cooling,
70 mL of ethanol was added under slow stirring. Trheture was placed in two 45-mL tubes and
centrifuged at 15000 g during 20 min at 20°C. Thpesnatant, containing glycerol, ethanol and
oligomers of silanes was removed and the pellettatoing the modified particles, was redispersed
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in ethanol by sonication. This cycle was repeat¢ich@s. After the removal of the last supernatant,
100 mL of water was added. To promote the redigpeis the modified silica beads and maintain
the adhesion of the polysiloxane film on the swfatthe beads, an acidification was performed by
gradual step of one pH unity, by adding a few drofp&M acetic acid, under vigorous stirring. In
acidic conditions (~ pH 6), the silica beads sthttedisperse. The suspension was adjusted to 5 and
kept under stirring during 24 h. The pH was agagasured and readjusted to 5. The mixture was
finally placed on a rotavapor at 40°C, under redyazessure, to eliminate the residual ethanol. The
suspension was redispersed in 100 mL of water lamaddncentration of the modified silica beads

was determined by dry extract.

» Protocol 12 — Assembly of silver spherical nanopelds on EDPS-modified silica cores

Typically, in an Eppendorf tube, 0.2 mL of a dildtsuspension of silica beads (5.16%10
part/L) were dropwise introduced in 1 mL of thevsil spherical nanoparticles suspension (3%10

part/L). The mixture was stirred overnight at romperature and protected from light exposure.

» Protocol 13 — Washing procedure of raspberry-likamoclusters

The colloidal suspension was diluted in 30 mL ofagmeous PVP solution (0.5 g/L). After 2 h,

the mixture was three times washed by centrifugaditat3000 g for 20 min and redispersed in water.

» Protocol 14 — Encapsulation of nanoclusters withBanm silica shell

After centrifugation, nanoclusters were dispersedai minimum of water (~ 0.5 mL), the
volume was completed to 4.94 mL with ethanol anqi&f ammonium hydroxide were added to
solution. Then 2 pL of TEOS diluted in 200 pL ofi@bol were dropwise injected into the solution
with an addition rate fixed to 0.5 mL/h.

* Protocol 15 — LbL adsorption of polyelectrolytes siica particles

Firstly, the silica nanoparticles were washed thim@es by centrifugation at 9000 g for 10 min
and redispersed in a solution of phosphate-buffeeditie (PBS) (0.01M) at pH 7.4. The solutions
of 2 mg/mL PDDA and of 3mg/mL PSS were prepareglh 7.4 PBS (0.01M). 10 mL of the
dispersion of silica nanoparticles were added tor20of the solution of PDDA. The adsorption
was allowed to proceed for 30 min under stirringhwa roller mixer from Stuart (SRT6D). The
excess of PDDA was then eliminated by centrifugatib 6000 g for 10 min and the particles were
redispersed in 10 mL of PBS. After three washingey, the colloidal suspension was injected into

20 mL of PSS solution. The adsorption procedure siaslar to the one used for the PDDA layer.
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Finally, a last layer of PDDA was assembled onditiea particles and the last washing cycle was

performed in water. The final concentration incgilbeads was determined by dry extract.

» Protocol 16 — Assembly of silver spherical nanopelgs on PEM-modified silica beads

Typically, 1 mL of a diluted suspension of PEM-nfet silica beads (1.5x1dpart/L) was
dropwise introduced into 1 mL of the isotropic silvnanoparticles solution. The mixture was
stirred overnight.

» Protocol 17 — Washing of raspberry-like nanoclusser

10 mL of the colloidal suspension were diluted hrL of an aqueous solution of 2 mg/mL
PDDA. After 30 min, the mixture was washed threeet by centrifugation at 3000 g for 20 min
and redispersed in water.

* Protocol 18 — Strengthening of raspberry-like nadasters with DAS

An agueous solution containing 0.05 mM of DAS wesppared in dark. Then, 1 mL of the DAS
solution was added to 1 mL of the PDDA-stabilizedlaidal suspension in dark. After 4 h, the
mixture was placed in a quartz cell and irradidi@d5 min under stirring with a 150 W Xenon
lamp at a distance of 15 cm. Finally the suspensgias washed by centrifugation at 4000 g for 10
min. The yellow supernatant containing the excddsee DAS was removed and the bottom was
redispersed in water. The centrifugation cycle weseated until the supernatant became free of
DAS molecules i.e. until the disappearance of ti&Szharacteristic absorption band on the UV-

Visible spectrum.

