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Résume de la these en Francais

Les métamatériaux sont une classe de matériauxgéaras. Il s’agit typiquement de composites
artificiels possédant des propriétés eélectromagués extraordinaires. Ces matériaux sont
formés de sous unités élémentaires, considéréesieatas blocs de construction, constituant le
matériau 3D. L'objectif de cette these est de fmlan par auto-assemblage des métamatériaux
tridimensionnels possédant une réponse magnétiquéreéguences optiques dans le visible ou le
proche infrarouge. Cette réponse s’exprime pampanaéabilité relativey, différente de la valeur

1 du vide. De tels matériaux, inconnus dans lareatontreviennent a I'argument classique de
Landau et Lifshitz selon lequel la magnétisatiotagtermeéabilité magnétique n’ont pas de sens
aux fréquences optigues. L’existence de modes nigges optiques associés a des résonances
de plasmons localisés et couplés a néanmoins étridiee sur des surfaces métalliques
nanostructurées de type « fishnets » élaboréeditpagraphie [1].Cette technique permet de
structurer la matiere de fagcon remarquable a de pgetites échelles, mais elle ne permet pas
d'élaborer des structures volumiques avec des ngaldel perméabilitgl, différentes de 1 en
grande quantitéCe sont de telles structures que nous proposofabdguer : (i) élaboration par
voie "bottom-up" de nanorésonateurs magnétiqugsn@délisation de la réponse magnétique et
sa mesure expérimentale et (iii) assemblage enrigatéridimensionnels. Les nanorésonateurs
tridimensionnels les plus prometteurs (en théms@)t basés sur I'utilisation de nanoparticules
d'or ou d'argent disposées autour d'un noyau dedidgectrique. De tels nanoclusters sont
supposes posseéder une résonance magnétiqgue, pguellda les plasmons de chaque
nanoparticule métallique satellite se couplenta&ers le coeur central. Cela devrait créer une
permeéabilité négative dans une certaine plage @guénces dans le spectre optique. Puisque
cette structure a également une résonance de peitéiproche, il a été montré que, dans un
domaine de fréquences donné, un arrangement opténtedense de ces nhanorésonateurs
conduirait & un milieu a indice optiqgue négatif Igm# dans le visible [2,3]. Les principaux
enjeux pour la synthése de ces clusters concetaerantrole des dimensions, du nombre de
satellites et de leur monodispersité en taillerefaeme. Pour contrbler I'agencement relatif des
nanoparticules plasmoniques, nous avons exploodrieept de particules a « patch », définies
comme des spheres présentant une surface strugtopmdogiquement et/ou chimiquement)
capables d'induire des interactions selon des tairecpré-déterminées (Figure 1). Nous avons
utilisé ces particules a patch comme substrat pssembler des particules d'or et obtenir des
systemes hybrides silice/or.

Les particules a « patch » en silice ont été ékson partir de clusters colloidaux de géométries
tétraédrique, octaédrique et icosaédrique (trossaiteq solides de Platon). Ces objets constitués
d'une particule centrale de silice autour de ldguehgencent précisément 4, 6 ou 12 nodules de
polystyrene ont été élaborés par une approche engosation ensemencée en émulsion [4]
(Figure 1).Les nodules de PS pouvant étre éliminés ultérieen¢mar dissolution dans le THF,
cette approche offre la possibilité de préparer phasicules de silice a patchs ou a fossettes



identiques. Les cavités des particules a fossetiegté modifiees en surface, avec succes, pour
les rendre collantes pour des germes d'or de 2-8endiametre.

‘ ‘ Clusters Silice/PS
100nm
»L :

100 nm 100 nm IOO nm

‘ Particules a fossettes
Clusters plasmoniques aux
morphologies de solides Platoniques

Figure 1 : Schéma des clusters hybrides silice-palyréne ; Schéma des particules a patchs qui en déent et des clusters
plasmoniques ciblés présentant des morphologies tiges solide de platon.

<«

En initiant la croissance des germes d'or a pdets cavités fonctionnalisées du coeur de silice,
des édifices hybrides proches des architectureberelcées ont été élaborés (Figure 2).
Cependant, la forme de leurs satellites d'or estoplaplatie aux pbles et leur surface trés
rugueuse en fin de croissance. Afin d'améliorer Isphéricité, plusieurs traitements post-
croissance ont été envisagés. Ces traitementseomigpde "lisser” la morphologie des particules
d'or, mais leur inter-distance s'est avérée tropomante pour générer des couplages intenses
autour du cceur diélectrique.

O Au seeds (2-3 nm) v Au(OH), H,CO v
———
|

Figure 2: Synthése des clusters plasmoniques paraissance de germes d'or ancrés en surface des foese

Une approche différente, basée sur l'accostageatdlites de silice sur lesquels nous avons
ensuite fait croitre une coquille d'or, a égalen@&atdéveloppée. Cette seconde voie s'est avérée
la plus efficace pour contréler la morphologie déssters et notamment la distance entre les



satellites d'or (quelques nanometres).

Figure 3: Synthese et propriétés optiques de clusteplasmoniques formés par auto-assemblage de naraficules pré-
formées.

Les propriétés optiques de ces édifices plasmogigué été modélisées et mesurées. Un mode
magnétique a été mis en évidence dans le procreerimiige. L'enjeu est désormais d'étudier les
propriétés spécifiques et collectives des asserablagpra-particulaires.
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Introduction

1 Concept of metamaterial

Metamaterials are a class of artificial compositgarials whose physical properties are unknown
in natural materials. The most spectacular oppecaperty of metamaterials is the negative value
of the optical refractive index. They could be proed by self-assembly of engineered meta-
atoms. These meta-atoms are designed to interéictangiven kind of waves depending on the

range of the desired properties. Indeed, the waateminteraction depends on the shape, the
orientation, the geometry and especially on the sizthe subunit constituting the metamaterial

(the meta-atom). Typically, the dimension of théuwst has to be small compared to the

wavelength of the incident radiation since a metenel should be considered like a continuous
medium Scheme )

(ASOSONEOSOSOSD
MOS0
U I
OIS IIHN
SOOI
S EE e RS ST

Scheme 1: Representation of a metamaterial subdivédl into meta-atoms (blue spheres); the size of eashbunit is small
compared to the wavelength of the incident radiatin.

Such properties are extremely useful for appliceti@across many different fields, such as
antenna technology,[1],[2] solar cell one,[3] suges [4],[5] cloaking devices [6], among others.
Mechanical metamaterials are also in developmdray Dffer promising perspectives to improve
the seismic protection, [7] sound filtering [8],[8hd more generally to tune the mechanical
materials properties by playing with the approgrié¢sign.

2 Electromagnetic metamaterials

In the framework of this Ph.D project, we focused work on the conception of meta-atoms that
confer to the overall material the capability téeract with an electromagnetic beam within the
visible-IR range by exploiting the phenomenon afiate plasmon resonance (SPRig(re 1).
Our objective is to fabricate meta-atoms with @ sizuch smaller than the wavelength of the
visible light,i.e. a few tens to one hundred nanometers.
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Figure 1: Electromagnetic spectrum. The plasmonic eta-atoms are typically interesting for applicatiors in the visible and
the infra-red region.

3 The quest for a negative refractive index...

From a historical point of view, Veselago was tinstfin 1967 to describe theoretically a material
with reversed physical characteristics expectedha visible range.[10] He evidenced that a
material exhibiting a negative refractive index Icbwansmit light with a phase velocitly)(wave
vector antiparallel to the direction of the Poygtwector (S). In this case, the wave propagation
is oppositely oriented compared to natural materidhis kind of materials, also called left-
handed material, exhibits a specific behavior. éujehe right hand rule is no more followed;
this is why the electromagnetic wave can conveygnagainst the phase velocity).( To get
such a negative refractive indexthe requirement for the material is to preserth l@onegative
dielectric permittivity € < 0) and magnetic permeability (1 < G)dure 2).

B=“=+1 E=]J.=‘1

n=+(ep)"” n=—(ep)"”

Figure 2: Illustration of the behavior expected forboth € and p positive material on left and for both€ and p negative also
called left-handed material on right.

Indeed,n can be expressed from an electromagnetic poinieof as n = +,/€.u , wher€ is the

dielectric permittivity of a material, measuringetbapability of a material to transmit an electric
field; u is the magnetic permeability of a matermaeasuring the ability of the material to support
the formation of a magnetic field within itself aodrresponding to the magnetization obtained
by a material in response to an applied magnetid.fiNegative permittivity is achieved in metals

6
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at leat far enough below their plasma frequencyacRimg negative permeability is more

challenging. In 1999, Pendry was the first to ps#a way to obtain a composite material which
exhibits both negative permittivity and permeabi[it1] Indeed, the idea starts with the analogy
in between “atoms” and “meta-atoms”. At first glan@toms can be considered like dipoles
which affect the light velocity by the factor ne. the refractive index, where n = C/v with C

corresponding to the speed of the light in the uatuand v the speed of the light in the
considered mediunt{gure 3).

IMDEX OF REFHACTION

LINE OF
SIGHT

POSITIVE REFRACTION NO REFRACTION NEGATIVE REFRACTION
With a refraction index of A hypothetical liguid with & A hypothetical liguid with
1.3, water bends light refraction index of 1, the a negative refraction
inward, closer 1o the same as tha surrounding index would band light
perpendicular. air, would not distort light. the “wrong" way.

Figure 3: Representation of the expected effect gkveral refraction index values for the liquid cordined in the recipient,
reproduced from reference[12].

In the case of meta-atoms, Pendry and coworkengopeto use split ring resonators (SRR) to
tune the i for values not accessible in the natural mateFat. convenience, the dimensions of
this kind of structures were about few millimetarsd consequently they were supposed to be
active in the micro-wave range.

Planar split ring structure

inner radius = 2 Omm

width of each ring = 1. Omm

spacing between ring edges = 0.1mm
lattice constant = 10 Umm

I@@@@@@@@
olelolelole.
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S o de;

0000
oleléle)

Figure 4: lllustration of a square array of SRR extacted from reference[11].
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In 2000, Smithet al showed that the creation of a structure corresipgntb the concept
proposed by Pendrgt al He built a structure combining a periodic arrangat of parallel
metallic wires, aligned along the propagation dimetof the wave, and a periodic array of SRR.
In that case, the ring and wire unit played the i the meta-atomic dipole, according to the
theory, the aligned wires acted like ferroelectitoms,i.e. exhibiting a spontaneous electric
polarization, and giving a negative permittivifyfor the considered frequency. On the other
hand, the SRR acted as inductors (L) and the opga ps capacitors (C). The whole SRR served
as an LC circuit exhibiting a resonance frequenty $o a narrow range of wavelengths, near the
high frequency side of the resonance, where thenetegpermeability is negative. By using this
particular architecture, the proposed compositeernatis able to exhibit, for a range of
wavelengths, both a negatifeand |, and so forming a propagating band exhipiéimegative
group velocity which is the main feature of a leftnded medium. Later in 2001, the same
authors published a paper entitled “Experimentalfication of a negative refractive index”,
where they reported the measure and calculatiadheofefractive index of a material made of an
arrangement of wires and SRRidure 5d).[13] The results showed a negative refractiveeind
for a band comprised in between 10 and 11 GHgufe 5b).

a) b)
¥ T 7 T T T
Kln 7 — LHM

w/__/_/\ — Teflon
. — LHM (theory)

L 1 .“ 1
9 10 1"
Frequency (GHz)

Figure 5: a) Picture of the material exhibiting a eft-handed behavior. The sample is composed of sqeacopper SRR on
fiber glass circuit board material. The rings and wres are on opposite sides of the boards, and th@érds have been cut
and assembled into an interlocking lattice.[13] biGraph representing n versus frequency, the blue curve corresponds to
the Teflon sample. The black curve corresponds tche measured material. The doted portions indicatehie region where

the index is expected to be out of the experimenthinitation. The continuous red curve correspondsda the real component
and the dotted one is the imaginary part of the theretical expression.[13]

The first result of a negative refractive index wasnce demonstrated for the microwave
frequency range. Then it was used for smaller vemgths,i.e. closer to optical frequencies, by
decreasing the size of the device. In 2004, Lineteal published an article entitled “Magnetic
response of Metamaterials at 100 Terahertz”.[14{his report, they demonstrated that it was
possible to obtain a negative value of p at 85 Tzl infrared) by using a SRR of a size below
one micrometerKigure 6). The analogy existing in between a LC circuit an®RR is also
illustrated on this figure. Later in 2005, the sameam published their work on similar

lithographed structures but made to be efficiemteatr infrared frequencg,g.200 THz.[15]
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Figure 6: (a) lllustration of the analogy betweera LC circuit and a single SRR, (b) scheme of the SR geometry and (c)
SEM image of a SRR fabricated by electron beam lithgraphy extracted from[14].

The reported results evidenced that’s it's posstbleeombine, for microwave frequencies, a
composite material exhibiting <0 by using an array of wires and p <0 by getireyaa
resonance condition thanks to the SRR geometry.

4 ...at optical frequencies

For optical frequencies, on one hand the use of BRRared by lithography becomes trickier,
due to the size reduction required for such higlgdency. On the other hand, the need for a
material bringing€ < 0 in the composite material is also an issueeaafly because arrays of
aligned wires are no more active at the opticafjeainequency. Moreover, the main drawback of
this system is its anisotropy. Indeed, the incideatelength needs to be in a particular direction
to interact efficiently with the material and tohéxit meta-properties.

Aware of those limitations, Urzhumost al proposed in 2007 a new concept to solve the
anisotropy problem and at the same time to obtainegative refractive index for visible
frequencies.[16] They introduced the concept of afh@tds which are liquid metamaterials
typically made of a dispersion of plasmonic nanstdts smaller than the wavelength of a visible
beam.

A patrticular kind of plasmonic nanoclusters, calledpberry-like nanoclusters, has known a
particular interest in the metamaterial communitiiey are typically made of a dielectric core
surrounded by numerous plasmonic satellites rangldmstributed. These structures were studied
from both computational and experimental pointsviefiv. In 2009, Simovski and Tretyakov
published a theoretical article focused on the efssuch a structure considered as promising
isotropic nano-resonator for optical magnetism pseyl7] Later on, measurement and
simulation were performed considering raspberrkgained by various methods, such as seeded-
growth [18]Figure 7), electrostatic assemblies [19],[20], or bioinsdiccoupling.[21]
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Figure 7: a) TEM image of the raspberry-like strucure made of a central dielectric core surrounded bygold satellites

obtained by a seeded-growth method; b) experimentaipectra of the corresponding dispersion of nanoctiters showing the
presence of both electric and magnetic dipold48]

Meanwhile, Urzhumovet altheoretically investigated the case of a clustedenaf four spherical
plasmonic particles whose center were located aliwg vertices of a tetrahedron, called
“tetramer”.[16] This structure presents a greaenest because of its orientation-independent
polarizabilities. Indeed, according to the groupadly, several other structures can exhibit a
similar feature: octahedron, icosahedron and ddo=stran. Among these geometrical
arrangements, the tetrahedron is the simplest odetlzerefore chosen for the study. They
numerically simulated the assembly of four gold oparticles spaced by a gap of few
nanometers, in such condition the strong couplioging from the closely-packed structure
yielded into a magnetic resonance at optical fraqies. This magnetic resonance was strongly
affected by the gap between particles as showrigure 8.
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Figure 8: Simulated results presenting the locatiorof the magnetic and electric resonances as a fufam of the gap-to-
diameter ratio. The left axis corresponds to the reonant permittivity of a cluster over the solvent ermittivity; the right
axis corresponds to the resonant wavelength for aolyl silica tetramer in the index matching solvent.Reported from
reference[16]
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The authors also presented numerical simulation®npeed in the case of an extremely small
gap of 1 nm between each 90-nm gold spheres. A ¢igh (hanometer range scale), was used to
maximize the separation in between the electrictardnagnetic resonancésgure 9 exhibits

the dielectric permittivity and the magnetic periméty as a function of the wavelength for such
structures.
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Figure 9: a) Simulated evolution of the dielectrigpermittivity as a function of the wavelength for atetramer with a gap of
1 nm. The positions of the electric dipole resonaec(810 nm) and magnetic dipole anti-resonance (890n) are identified
by the two peaks of the red doted curve (In€). b) Simulated evolution of the magnetic permeabtly as a function of the
wavelength. Reported from referencg16].

In the case of the calculation performed with ohy % of the gold ohmic losses, it became
possible to obtain gk < 0 with a volume fraction of clusters in dispersiof 13 %. However to
overcome the ohmic losses of gold a condensed i@ateade of tetramers meta-atoms was an
alternative to the fluid. According to the authashieving€er < 0 and g < O required a specific
design in term of gap. The idea is to be capabl@dsition the magnetic dipole resonance
frequency higher than the electric dipole frequensilD > oED in order to have a MD
resonance within the narraveff < 0.

Later, in 2009 Alu and Engheta proposed the usglasmonic nanoclusters with an octahedral

geometry and their numerical simulations allowegtedict a magnetic dipole resonance.[22] In

2011, Capolino and coworkers reported their sinmainvestigations on the optical properties

of highly isotropic plasmonic nanoclusters conditgthe tetrahedral, icosahedral and raspberry-
like morphologies.[23] They highlighted the effioey of such structures to tune the optical

properties. Moreover, they presented the effethiefe kinds of morphological defects regarding

the satellites which have effect on the properfiesm the most to the less dramatical effect there
is: lack of satellites > size inhomogeneity > positirregularities.

For the purpose of this work, we focused on theégtesf plasmonic nanoclusters for a magnetic
dipole resonance in the visible range and negag¥Wactive index, and especially on clusters

11



Introduction

exhibiting an isotropic polarizability such as plaic solids, e.g. tetrahedral, octahedra and
icosahedra.

From the experimental viewpoint, the synthesis #me measurements of regular plasmonic
nanoclusters similar to these platonic solid weaeely reported. The synthesis was mainly
performed by clusterization induced method [24bprusing DNA strand to guide the formation

of the structure.[25]-[27] However, their main dimagks were the lack of morphology control
over the morphology and robustness, respectivatyledd, the isotropy was lost while

nanoclusters were flattened upon the drying stey gwior to the optical measurements.

Furthermore, beyond the control over both geomatrgl robustness which is challenging in
itself, the measurement of the optical propertiesugh structures is also not trivial and required
specific conditions and equipment.

5 Our objectives

We intend to develop a novel route to fabricatetrggoc meta-atoms by using patchy
particles.[28] Those particles exhibit a highlyustured surface and are defined by their site-
specific modification. Moreover, there was a gragvinterest regarding the development of such
particles especially because of their capabilitysédf-assembled or to direct assembly along
specific directions.[29],[30]

As far as we know, the use of patchy particleotmfdiscrete and isotropic clusters of plasmonic
particles has never been reported, making thisaggpr original, innovative and challenging.

Thanks to the high degree of control over the searfaf such particles, we planned to build
nanostructured isotropic resonators, made of acti@t structuring patchy core surrounded by
plasmonic satellites whose number and positiontddoe controlled.

Our objectives were to produce discrete plasmoaiwnlusters in high yield exhibiting several
requirements:

- Robustness,
- Control of the sphericity and orientation of thée#ldes and the inter-satellite gap
- Synthesis of the nanoclusters in large amountthfEr subsequent assembling process.

An overview of the overall strategy is presentedsocheme 2and segmented as following:

- the first chapter describes the preparation ofedieic patchy particles with a size in the
range of few tens of nanometers. The patchy pestiate derived from silica/polystyrene
multipod-like clusters, highly regular from a gedneal point of view;

- the second and third chapters present the elaboratiplasmonic nanoclusters by a seed-
mediated growth approach or by assembly of prefdrpseticles, respectively;

12
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- the fourth chapter describes the characterizatbtiseir optical properties.

oo ®

I: Synthesis of
patchy particles

uent seeded-growth

IV: Optical measurements

Scheme 2: The overall strategy guiding this studythe chapter | describes the fabrication of the patey particles; the
chapters Il and Il report the formation of plasmonic nanoclusters through seeded-growth and self-asably approaches,
respectively; the chapter IV describes the prelimiary optical measurements performed on single objest
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Chapter 1: synthesis of silica patchy particles

In order to control the number and position of gi@smonic satellite particles, we intended to
program their assembly or growth by decoratingstindace of the central dielectric particle with
sticky patchesi.e. chemical and/or topological discontinuities, thédr being generally called
“dimples” when they are concave areas on a spHédoavex) particle.

This chapter is dedicated to the fabrication ofled particles bearing moreover a sticky patch
at their bottom. It is firstly composed of the dgstton of the state of the art about the fabrmati

of patchy particles. We reviewed the most promistaghniques and then highlighted the
relevance of our approach among all the other sodike second part of this chapter is dedicated
to the description of the fabrication of dimpledtpgdes according to the seeded-growth emulsion
polymerization process and subsequent surface roatiiin reactions previously developed by
Désert and coworkers. Nevertheless, some extrateffieere done for a better understanding of
the involved processes. The last section preseigimal works to derive dimpled silica particles
into patchy ones.

1 Synthesis of patchy particles: state of the art

At the origin, the concept of patchy particles bagn introduced through computer simulations
for trying to answer the question: “How to obtaionacompact three dimensional arrays of
particles?”. Several teams have developed simulsitio understand how giving valence to
colloids is an efficient way to limit their intefdens such as those of Glotzer [1]-[4], Sciortino
[5]-[7] or Bianchi.[8],[9] For instance, if a diamond-like structure is erongd,the valence of
the colloids shall be restricted to four by theati@n of patches at their surface in order to limit
and orient their interactions towards the four iceg of a tetrahedron.[6] Recent simulations
showed that the patch-to-particle ratio is alsatécal parameter§cheme 3]10]

Scheme 3: Diamond-like lattice evidencing its lowaenpactness due to the four-fold valence of the cditstive carbon
atoms.