* Protocol 19 — Encapsulation of nanoclusters withsdica shell in biphasic medium

Typically, 10 mL of the raspberry-like nanoclustetsspension were diluted into 200 mL of
water in a 500-mL rounded-beaker. Then, 5 mL ofgueous L-arginine solution (20.7 mM) were
added to the medium under moderate stirring. 50oimtyclohexane containing 45 pL of MPTMS
were layered on the top of the aqueous suspen&ftar. 1 h, the mixture was heated at 60°C and 5
mL of TEOS were introduced in the organic phasee Téaction was occurred for ~ 8 h. The
mixture was then placed on a rotavapor at 50°C unaeuum to remove the cyclohexane. Finally
the solution was allowed to cool down. In ordergmove the excess of silane, the mixture was
centrifuged at 3000 g for 10 min at 20°C. The soamt, containing oligomers of silanes, was

removed and the pellet, containing the encapsulatetbclusters, was redispersed in ethanol by
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sonication. This washing step was repeated 6 timitsthe three last redispersions performed in

water.

* Protocol 20 - Chemical reshaping of silver nanopms with halide

20 pL of HCI (0.1 M) was added at once into 1 mlasfprepared silver nanoprisms (1.3%10
part.L'Y) under stirring. The modified silver particles wethen directly characterized without
additional washing.

» Protocol 21 - Galvanic etching of silver nanoprismsth gold precursor

At the end of the silver nanoprisms synthesis, 1214 of an aqueous gold(lll) chloride
trinydrate solution (HAuGI3H.0, 2.5 mM) was dropwise added to the dispersiotiatoimg silver

nanoprisms while stirring vigorously. The additiote was set as 10 mL/h by using a syringe
pump.

* Protocol 22 - Refilling of gold nanorings

1 mL of aqueous hydroxylamine hydrochloride solut{8 mM) and 1 mL of aqueous HAuCl4
solution (0.27 mM) were added into the suspensiontaining the as-prepared gold nanorings
through two separate tubes on a mechanical sypogg under vigorous stirring. The addition rate

was set as 1 mL/h. The process could be repeat®dastimes as desired.

» Protocol 23 - Gold capping of silver nanoprisms

825 pL of ascorbic acid (10 mM) was added to 13l9ahthe silver nanoprisms dispersion
under vigorous stirring. Then 10 mL of an aqueousu@l, solution (10 mL, 0.5 mM) was

dropwise added at a rate of 1 mL/h via a syringapinto the reaction medium.

» Protocol 24 — Samples preparation for SERS experniise

A substrate of Indium Tin Oxide (ITO) was immersied 30 min in an ethanolic solution
containing APTMS (10 %vol.). It was then rinsedgdrand heated at 100°C. After 1 h of heating,
the APTMS-modified ITO substrate was immersed i® ttolloidal suspension containing
raspberry-like nanoclusters for 12 h then driecaly, the substrate was immersed in the aqueous
PBE solution (10M) during 24 h then washed and dried before SER&sorements.
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Titre : Synthése et caractérisation de nano-résarmtpour une application métamatériaux dans le

domaine du Visible

Résumé :

Les métamatériaux forment une nouvelle classe dtériaax composites artificiels aux propriétés
électromagnétiques extraordinaires. Ces proprigélites reposent sur l'inclusion, dans le métansaig

de résonateurs plasmoniques dont la fabricatiofegtemblage posent un défi auquel se heurtent les
techniques de gravure habituellement utiliséesteGbese est consacrée a la de ces nano-résondéeurs
morphologie framboise, constitués d'un cceur diélpee et de nanoparticules plasmoniques, sphériques
ou triangulaires. Ces objets ont été élaborés andgr quantité tout en respectant la contrainte itlaum
effectif qui impose des tailles trés inférieuredaalongueur d'onde. La réponse optiqgue des nano-
résonateurs individuels a été mesurée et companéaradélisations. Des résonances électriques et
magnétiques intenses ont été mises en évidenceolpets sont prometteurs pour la premiére réatisati

de matériau massif a perméabilité magnétique Gile.

Mots clés : métamatériau, résonance plasmon, nafmpe, nanoprisme, argent, or, silice, assemblage

couplage.

Title: Synthesis and characterization of nanoreswador metamaterials application in the Visikdage
Abstract:

Metamaterials are artificial composites materiakhilgiting extraordinary electromagnetic properties.
These original properties are based on the inatugsiche metamaterial of plasmonic resonators foictv

the fabrication and the assembly remain challengifigs thesis is dedicated to the synthesis through
colloidal approach and the structural and optitaracterization of these “raspberry-like nanoretmsa
constituted of a dielectric core and sphericati@angular plasmonic nanoparticles.

These objects are elaborated in large amount wéidipecting the constraint of effective medium which
requires sizes much smaller than the wavelength. dfttical response of individual nanoresonators was
measured and compared with theoretical simulatidm&ense electric and magnetic resonances are
highlighted. These objects are promising for th&t laboration of a bulk material with artificimlagnetic

permeability.
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