Later, chemists and physical-chemists have staot@ebrk on that concept and tried to produce

colloidal assemblies. Today, a few examples oflpafarticles have been reported but none of
them has yielded to a 3-dimensional array. Someatirtiee achieved assemblies have been a
small number of discrete clusters. Several reviewelas have already been focused on patchy
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particles.[11]-[16] Recently, Glotzer and coworkérsoduced the complementary concept of
enthalpic and entropic patches.[4] The first onkeree to patches made of sticky chemical
functions able to promote an assembly while thems@wmne refers to the topological surface
specificities capable of mechanically blocking direnal interaction with other colloids. Here,
for the sake of succinctness, the state of thesamstricted to the cases of particles with four
patches or more. Generally, the robust fabricatechniques use temporary masks for the
regioselective modification of the surface. Thosesks are often other colloids which have to be
previously positioned with the right number andhe right places. This positioning is generally
managed by playing with steric repulsions in coarfivent situationss.g.within colloidal crystals

or droplets, or around a sticky protrusion or adsee

1.1 Technique exploiting the confinement on a subst rate with neighboring
particles: the glancing angle deposition (GLAD) tec hnique

The GLAD technique consists in using a given oagah of a particle monolayer packed on a
substrate on which a metal vapor is depositedhis tonfiguration, any particle within the
monolayer acts as a shadowing mask for their neighrhis method was used by Pawar and
Kretzschmar to produce patchy particles. Varioustigga sizes were used to create the
monolayer. The shape of the gold patches was dtaurby playing on both the orientation of
substrate and beam, [17] allowing the elaboratibnmultifunctional patchy particles.[18]
Moreover, stepwise GLAD was used to produce chiamlostructures by varying the angle or the
thickness of the depositiofigure 10).[19] Later, a method combining GLAD with the usea
grooves carved into wafer substrate was report@fl[f4] This progress allowed to increase the
control over the patches formation because of tiaglewing effect provided both by the groove
and the neighbor particles yielding into new pasblapes such as crescent moon. Such patchy
particles can be recovered by disassembly fronstlbstrate.

(A)

©M

Figure 10: Left: Four SEM images showing monolayersf particles packed on a substrate after modificabn by GLAD for
various angles of deposition and the correspondingjcture in insert schematizing the areas affectedyothe beam[18] Scale
bar: 2 pm. Right: Scheme of the principle used durig stepwise GLAD where three beams of deposited neaials were
iteratively sent on the particle monolayer at speéic angles[19]
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1.2 Techniques exploiting the confinement within em ulsion droplets

The technique was derived from the pioneering wafriManoharanet al which consisted in
using toluene-in-water emulsions to confine craskeld polystyrene (PS) particles and get
colloidal clusters.[22] In practice, the particledtially stabilized at the oil-water interface are
forced to be closer and closer as far as the akghs evaporated. The number of particles
making the clusters wasn’t perfectly controlled ahé complex mixtures of clusters were
necessarily purified by centrifugation in densitadjent solutions. Those colloidal clusters were
later used to produce patchy particles as publighedVanget al(Figure 11).[23] DNA was
efficiently grafted on the surface of colloidal stars previously prepared by clusterization of
amidinated PS microspheres.[23] The clusters weodlen by styrene until the particles forming
the clusters protrude from the swollen part; tHengtyrene was polymerized and the protruding
particles became patches bearing amidine groupshein surface. Biotin was subsequently
grafted specifically on the site marked with amélforming biotin patches finally used to attach
DNA via a biotin-streptavidin-biotin linkage for neerting them into DNA patches.

' $-9-@-Ok

Amidine Biotin DNA
patches patches patches

Cluster

Figure 11: Fabrication of DNA-based patchy particls. a) Synthesis route: 1. a cluster of 4 amidinatedS microspheres is
swollen with styrene which is then polymerized; 2biotin is site-specifically functionalized on the ptches; 3. biotinated-
DNA oligomers are bind to the particle patches via biotin—streptavidin—biotin linkage. SEM images ofthe as-obtained
amidinated b) clusters;c) patchy particles. d) Cordcal fluorescent images of the latter. Scale bar§00 nm[23]

Furthermore, thanks to the recent work of Wah@l[24], the concept used to produce patchy
particles thanks to clusterization from one sidg&],[25]-[27] and the lock-and-keys colloids on
the other side [28] were combined in order to poedparticles with several cavitieg. dimples
(Figure 12).
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| 3%*”3%’%%”

silica silica silica multiple
spheres cluster patches cavities

Figure 12: Multidimpled particle fabrication. a) Synthesis route: 1. a cluster of three silica sphereis prepared via an
emulsion-encapsulation process; 2. partial encapsulation of the cluster with 3-(trimethoxysilyl)propylmethacrylate

(TPM); 3. The silica cluster is etched out via treament with hydrofluoric acid. SEM images of b) silca clusters, c) silica-
TPM patchy particles, and d) multidimpled particles e) Confocal fluorescent images of the fluorescdytlabeled
multidimpled particles. Scale bars: 500 nnj24]

1.3 Techniques exploiting the confinement around st icky protrusions

The coalescence of polymer particles through liquimtrusions was used according to two main
strategies. The first one consisted in connectanrgjygles bearing liquid protrusions through their
merging giving particles exhibiting protruding spé& considered as patches. As shown by Kraft
et al, cross-linked-PS colloids swollen with monomelg. styrene, can be warmed in order to
release protruding monomer drops through phaseaépa During a subsequent step, monomer
drops coalesced, linking the cross-linked-PS sphececolloidal clusters [29]Higure 13 left).
Here, the protruding precursor cross-linked PS igshmay be considered as potential patches.
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Figure 13: Left: a) The strategy used to produce damicronic patchy particles: Particles bearing a liquid protrusion are
basically self-assembled together through the protision merging; b) SEM images for 1, 2, 3 and 4 pates on particles
resulting from the previously-described proces$29] Right: Scheme of the strategy used to produce pactes with various
numbers of protrusions at the surface of the crosbnked seedd.30]

The second strategy to generate patchy particlepléying with sticky protrusions was the
controlled phase separation of cross-linked polysmneres swollen by monomer. Indeed, a
balance exists between the interfacial forces egeat the surface of the particles and the elastic
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stress.[30] The first one is directly related te ttoncentration of sodium dodecyl sulfate (SDS)
in the medium while the second is inherent to tfesslinking degree of the particles. In such
condition, by playing with the surfactant concetitna and the cross-linking degree of the
particles, the interfacial surface tension existimgthe monomer drop was tuned and the drops
merging controlled in such a way that the protrgdmonomer can be considered as patches
(Figure 13 right).

1.4 Techniques exploiting the confinement on a seed by emulsion
polymerization

Silica particles with a well-controlled number oimghles (from four to twelve) [31] were
synthesized starting from silica/PS clusters pregparby a seeded-growth emulsion
polymerization techniqud={gure 14 andFigure 15).[32]-[35]

Typically, silica/PS clusters made of 4, 6 or 12 a%ellites were prepared in high morphology
yield (up to 80 %) and at the gram scale.[35],[36E first step was the production of highly
size-monodisperse silica particles through a segdeadth approach [35],[37] immediately
followed by a surface modification by using a hymhobizing and copolymerizing silane
molecule,e.g. methacryloxymethyltriethoxysilane (MMS), to enharthe affinity of the silica
surface for styrene and growing PS macromolecllee MMS surface density shall be low and
controlled, because it conditions the wetting argfl¢he PS satellites onto the silica seed: The
higher the surface density, the more wetting the dagellites,i.e. leading to core-shell
morphologies. It was demonstrated that the optimaminal surface density was 0.5
function/nn?. It may be noted that the adjective “nominal” me#mat this value corresponds to
the amount of MMS introduced in the reactor andophy not exactly to the true value as it
could be measured through time-consuming spectposcagravimetric or dosage surface
technigues. The second step is the seeded-growdtsiem polymerization of styrene performed
in the presence of a surfactant mixture made op&gni® NP 30 and SDS and initiated by the
thermal decomposition of sodium persulfaigg(re 14). Playing with experimental parameters,
e.g. the size of the silica seeds, the SDS fractiorthe surfactant mixture and the styrene
concentration, the number of PS satellites perasitiore were quite easily varied, getting batches
with morphology purity as high as 80 %. In partanuletrapods, hexapods and dodecapods were
got from silica seeds with diameters of 55, 85 85dhm, respectively.

Afterwards, the silica cores were regrown throughhyarolysis/condensation reaction of
tetraethoxysilane (TEOS) and then the PS noduleg wissolved in tetrahydrofuran (THF).

Those dimpled silica particles present PS bumpsir@ng at the bottom of the dimples and
corresponding to the PS macromolecules covalerhded to the silica surface thanks to the
copolymerization of styrene and MMS-derived gr§2@3]
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Figure 14: Chemical formulae of the main reagentsised for getting silica PS/clusters through a seedgrowth emulsion
polymerization: a) methacryloxymethyltriethoxysilane (MMS); b) styrene; c) Synperoni® NP 30; d) sodium persulfate
and e) SDY35],[36]
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Figure 15: Top: Strategy of fabrication of silica-PS hybrid clusters from surface-modified silica seeslintroduced in the
reactive medium of an emulsion polymerization of stene;[35] Bottom Right: Strategy used to synthesize dimpledilica

particles of various controlled morphologies by 1jyegrowth of the silica core in the presence of TEOSnd 2) dissolution of
the PS satellite nodules. On the right (Bottom): TEl images and EDX (Energy-dispersive X-ray spectrospy)

cartography of a four-dimpled silica particle a) ard b), respectively. The EDX mapping highlight the pesence of carbon
(blue) within each dimpled area of the silica partle (silicon element in red) corresponding to theamaining PS chaing31]

The TEM images c) and d) correspond to six- and tvikee-dimpled silica particles, respectively.

l:

l:

1.5 State-of-the-art conclusion and strategy to be implemented

Along this state-of-the art, we have listed varidabrication techniques of patchy particles.
Table 1 summarizes the main features of those technigés.intentionally highlighted the

critical aspects regarding our own objectives. Werewvindeed interested in a fabrication
technique of patchy particles with a diameter of280 nm. The patchy particles shall be
homogeneous in term of size, morphology, patchiesk have to exhibit a strong stickiness
potentiality to provide robustness to the futureeasbly. Moreover, they shall be produced at the
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gram scale in order to develop ultimately metaniaterThe versatility was our last criterion by
preferring synthesis routes capable to vary thelbmrrof patches, typically from four to twelve.

Table 1: Comparative summary of the features of th@atchy particle fabrication techniques.

Fabrication techniques On a substrate wittVithin emulsion Around sticky On a seed by emulsion
neighboring particles droplets protrusions polymerization
References [17]-[21] [22]-[24],[26]- [29],[30] [31]-[36].[38]
[28]

Size domai 1-9 pmr (0} (0} 0}
100-999 nm ° ° (0]

Accurate Chemical compositic (0} (0} (0} (0}

control over Relative size (0] (0]
Robustness (0] (0] (0] (0]
Morphology yield (0} (0]
Patch numb (0] (0] (0]
Patch orientation (0] (0] (0]
Patch stickines ° (0] ° (0]

Up-scalability

up to the gram ° ° (0]

scale

O already demonstrated;not yet demonstrated, but reasonably conceivaltierms of time and money

For these reasons, the technique exploiting thdirmment on a central seed by emulsion
polymerization was doubtlessly chosen. The maineligment to implement and fulfill our
objectives was to make the dimples sticky. Themsfave decided to take advantage of the
presence of the residual PS macromolecules atdttenb of the dimples [31] for performing
chemical modification reactions in order to cra&active groups along the chains.

Scheme 4summarizes the overall strategy described in thspter for synthesizing patchy
particles made of a controlled number (4, 6 ordf23ticky dimples. The next section describes
the preparation of the dimpled particles (stageslil).

Stage | Stagell Stage Il - StagelV.
Cd

A 4

>
>

TEOS = 1.1 >0 1.2 3 ‘ 1.3 O I 1.1 1.2 ' V.1 ' V.2 O

Scheme 4: Four-stage synthetic strategy to fabricatsilica dimpled particles with reactive PS chainat the bottom of the
dimples. Stage |: synthesis of size-monodispersdica seeds: I.1 synthesis of silica pre-seeds byetHartlen’s method{37]
1.2 growth of the silica pre-seeds and 1.3 silicausface modification using MMS. Stage II: synthesisof the multipod-like
silica/PS clusters by seeded-growth emulsion polymeation. Stage lll: derivatization of the multipod-like silica/PS
clusters into dimpled silica particles: 1ll.1 silica core regrowth and IIl.2 PS dissolution. Stage IV:making the dimples
sticky for assembly purpose: IV.1 chloromethylation of the PS residue; IV.2 amination or thiolation of the
chloromethylated PS residue.

Beyond the protocols previously developed by Démsedt coworkers, we made some efforts for a
better understanding and control of the final gétmorphology. The last section concerns the
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strategy that we implemented for making the dimligsky with regard to gold,e. decorated
with amino or thiol groups (stage 1V).

2 Preparation of silica particles bearing 4, 6 or 1 2 dimples

The purpose of this section is to report the faliiom and characterization of dimpled particles
through the multistep strategy developed by Déaed coworkers §cheme 4 stages | to
I11).[31],[35],[36] For reasons previously mentionaa: focused on the particles with 4, 6 or 12
dimples, deriving from silica/PS clusters exhilgtinetrahedral, octahedral and icosahedral
morphology, respectively. The stage | consistethensynthesis of MMS-modified silica seeds
with diameters of 55 and 85 nm for tetrapods andpeds, respectively, while the dodecapods
used in this study came from already-existing begahade from 85 nm silica particles.

2.1 Synthesis of size-monodisperse silica seeds

2.1.1 Synthesis of silica nanospheres

The production of highly monodisperse silica pdsovas based on a seeded-growth strategy, as
initially reported by Hartleret al [37] and later improved by Désest al[36] The first step
involved the production of silica nanoparticles,lleth “pre-seeds”. The “pre-seeds” are
synthesized by the slow diffusion and then reactb@EOS through the interface of a biphasic
medium maintained at 60°C under controlled stirimghe soft alkaline conditions generated by
an aqueous solution of arginirféigure 16a/b).

The as-obtained “pre-seeds” are then regrown ie&als in an ethanol/ammonia mixture, i.e. in

the more conventional conditions early describedbtiper and coworkers.[39] The final size of

the silica seeds is controlled by the amount oeddbEOS. The size-monodispersity is preserved
by using a low TEOS concentration in order to avdine occurrence of a secondary silica
nucleation.

Protocol 1: Synthesis of the silica “pre-seeds”.

One hundred mL of 6 mM L-Arginine (99 %, Sigma-ridlg aqueous solution are
poured in a 150-mL double-walled vial and equippéth a reflux condenser(gure
16b). When the temperature is stabilized at 60°C, 10omTEOS (99 %, Sigma-Aldrich)
are added. The magnetic stirring is set to 150 fprma 3-cm cylindrical magnetic stirrer
to generate a small and stable vortex and an iat&rfbetween both phases of constant
surface area. The reaction goes on until the TEQ®pér phase) fully disappears.
Typically, two days are required to convert 10 nMilTBOS into pre-seed36]
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NH 0 TEOS
I\ ) Il H,0+Arg.
H,N© "N~ - " "OH
H I 60°C —=
NH,

Figure 16: Synthesis of the silica “pre-seeds”: aghemical formula of L-arginine; b) scheme of the dep and c) typical
TEM images of the as-obtained particles.

The pre-seeds were characterized by transmissemtreh microscopy (TEM)Higure 16c¢) A
dispersion of silica “pre-seeds”, exhibiting an @ge diameter of 29.2 nm [determined by
statistical analysis of TEM images performed ov@0 Dbarticles] with a polydispersity index
(PDI) of 1.01, as calculated thanks to B 1, was obtained. The dry extract method allowed to
determine the silica concentration (25.2 g/L) dmehtto calculate the concentration of particles

(8.8.1G" part/L) usingEq. 2.

3
Dy b "i’diz "idi

6.Cm (Siticay
H -22
T it cq-PSitica-10 Eq. 2

CNP Silica —

C,» (siicay = Mass concentration of silica pre-seeds disp&res;;:..= silica density (2.2 g/cfy
ds:c.o= diameter of the silica “pre-seeds” as measured@by; Dw = weight-average diameter;
Dn= number-average diameter.

The amount of TEOS added during the regrowth of‘tihe-seeds” is critical to control the final
size of the silica particle€@. 3) and depends on the targeted diameter of the gilieticlesD,

the diameter of the silica pre-seebD, and the nuwibglica particlesNg;;.. contained in a

given volume of pre-seeds dispersionrebs is the molecular weight of TEOS (208.32 g/mol);
Preos 1S the TEOS density (0.94 g/émand Mg,,... is the molecular weight of silica (60.08

g/mol).

Mrgos-Psii -
= Mreos-Psilica pr "_(D;fo - DY) Eq. 3

p' 293 P,
TEOS " MsiticarTEOS ~'1%"6

Protocol 2: Regrowth of the silica “pre-seeds”.

In a 1-L flask surmounted by a bubbler, 455 mLtbaeol (99 %), 35 mL of ammonia
(28-30 %, J.T. Baker) corresponding to [BJH 1 M and 10 mL of pre-seed aqueous
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dispersion [RO] = 3.6 M are mixed by magnetic stirring. The peowolume of TEOS as
calculated fronEqg. 3is added dropwise using a syringe pump at the g&®5 mL/h.

These experiments were performed several timesderdo get batches of silica seeds of three
different sizesKigure 17, Table 2). The average sizes and PDI values were calcuthtatks to
the results given by the Image J freeware [40]daynting over one to two hundreds of particles.

)
)

(< |
2930200
33 § 2:1' i

Figure 17: From left to right, typical TEM images o 52 nm, 86 nm and 137 nm silica spheres as-obtath¢hrough the
controlled regrowth of 29.2 nm pre-seeds. Scale bsrl00nm.

Table 2: Experimental conditions of the silica syritesis and regrowth stages and size measurement rééswf the silica
seeds obtained as extracted from statistical analigsof TEM images.

Silica pre-seeds 15' regrowth stag@ 2" regrowth stage (option&)
synthesi€)
Vteos Dsiica PDI | TEOS/ Dsilica Dsilica PDI Conc. TEOS/  Dsiica Dsilica PDI Conc.
(mL) (nm) @ | silicawt. targeted obtained ®  (part/L) | silicawt. targeted obtained ©  (part/L)

ratio (nm) (nm) ratio (nm) (nm)
10 292 1.01 13 55 52 1.005 1.98x13° - - - -
- - - 83 85 86 1.002 1.47x10¢ 20 135 137 1.001 1.47x10¢

(1) Reacting medium: 100 mL of L-arginine aqueous sofuf6 mM) at 60°C
(2) Reacting medium: 455 mL of ethanol, 35 mL of amraamd 10 mL of the aqueous dispersion of silicaatn temp.
(3) SeeEq.1

The as-obtained silica particles exhibited a sizrgaod agreement with the targeted one. That
confirmed the robustness of both regrowth protoaad precursor amount calculations.
Moreover, the calculated PDI values were compardblethose reported by Désert and
coworkers.[36]

2.1.2 Surface activation of the silica nanospheres by grafting of
organoalkoxysilanes

The process used to compatibilize the silica serfaith styrene and then PS is a conventional
surface modification using a hydrophobizing orgdkameysilane to be covalently bonded to the
seed surface. Basically, by playing with the natame/or surface density of the hydrophobic
grafts, it's possible to tune the contact anglestaxg in between the silica surface and the PS
growing nodule. It was shown by Désert and cowarkbiat, using MMS, a nominal surface
density of 0.5 graft per nm? of silica surface e toptimal value for getting multipod-like
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particles3® Lower values make the clusters unstablg, falling down on TEM grids, and higher
values lead to silica cores more or less perfentipedded in a continuous PS shell. The amount
of MMS required was therefore calculated by uditg 4 and it was added to the silica seeds
dispersion directly to their regrowth medium.

e y
V. — 6. dM.‘v!S“"’MMS' I"S:!:cc sol"* CS:l:cc sol
'MMS —

Eq. 4
N, Prums. Psitica Dsitica

dwms = density of MMS function grafted by nm? ;uMs = molecular weight of MMS (262.37
g/mol) ; pyws = MMS density 0.998 g/cinVsicaso: = VOlume of silica seeds suspension ;
Ceiicasor = CONcentration of silica seeds solutioDg;;.. = dimnef the silica seeds ;AN=
Avogadro’s number.

Protocol 3: Functionalization of the silica seedy WMMS.

A known volume of the hydro-alcoholic dispersiontlué silica seeds — as directly
obtained fromProtocol 2is introduced in a flask over a magnetic stirrerdasurmounted
by a condenser. The MMS amount calculated uBopg4 is directly added to the reactor
and let to react under stirring for 3 h at ambidemperature. The dispersion is then
heated to 90°C for 1 h under reflux of ethanol. Tdispersion is subsequently
concentrated with a rotavap, let to cool down abmotemperature and dialyzed against
ultrapure water to remove ethanol and ammonia asplace them with water.

Table 3 summarizes the experimental conditions used toym®datches of MMS-modified
silica particles.

Table 3: Experimental conditions used during the MM surface modification of silica particles and thei final
concentrations after purification.

Dsilica (nm) dums function/ nm2 \dilica sol (mL) Vmwms (|J L) Gsilica MMS sol(g/L)
52 0.5 100 2.87 34.5
86 0.5 10C 5.8C 28.C

2.2 Synthesis of the multipod-like silica/PS cluste rs by seeded-growth
emulsion polymerization

The multipod-like silica/PS clusters were synthediz by seeded-growth emulsion
polymerization. Briefly, the emulsion polymerizatiocan be defined as a free-radical
polymerization in a direct emulsion made of wategnomer and surfactants. When introduced
above the critical micellar concentration (CMC) thafactant molecules form micelles (small
spherical assemblies minimizing their energy byrisigathe hydrophobic tails of their
constitutive surfactant molecules). From a chemicalvpoint, the monomer is mainly contained
in the droplets, but a fraction of the monomer rooles diffuses through the water phase and
swells the surfactant micelles. The polymerizatsterts with the addition of the water-soluble
initiator and its thermal decomposition into freelical. By meeting the monomer molecules,
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active centers are generated, become more andhgdrephobic as the monomer addition and
are finally captured by the micelles where the lsfdcmonomer is polymerized according to the
conventional propagation and termination stages. fMicelles are permanently fed in monomer
by diffusion from the reservoir droplets. From dla@dal viewpoint, the micelles grow and
become polymer particles stabilized by the surfactaolecules and are generally called “latex”
particles. It may be mentioned that (i) the air gety is an inhibitor for the polymerization and
shall be removed from the reactor and (ii) whenrtttmomer-to-polymer ratio increases from 20
to 50 %, the growing polymer particles are stickeard some coalescence phenomena are
generally observed during this period.
Using seedd,e. MMS-modified silica particles, in the emulsion palerization of styrene is the
opportunity for the latex particles to nucleatéhet surface of the silica seeds. For getting regula
multipod-like silica/PS clusters, it was shown ttieg nature of the surfactant molecules is critical
and that optimal results are obtained by usingxureé of Synperonit NP 30 (non-ionic) and
SDS (anionic). The latter boosts the polymerizatieaction because it promotes the nucleation
stage and therefore leads to more numerous bulesni® particles. But used solely, it isn’'t
capable to control the cluster morphology.[41] bastt was demonstrated by electron
tomography experiments performed at short polyraéon times that the number of PS nodules
growing onto the silica seeds decreases with tiewigencing coalescence and/or expulsion
phenomena. Computer simulations allowed to confima high probability of such events:
coalescence at low monomer-to-polymer conversidumegaand expulsion more readily at the end
of the polymerization when the PS satellites aceltolky for continuing to grow simultaneously
on the same see@&¢heme %.

Growth and Growth and

—_— —> — Growth —
coalescence ~ expulsion

@ @&&%Q

Scheme 5: Evolution of the PS satellite number andrrangement when growing during the emulsion polymézation
process.

To control the morphology of the multipod-like sd/PS clusters, three main parameters may be
varied: the size of the seeds (with a surface &eph constant); the proportion of SDS in the
surfactant mixture and the styrene concentratidre best ever-reported yields in tetrapods or
hexapods (more than 80 % with regard to the s8mads) were obtained by using seeds with a
diameter of 55 and 85 nm, respectively. Duringgresent study, we typically performed several
syntheses of clusters respecting these optimizedittons for tetrapods and hexapods. In the
case of the dodecapods, we used a previously-abddatche obtained from 85 nm silica seeds
and run with a lower monomer concentration. Thiglbavas added to the results table even if it
had been fabricated in a previous work.
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Protocol 4: Synthesis of multipod-like silica/PSusiters.

In a 250-mL three-neck flask, equipped with a sigranchor and a condenser itself
surmounted by a bubbler, are introduced 50 mL ofagneous solution made of the
proper amounts of MMS-functionalized silica seddB30 and SDS. The third neck is
closed with a septum, and a long needle is useenture nitrogen bubbling into the
dispersion for 1 h, the stirring speed being sel7® rpm. Then, 5 g of styrene (99 %
Sigma-Aldrich) are added and the stirring speeth@mentarily increased to 250 rpm for
15 min. The nitrogen flux is reduced in order toefxea low over-pressure. The
temperature is raised to 70°C with a thermostatddbath. Then, 1 mL of an aqueous
solution previously degassed and containing 25 mgodium persulfate (99 %, Sigma-
Aldrich) is added. The polymerization is performfed 6 h. Then, the monomer-to-
polymer conversion is gravimetrically measured friovo 1-mL extracts dried in an oven.

By using these optimized conditions, we producédpeds and hexapods from the 52-nm and
86-nm silica seeds as-prepared and functionalirethé previous sectionTéble 4). In the
following section and chapters, the original bascheill be mentioned in bracketsThe
morphology composition of every batch was deterahimg statistical analysis from TEM images
over one to two hundreds of clustefsgure 18).

Table 4: Experimental conditions and final composibns of the multipod-like silica/PS clusters synthszed.

Batch name T-52 H-86 D-85 T-86
Targeted clusters Tetrapods Hexapods Dodecapods trapdds
Experimental  Dsilica (NM) 52 86 85 86
conditions Nsilica (105 L) 18 7.3 7.2 8.8
Ssilica (MP.L1) 153 166 166 170
[styrene} (g.L D) 100 100 45 100
wt.% of SD¢ 5 5 5 1
S-to-PS conversion (% 78 80 89 71
% mono/bipod 4 - - 7
% tripod: 16 7 - 21
% tetrapods 73 13 - 64
% pentapods 1 18 6
% hexapods 6 62 } 4 2
Final batch % heptapods - - - -
composition % octopod - 5 -
in clusters % nonapod - - 5 -
% decapods - - 6 -
% hendecapods - - 5 -
% dodecapoc - - 74 -
% “multi-silica” - - 1 -
Typical TEM image on Figure 18a Figure 18b Figure 18c Figure 23a left
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Figure 18: Typical large-field TEM images of a) tetapods (T-52), b) hexapods (H-86) and c) dodecapodP-85) and
enlarged views in the respective inserts.

We obtained yields as high as 73 % and 62 % foagetls and hexapods, respectively. It may be
mentioned that these values were lower than thbsared by Désert and coworkers, but we
didn’t spend time to optimize them because the nhaitlenecks of this study concerned the
further stages. The side-products were generalistets with a smaller number of PS satellites
than the targeted value, even if pentapods andpoelsawere also observed in the tetrapod
batches. It may be also observed the general gmes@lof the platonic solid morphologies
(tetrahedron, octahedron and icosahedron) becadseher higher symmetry, satellite
compactness and therefore stability. The smaltiba®f “multi-silica” clusters in the dodecapod
batch are complex clusters made of two or threeasitores probably resulting from pre-
aggregated silica seeds. They weren’t observeukither batches.

2.3 Derivatization of the multipod-like silica/PS ¢ lusters into dimpled silica
particles

The first stage consisted into the regrowth of $iliea core using the PS satellites as shaping
masks and the second one was the removal of thas&snby selective dissolution of the PS
nodules.[42]

2.3.1 Template regrowth of the silica cores

It was performed in Stober’s condition®. in an ethanol/ammonia mixture through the addition
of a controlled quantity of TEOS. It may be seeraasxtra regrowth stage of the initial silica
“pre-seeds” ¢f. § 2.1.1) with the same requirement of avoiding a secondaigteation of silica
particles (managed by using a low TEOS concentrati®n the other hand, two main extra
difficulties linked to the presence of the PS magiksuld be managed: (i) the calculation of the
exact amount of TEOS to be added for tuning thektiess of the newly-deposited silica, the
depth of the forthcoming dimples, and (ii) the disenatory growth of the silica cores for
avoiding that silica was simultaneously depositedh® PS satellites. Thé'lssue was overcome
by developing the proper mathematical equation dasegeometrical considerations including
the initial size of the silica seeds, the sizehaf PS nodules, their average number per silica core
and the desired dimple depth (se& in the appendix). The"2one was circumvented by taking
advantage of the ethanolic nature of the silicamjnodispersion supposed to inhibit the quite
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hydrophilic character of the PS surface due to phebable presence of residual surfactant
molecules.

Protocol 5: Regrowth of the silica cores of theisd/PS clusters.

450 mL of ethanol (99 %) and 35 mL of ammonia (@843 J.T. Baker) corresponding to
[NH3] =1 M are introduced in a 1 L flask equipped wéalmagnetic stirrer. A volume of

10 mL of the aqueous dispersion of silica/PS cigstes obtained at the end of the
polymerization stage is added leading to a totaleavaoncentration of 3.6 M. The flask is
closed with a septum and the proper amount of ethaolution of TEOS (10 vol.%

concentrated) is dropwise added at a rate of 1 mie average size of the regrown
silica cores is determined from the statistical lgse of the TEM images.

The experiments were successfully run on each batdetrapods, hexapods and dodecapods
(Table 5, Figure 19). It appeared that the diameter of the silica systematically increased of a
value which was in good agreement with the expeetexs$, calculated by taking into account the
morphology polydispersity of the cluster batches described inTable 4 Some silica
nanoparticles were sometimes observed on the THiMograttached to the PS satellit€sgure
19b), meaning that the mechanism of homogeneous riigrtear nucleation on the PS surface
wouldn’t be fully avoided, respectively. These calinanoparticles attached to the PS nodules
weren’t an issue, because they were not supposedstst to the forthcoming stages of PS
dissolution and washing.

Table 5: Experimental conditions of the silica regowth stage and final compositions of the batches de as-obtained
dimpled silica particles (after dissolution of thePS satellites).

Precursor cluster bat Tetrapods (-52) Hexapods (I-86) Dodecapods (-85)

Experimental Concentration part/L 3.6x10 1.5x164 6.25x10°
conditions Initial Dsilica (NnmM) 52 86 85

Added Vreos 10 % in ethano(mL) 4.8 4.3 5.2

Expected final Rica (nm) * 111 145 180

Measured final Bica (nm) 110 145 178
Final batch % mono/bidimpled 2 - -
composition in % tridimpled 18 1 -
dimpled silica % tetradimple 74 12 -
particles % pentadimple 1 27

% hexadimpled 5 60

% heptadimpled - - 9

% octcdimplec -

% nonadimpled - -

% decadimpled - - } 16

% hendecdimplec - -

% dodecdimplec - - } 75

Typical TEM image on Figure 19a Figure 19b Figure 19c

*The calculations were performed, as describeckgtien2.1 of the appendix, taking into account the exacstelucomposition
of each batch as describedTiable 4.
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Figure 19: TEM images of a) tetrapod (T-52), b) heapod (H-86) and c¢) dodecapod (D-85) after the regwth stage of the
silica core.

2.3.2 Dimple development by dissolution of the PSn  odules

We took benefit of the solubility of the PS chains common solvents such as
dimethylformamide (DMF) and THF supposed to betiwath regard to the silica cores. Our
efforts to optimize this stage showed that theatddll stability of the dispersion in DMF may be
preserved by using a rotary evaporator for remowloyvly and fully the ethanol and water
fractions. Typically, the initially white dispersishall turn to a stable, colorless and very siyght
diffusive one corresponding to the complete trangfehe silica particles from ethanol to DMF,
because of the index matching phenomenemdr 1.4305 and daorphous siica= 1.4585 at 20°C
for A = 589 nm (Na D-line)).[43] In such conditions, &ikca particles may be easily collected as
a pellet after centrifugation.

Protocol 6: Dissolution of the PS nodules.

Typically, the dispersion of PS-silica clustersointhe ethanol/ammonia mixture as
obtained after the regrowth stagPrftocol 9 is transferred into a flask. A volume of
DMF corresponding to 10 % of the total volume isled. Subsequently the dispersion is
heated at 70°C and partially evaporated under vawuusing a rotavap. Then, the
temperature is increased to 90°C and the evaponatantinued until the dispersion turns
from white to almost transparent. The removal & thssolved PS is performed by 3
cycles of centrifugation at 10 000 g during 20 i redispersion in THF.

The respect of the previously mentioned detailevadld an efficient removal of the PS nodules
resulting in the development of the expected com@eas at the places previously occupied by
the PS noduled{gure 20). Furthermore, this protocol is efficient to remdlie PS forming the
nodule but is also helpful to get rid of the silisanoparticles appearing sometimes on the PS
surface during the silica regrowth step. It makeasse when considering the difference of
sedimentation rates existing in between the largapleéd silica particles and the silica
nanoparticles.
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Figure 20: TEM images of the dimpled silica particks produced by regrowth of the silica core followethy dissolution of
the PS nodules. a), b) and c) images correspondhatches of silica particles with 4 (T-52), 6 (H-86and 12 (D-85) dimples,
respectively (Scale bars: 500 nm and 100 nm specidily for inserts).

The statistical analysis of the TEM images (perfednon 100-200 particles) showed that the
morphology of the dimpled particles was dictatedhrsy morphological composition of the batch

of multipod-like silica/PS clusters usetlaple 5). This means that, with regard to the control of

the batch purity, the limiting step is the polymzetion one. This means also that the silica
regrowth stage doesn’'t modify the morphology ankbved to preserve the number of PS

satellites. Nevertheless, a thorough examinatiorthef TEM images coupled to tomography

experiments would be necessary for checking thesemodules keep truly their position and

shape all along this stage. Interestingly, the avachape of the dimples is easily evidenced on
TEM images. It was expected that the bottom ofdimeples was convex because made of the
original silica seed surface previously protectsdtibe PS nodules. But it seemed that the
curvature is exaggerated showing that these buoyld be made of extra matter.

2.3.3 Morphology and chemical composition of the di mpled silica particles

EDX mapping was performed on the silica particlearing four dimples in order to determine
the chemical composition of the bumps observed Byl Tat the bottom of the dimple&igure

21). If the presence of silicon was confirmed in theole body of the particles, it was observed
that the bottom of the dimples was specificallyriic carbon atoms evidencing the remanence of
some PS chains in these areas and more probalsly tinch would be covalently bonded to the
surface thanks to the copolymerization of the matflate groups of the MMS grafts with
styrene $cheme 6J44] In such a situation, the dissolution of th® Rodules by THF or DMF
molecules consisted in the disentanglement of th&ins and especially from those which
remained covalently bonded to the silica surfadeer&fore, the structure of the dimpled silica
particles was more complex than initially expectiedtheir complex shapes shall be added their
biphasic nature. Herein, the silica dimples cancbesidered as entropic patches as well as
potential enthalpic ones due to the discrepancielim of chemical reactivity exhibited by the
silica from one side and the residual PS chainthermther side.

35



Chapter 1: synthesis of silica patchy particles

[30)¢ map.ping: and

Figure 21: TEM image (left) and EDX mapping (righ) of a dimpled silica particle made of four dimpleqT-52); the traces
of the silicon and carbon elements are plotted ined and blue, respectively.
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Scheme 6: How MMS grafts may become the covalent emors of some PS macromolecules, if the copolymeation of
their methacrylate group with styrene has occurred(here the PS macromolecule is grafted through one MS graft, but
the insertion of several neighboring grafts in thesame macromolecule and leading to a multi-anchoringpf the
macromolecule may be also readily envisioned).
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In order to highlight the role of the MMS grafts tine formation of PS remaining bumps, we
performed a styrene emulsion polymerization in ginesence of 55-nm silica seeds surface-
modified with acetoxypropyltrimethoxysilane (AMS)stead of MMS, other parameters being
equal and as describedRmnotocol 3to Protocol 6 The main difference between AMS and MMS
Is the absence of unsaturation and therefore thality to (co)polymerize. TEM images of the
as-obtained silica/PS clusters and derived dimpladicles are displayed ofigure 22 The
morphology of the silica/PS clusters appeared nbt less controlled (no major population) but
also more fragile because all of them were fouriérfadown on the TEM gridRigure 223).
This phenomenon was previously reported in theaSdns where there existed no covalent
bonding between the silica seed and the PS sate[Wt5] or when the surface density of the
MMS-derived grafts was too low.[36] Gfigure 22b, no specific bump may be observed at the
bottom of the dimples showing that no PS chain ema&lently linked to the silica surface. Even
if this result should be confirmed by extra EDX eXments, it is a proof that (i) the bumps
previously observed were made of covalently bourReahains and (ii) the anchoring points are

36



Chapter 1: synthesis of silica patchy particles

the MMS grafts. Interestingly, these dimpled pdescwithout PS bump may be considered as
pure entropic patches.

a) o b)
.
B C ol. i

€ 500 nm ® 100 nm
L [ ] .

Figure 22: TEM images of a) the multipod-like sili@/PS clusters obtained from 52-nm AMS-modified siia seeds and b)
the dimpled silica particles obtained from the as-btained clusters after silica regrowth and PS disdotion.

2.3.4 Towards the control of the dimple depth

In order to check that the thickness of the regrevina layer on the silica cores was controlled,
a series of regrowth stages was performed on tisterlbatch containing a mixture of tetrapods
and hexapods (T-86) by varying the added amounTE®S according tdProtocol 5 and
Protocol 6(Table 4andFigure 23).

Table 6: Experimental conditions used for varying he thickness of the silica layer deposited on thduster cores and final
size of the dimpled particles obtained after PS d&slution.

Targeted thickness  Expected final Added Vreos 10 % Measured final Typical TEM image

of the layer (nm) Dsilica (NM) in ethanol (mL) Dsilica (M) on Figure 23
0 8€ 0 86 a
1 88 0.1 86.t b
5 96 0.8 92.3 C
10 106 1.7 107 d
15 11€ 2.7 11¢ [
175 121 3.2 121 f
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Figure 23: Left part of each pair: TEM images of mutipod-like silica/PS clusters varying the thicknes of the silica
deposited; Right part of each pair: TEM images of e corresponding dimpled silica particles obtainedy PS dissolution
with a focused view on only one particle in the irest. Experimental conditions are described in Tables.

The first consequence of the silica regrowth wasftiimation of a fresh silica coating between
the PS nodules assuming that possible remaining Jifis were buried on this occasion. After
the PS dissolution stage, the residual bumps madeahored PS chains are clearly visible on
TEM images insert whatever the thickness of thessitoating. Nevertheless, the thicker this
coating (> 10 nm), the more stable the colloidalesys dispersions (when transferring from
THF to water) and the less aggregated the silicacpes on the TEM grids. This phenomenon
could result from the following simple geometricnsideration: the deeper the dimples, the
higher the silica walls protecting the PS bumps tredefore the longer the minimal distance
between PS bumps of two different particles anddter the hydrophobic interactions between
them.

In order to go deeper in the characterization efdh-obtained patchy particles, we attempted to
measure the average molar masses and amounts dfdhes constituting the PS residue at the
bottom of the dimples. Preliminary experiments fdissolving the silica component in
fluorhydric acid and then recovering the grafteddh&ins were unsuccessful, probably because
of the very low amount of PS chains to be extradtedn the complex and very reactive
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dissolution medium. That is why the size exclusatmomatography (SEC) experiments were
performed on the PS macromolecules recovered dintleeof the dissolution of the PS satellites
in THF and therefore concerned essentially the grafted chains.

Protocol 7: Preparation of the PS sample for SEC characterinati

The first THF supernatant containing the dissolM@8 chains is collected from the
Protocol 6. Afterward, this organic dispersion is dried and tbelid is weighted and
dissolved in THF at a mass concentration of 1 mg/fiypically, 5 mL of this PS solution
in THF are employed for a SEC experiment after @oidi of 0.2 vol.% of
trichlorobenzene as standard. The UV-detector metuat 260 nm which is the maximal
absorption for the phenyl groups of the PS chains.

The measurement was performed twice from the P#i€lextracted from a tetrapod batch (T-
86) and gave similar resultM,, = 540 000 g/mol M,. = 980 000 g/mol. These values are

huge (out of the calibration range of the SEC sethph was restricted to molar masses less
than 400 000 g/mol), but not surprising for macrtenoles obtained according to an emulsion
polymerization process. The questionable aspethisfexperiment was to decide if the grafted
PS chains were supposed to have the same averdge masses than the free ones. Similar
attempts were reported in the literature for altaman silica/PS or poly(ethyl)acrylate core-shell

particles.[46]-[48] When the authors succeededhm grafted chains extraction, they often
observed that their average molar masses and malss distribution were higher than those of
the free macromolecules. Sometimes, they incrimirglioxane bonding between the grafted
molecules meaning that the MMS grafts serve assdioking groups and therefore assume
formally or not that the average molar masses aftegn and non-grafted chains should be the
same. Therefore, knowing the molecular weight gfeste (104 g/mol), the number-average
degree of polymerizatiolX,, as well as the mass-geedegree of polymerizatioX,.  of the

grafted chains were considered equal to 5200 afd,94spectively.

The determination of the average amount of PS wesper dimpled particle or per dimple was
performed by comparing by thermogravimetric analy§iGA) the relative weight losses of
dimpled patrticles and control particles made ofn@®-silica spheres not MMS-modified that
have experienced the same story: from the emulpmymerization of styrene to the silica
regrowth and dissolution of the hypothetical P&Iitds.

Protocol 8: Preparation of control silica particle®r TGA experiments.

Silica particles with a mean diameter of 86 nm udedctly from their growth media
(Protocol 2 and transferred into ultrapure water using thdawap and centrifugation.
Subsequently they are transferred into an emulpmgmerization of styrene and 5 g of
styrene are polymerized according to the experialenbnditions described in the
Protocol 4 After completion of the polymerization, 10 mL & thixture are added into a
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growth media and a silica regrowth is performedngsb mL of TEOS in conditions
similar to theProtocol 5 Those particles are treated according to Bretocol 6to wash
out all the PS particles. Finally, the suspensi®uliied; the powder obtained is collected,
then weighted for TGA experiments.

The dimpled silica particles analyzed by TGA armaikir to those presented éigure 23f. The
TGA curves were recorded under He atmosphere frothiemt temperature to 600°C with a
temperature ramp of 5°C/mifigure 24). From ambient temperature to 120°C, the convaatio
weight loss due to the release of adsorbed watsr okserved. Between 120 and 600°C, the
weight loss is known to result from water entrappéithin the structure, degradation of organic
compounds and condensation of the surface silamalpg.[49] Those losses were observed for
both control and dimpled silica particles. Howevére dimpled silica particles exhibit a
significantly higher loss in the range 300-500°@ilauted to the thermal degradation of the PS
chains.[46] This extra weight loss was equal tov#.%6 of the sample.
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Figure 24: TGA curves of control silica particlesdimpled silica particles (T-86) and the differental between both.

Knowing the geometrical parameters of the precunsoitipod-like clusters (Blica seed—= 86 + 2
nm; Dps= 180 + 2 nm and average number of pods = 3.75/peed) and the patchy particles
(Ddimpled siica = 121 + 2 nm), we calculated their average weightkhowing their average
geometrical parameter as desbribed in the seétibof the (appendix). Considering that 5.5 +
0.1 wt.% of the particle was made of PS, we est@ohdhat the average weight of PS was
9.53x10'" g/dimpled particle and then 9.53x10y / 3.75 = 2.54x1®" g/dimple. Assuming the
molar mass equivalence between the grafted andyradted chainsM,, = 540 000 g/mol with

M, /M, =1.8), we estimated that the bumps were madt8af 12 PS chains. Considering the
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density of PS (1.05 g/cihand that the PS bumps exhibited a hemispherizgies (it means that
the convex surface of the silica seed was congidesea plane at this scale length), we calculated
that the average diameter of the PS bumps shouttblke4 nm. TEM thorough imaging on 20
particles showed that the average diameter of Bdiinps was of 32 £ 4 nm, which may be
considered of the same order, knowing the geona¢tapproximations on one side and the
accuracy of the SEC, TGA and TEM measurements @wotther side.

2.4 Making the dimples sticky by chemical modificat ion of the residual PS

The PS bumps at the bottom of the dimples may Imsidered like sticky patches (enthalpic
patches) if hydrophobic interactions are intendedoé exploited. Nevertheless, because we
decided to develop covalent coupling with metaekigds, PS bumps couldn’t be used in their
pristine state. It was mandatory to derivatizeRisemacromolecules for making them capable to
develop covalent bonds or electrostatic interastidfortunately, PS can be post treated using
various methods. The most conventional ones arestifftenation and the chloromethylation
reactions. They are very used from an industriahtpaf view, in particular for the production of
ilon-exchange resins. The chemical functions adslesfiiom the sulfonated PS are quite limited
in term of potential subsequent coupling reactigms.the other hand, the chloromethylated PS
can be converted into other kinds of functional By simple nucleophilic substitution
reactions.[50] In the frame of this study, we fadionto aminated or thiolated PS, because of
the affinity for gold colloids of amino and thiot@ups, respectivelyScheme 7.

Psﬁ
amination or

thiolation

PS
chloromethylation

>

——CH;—CH
b) NH,-Et-NH, -

a)
DMF 90°C
CH;—CH SnCl, CH;—CH overnight L n
But-O-CH,CI R H,NH-Et-NH,
CHCl, 45°C
n overnight n r

CHyClI

A 4

<) NaSH +—CH—CH

EtOH Tamb
overnight

v

L n
CH,S-H

Scheme 7: The envisaged modification steps of theSRhumps; a) chloromethylation and b) amination or ¥ thiolation
reactions.
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2.4.1 First stage: chloromethylation of PS macromol ecules

The chloromethylation reaction consists in a Frik@iafts reaction,i.e. an electrophilic
substitution on the aromatic cycles where a hydragem is replaced by a chloromethyl group.
The reaction is typically performed in a good salvef PS and catalyzed by a Lewis acid. It was
therefore mandatory to use reagents/solvents tleainart with regard to the silica counterpart:
butyl chloromethyl ether, Sngland chloroform appeared to be a suitable systehe T
chloromethylating agent is not commercial and wadiminarily prepared according to a specific
protocol using butyl alcohol, paraformaldehyde gadeous HCI at low temperature (5°C) the
process is described in the section 3 of the appghil],[52]

Protocol 9: Chloromethylation of the PS macromoldes on the silica patchy particles.

The dimpled silica particles obtained after the BiSsolution step Rrotocol § are
transferred into 40 mL of chloroform by using thgeles of centrifugation. 20 mL of this
dispersion are introduced in a flask with 5 mL aftyb chloromethyl ether 3 M in
chloroform (large excess) and 0.3 mL of SnAlhe temperature is set to 45°C and the
mixture is aged overnight. Finally the solution isashed by three cycle of
centrifugation/redispersion in HCI solution (4 wt.% water) and three cycles of
centrifugation/redispersion in water/EtOH (50/50.%j. Finally, the dimpled silica
particles were redispersed in 20 mL of DMF. Durgech washing step, the particles are
centrifuged at 12 000 g during 10 min.

It was very tricky to evidence the presence of B8 macromolecules by Diffuse Reflectance
Infrared Fourier Transform (DRIFT), because of thary low amount. As a consequence, this
technique wasn't directly used for checking thecess of the PS modification stages. In practice,
we performed in parallel the same experimentsnmlar conditions on free PS chains (coming
from PS latex dried and dissolved in chloroformyl anonitored the evolution of their infrared
(IR) spectrum Figure 25). The main differences between both spectra (bedoik after the
chloromethylation reaction) are absorption bandsilyeassigned to the chloromethyl groups
consistently with results from the literature.[52]
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Figure 25: IR spectra of pristine PS, chloromethyleed PS, aminated PS and thiolated PS macromoleculegth the
characteristic absorption bands pointed out and atibuted to the corresponding chemical groups.

To go deeper in the characterization of those qagj and especially evidencing the
regioselective character of the reaction, EELSc{eb& energy losses spectroscopy) mapping was
performed Figure 26). Here, EELS was preferred to EDX because of its drigiensitivity for
heavy elements such as chlorine. It showed thadiimples were enriched in chlorine atoms
whereas the rest of the particles appeared onlyensédilicon atoms. The combination of this
result with that obtained by IR spectroscopy ore fRS macromolecules confirmed that (i) the
bumps at the bottom of the dimples were indeed no&dgafted PS macromolecules and (ii) the
chloromethylation stage was successful.

Figure 26: TEM image and EELS mapping of the patchyparticles (T-52) bearing chloromethylated PS chais; the traces
of the silicon, carbon and chlorine elements are ptted in red, blue and green, respectively.
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Chlorine assay could have been performed on chietfoytated patchy particles, first to evaluate
the efficiency of the method and then to reach @ebeontrol over the subsequent steps.
Typically, the titration of the chloromethylatedogp was reported by performing quarternization
of a tertiary amine followed by titration of thelatide ions using silver nitrate.[53] In this case,
the end point was typically monitored by potentitmeemethod. Microanalysis can also be

performed, but its accuracy is very limited for laworine concentrations.[54] Alternatively, a

straight-forward approach consisting in a colormeemethod also exists.[55] In this case, the
method - based on the reaction between nitrobgnaydine (NBP) and chloromethyl groups - is

typically qualitative Scheme §.

NO, NO, NO,
—— = Vo
O \7 v }\ )
& N/ >/ /, A ;J ) Base N/ >_
\ -N\_/ —_— N .
o (Je o
NBP o/ CT

Scheme 8: Reaction of the nitrobenzyl pyridine (NBPmolecule with a chloromethylated phenyl group.
Protocol 10: Colorimetric test highlighting the psence of chloromethyl groups.

1 mL of dimpled silica particles dispersion in DMéorresponding to 18 particles) is
introduced in a 10-mL flask. 2 mL of 0.05 M NBPg(& Aldrich) and 15 pL of TEA
(Aldrich) are added. The temperature is increase@@°C and the mixture is kept at that
temperature under stirring for 30 min. Finally tdéspersion is transferred into a falcon
tube and centrifuged at 12 000 g for 10 min anceoled with the eye.

The colorimetric test was performed on the dimplgitica particles before and after
chloromethylation Figure 27). While before chloromethylation the silica paeiaispersion
remained colorless, the chloromethylated partieldsbited a noticeable pink/purple color which
is in very good agreement with the results obtaifezdMerrifield-resin with NBP reported by
Galindo et al[55] This test was essentially qualitative, and eh@n’t find time enough for
developing a quantitative method. Nevertheless, may be easily assumed that the
chloromethylation reaction of anchored PS chaingery probably partial because the monomer
units, which are the closest to the silica surfae, less accessible to the reagents for steric
hindrance reasons.

——
——
| ——

Figure 27: Picture of the NBP assay on dimpled sia particles (T-52) before (left) and after the cldromethylation
reaction (right). The yellow color of the supernatat resulted from the presence on an excess of NBP.
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2.4.2 Second stage: amination of the chloromethylat ed PS macromolecules

The chloromethylated styrene units of the PS chare derived into aminated ones by reaction
with a molecule bearing a reactive amino groupufgloa nucleophilic substitution. Moreover, a
substitution performed with a molecule such as letiey diamine allowed to obtain a terminal
primary amine $cheme 7. In such a strategy, it was mandatory to usegelaxcess of ethylene
diamine to prevent the cross linking of the PSdlgiothe reaction of both primary amino groups
of ethylene diamine with chloromethyl groups. Indlei the diamine species are introduced in
too low amounts with regard to the chloromethylateds, the diamine could act like a bridging
molecule inducing a lower number of primary aminasd the cross-linking of the
macromolecules making them less capable to be @xteim good solvents.

Protocol 11: Amination of the chloromethylated PS atromolecules on the silica
patchy particles.

Typically an amount of chloromethylated dimpledcailparticles corresponding to 10
particles dispersed in DMF is introduced in a flasfuipped with a condenser and a
magnetic stirrer. A volume of 3 mL of ethylene dmrwhich is assume to be a large
excess is introduced then the temperature is s@Dt€ overnight. Then, the particles are
washed by two cycles of centrifugation/redispersmathanol and then washed 2 times in
water, finally the solution is acidified using fedvops of HCI then the particles are
centrifuged and dispersed in milliQ water.

Similarly to the 3 stage, the reaction success was checked in gamalfeee PS macromolecules
by IR spectroscopyFigure 25). Typically, the IR spectrum obtained with the amahtPS
presented several bands typically attributed tgotimeary amino groups such as the N-H bend at
1676 cmt, which only appears in the case of the primarynamnand the band at 1086 ¢m
attributed to the C-N stretch of the aliphatic agin

To go deeper in the characterization, some EELSpimgpexperiments were attempted without
success: the collected signal-to-noise ratio wateead too low and too long counting times
resulted in drifting issues. That is why we attegdpto use optical fluorescence microscopy at the
condition to substitute the ethylene diamine byiéscein-amine at the time of the amination
reaction. The conditions used to perform the nuydtd substitution of the chlorine by the
fluorescein-amine were inspired by the work of WRewensteijn.[56] The strategy was to use a
new kind of optical fluorescence microscope capdblego below the resolution limitations
imposed by optics by taking benefit of an opticapleétion technique called STED for stimulated
emission depletion microscopy. However, the ditffasinduced by the silica particles was really
detrimental for the measurements; in addition thet@-bleaching of the dye due to the strong
incident beam rapidly killed the signal.

The development of amino assay could be of greatast regarding the patchy particles. Ideally,
two assays, one in water and one in a good sok@uit be particularly relevant. Indeed, the
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water titration of the amino group could be useatubetermine the amount of accessible amino
groups (essentially at the bump surface), whenptrécles are dispersed into water. Whereas,
the assay performed into good solvents for PS cbeldcelevant to determine the total amount of
amino groups along the PS chains. Typically, thengry amine group could be titrated in water

by using ninhydrin.[57] Such titration is well knavin the field of the peptide synthesis in order

to determine the amount of free amine remainingraaction. The accurate assay in a good
solvent for PS appears trickier for reagent soitybiteasons. However, a titration method

performed in acetone was reported.[58]

2.4.3 Alternative second stage: thiolation of the ¢  hloromethylated PS
macromolecules

Alternatively, the nucleophilic substitution of thehoromethyl groups was performed with
sodium hydrogeno sulfide in ethanol in order to gl end-groups. Because ethanol is not a
solvent for PS and for chloromethylated PS, we woed to use, DMF or DMSO
(dimethylsulfoxide) as solvent, even if the thiobgp could be easily oxidized into aprotic and
polar solvents. A compromise could have been toparthe reaction in toluene in presence of a
phase transfer agent such as 18-crown-6. Unfornathe dimpled silica particles are not
colloidally stable in toluene. That is why we filyatarried out the reaction in ethanol, being
aware that very probably only the low fraction loé styrene monomer units present at or close to
the surface would be chemically modified.

Protocol 12: Thiolationof the chloromethylated PS macromolecules on thkcai patchy
particles.

Typically, 10° chloromethylated patchy particles are transferredo ethanol by
centrifugation. Ten mL of ethanol containing 2-gdifsolved NaSH was added and let
to react overnight under stirring. Finally, the pmies are washed 5 times by
centrifugation at 10 000 g during 15 min in ultrapiethanol. The sample can be stored
in ethanol. Before use, the particles are typicditgnsferred into water then the
potential disulfide bonding is reduced by the u$dewv drops of a dilute aqueous
solution (1 M) of NaBH Finally the solution is washed by centrifugatiordastored in
degassed water.

2.4.4 Indirect proof of the PS modification success

A batch of 4-dimples chloromethylated patchy péetic(T-52) was used and converted in
aminated and thiolated ones. In order to obtaimedhdirect proof of the reactions success we
intend to perform the site specific anchorage ofl geeds known to develop specific interactions
with amino or thiol groups.[59] Citrate-stabilizgdld nanoparticles were prepared according to
theProtocol 13[60]
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Scheme 9 extracted from the work of Puntes and coworkét3,[summarizes the growth
mechanism of the gold nanospheres. In brief, theride ions are first exchanged with citrate
ions a); this step is followed by the reductionnfrédu®* in Au* b) then finally the reduction of
Au* in Al c). In this approach, sodium citrate serves ab beducing agent and capping agent
that stabilizes the nanoparticles.

Clo i |74 -00C-COH)(CH,CO0), =2t [C"""Au“‘oocc(OH)(CHZCOOMF* ci® a
c” i c”

©) ©)]
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"-.Au —  [AuCl +Cl + CO, + S O b
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© S
3[AuCl;] — 2Au(s) + [AuCly] + 2cP c

Scheme 9: a) Ligand exchange occurring for the golidn b) Decarboxylation and reduction of Au (lll) into Au (I) and c)
Dismutation of Au (I).

Protocol 13: Synthesis of citrate stabilized 12-mmold nanopatrticles.

A 1-L round bottom flask containing 700 mL of r@ilivater was heated to 100°C under
reflux and moderate agitation. Meanwhile, 314 mKaiuClL were diluted in 50 mL of
milliQ water and then introduced in the round battdlask. 1.53 g of trisodium citrate
was diluted in 75 mL of milliQ water. When the $iolu temperature has reached 100°C,
the citrate solution was added in one shot. Thetswi turned from yellow to colorless,
black and then red. The dispersion was let to reacing 15-20 min at 100°C.

A typical TEM image obtained from the colloidal pé&ssion is shown orfrigure 28 Their
average diameter was 12 £ 1 nm. They were staldgueous media and didn’t show any sign of
decomposition, even after several-months storagairiat room temperature. The UV-visible
spectroscopic measurement showed a strong locaiP€d band centered at approximately 520
nm. This was consistent with numerous studies teddor citrate-capped gold nanoparticles of
this size.[62]-[64]
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Figure 28: Typical TEM image and UV-vis absorptionspectrum of colloidal gold seeds prepared accordinig Protocol 13

The citrate-capped gold nanoparticles were subs#igueised to decorate the chemically-
modified PS bumps of the patchy silica particleslf-8ssembly experiments with aminated and
thiolated dimpled particles were performed accaydio the Protocol 14 and Protocol 15
respectively.

Protocol 14: Decoration of aminated dimpled siligearticles by citrate stabilized gold
nanoparticles.

5 mL of the aminated patchy particles dispersionohtained afterProtocol 11 are
introduced into a 50-mL falcon tube. Few pL of @ added in order to adjust the pH
to [1 4. After homogenization using vortex device, 40 nhlLcitrate-stabilized gold
nanoparticles as obtained aft®rotocol 13are added. The suspension is homogenized
using vortex device and let overnight over theemthixer. Afterward, the suspension is
washed by 3 cycles of centrifugation/redispers#00 g; 15 min) with milliQ water.

Protocol 15: Decoration of thiolated dimpled silicparticles by citrate stabilized gold
nanoparticles.

In a 50-mL falcon tube, 45 mL of the citrate-staleil gold nanoparticles in aqueous
dispersion as prepared according Ryotocol 13are centrifuged at 8 000 g during 30
min. The particles are re-dispersed into 1 mL dfapure water and 1 mL of the
dispersion of thiolated patchy particles preparest@ding toProtocol 12is added in a

gold-to-silica particle ratio of 400/1. After oveght incubation over stirring, the

dispersion is washed by centrifugation using ultnapwater at 5 000 g for 10 min.
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Figure 29: TEM images of the dimpled silica particks (T-52) after incubation with citrate-stabilizedgold nanoparticles
before a) and after amination b) or after thiolation c) of the PS chains at the bottom of the dimples.

Figure 29 compares TEM images of dimpled silica particlesemltally modified, before and
after, incubation with citrate stabilized gold npadicles according to thBrotocol 14 and
Protocol 15

This figure clearly evidences that gold nanopagticlabelled essentially the aminated and
thiolated dimpled area while the chloromethylatechples as well as the interpatches areas
remain unlabeled. This result clearly highlights guccessful chemical functionalization of the
residual PS chains of the patches.

3 Conclusion

In this chapter, we have first presented a briafesof-the-art regarding the synthesis of patchy
particles, evidencing that the route proposed bgeltéand coworkers is one of the most suitable
for fabricating dimpled particles at the gram saaiih a good control of the patch number.

Then, we described how we visited again this rduteugh the successive stages of: (i) synthesis
of highly size-monodisperse batches of silica se@gseeded-growth emulsion polymerization
of styrene for getting several batches of multitikd-silica/PS clusters with average values of 4,
6 and 12 pods and (iii) regrowth of the silica soaad subsequent development of the dimples by
dissolution of the PS satellites. We contributedintorease the knowledge of the involved
mechanisms and the as-obtained morphology by slgowin

- the control to the nm of the regrowth of thecsilcores;

- the high efficacy of the conversion of multipokiel clusters into dimpled particles
making only the emulsion polymerization stage lingt for controlling the number of
dimples per particle;

- the mandatory role of the copolymerizable metylate group of the MMS grafts for
getting residual PS bumps at the bottom of the tisp

- the estimation of the average molar masses aarhg® amount of PS constituting the
bumps.
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Lastly, we have reported original chemical pathwéys grafting amino groups along the
anchored PS macromolecules of each dimples 'surfioglar chemical functionalization for
getting thiol groups on dimples was trickier andyofew PS chains were thiolated. Both the
amino- and thio- group allows to anchor gold nambgas making hopeful the strategy for
getting large gold satellites by nucleation andagho(cf. Chapter 2) or self-assemblgf.(Chapter

3).
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As shown in Chapter 1, the aminated or thiolatadipaparticles offered the possibility to induce
regio-selective surface chemistry and in particutardecorate specifically the bottom of the
dimples with gold seeds. Here, we describe ourrteffor promoting and directing their

subsequent growth in order to get spherical goldligas within each dimple and narrow inter-
satellites gaps.

Two strategies to promote the seed-mediated growtth the dimple surface only were employed
as sketched ischeme 10First, an approach driven by direct covalent digd was explored in
order to create a strong interaction in betweenptieéormed metallic seeds and the PS bumps.
The second strategy was based on electrostaticiagsn between oppositely charged species.
Once immobilized, the seeds were further grownrtmpce gold spherical satellites onto each
concave area forming plasmonic nanoclusters.

—_—
Covalent
bonding \

Sticky Seeded Seeded-
Seedi
patches o patches growth

Electrostatic
interactions Toward robust and geometrically

controlled plasmonic nanoclusters

Scheme 10: Scheme of the two seed-mediated growfipeoaches developed in order to fabricate a silicgbld tetrapod-like
cluster.

1 Seeded-growth of gold satellites on thiolated pat  chy particles

Gold surface and thiol molecules are well-knowresibit strong covalent interactions due to
the soft electrophile [1] and nucleophile [2] chaea respectively (see for example the works of
Mulvaney [3] and Whitesides [4] teamdfigure 30 shows a recent example of original
nanostructures that could be engineered througi-dgioild linkages by the incorporation of bio-
functionalities such as cystein on the surface af\®pea mosaic virus capsid.[5]
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Figure 30: a) Cysteine modified cowpea mosaic virusapsid; b) Assembly of the modified capsid with dd nanosphere; c)
TEM images of the as-obtained plasmonic nanocluster(various morphologies simultaneousl obtained in aame batches)
scale bar 100 nm. Adapted from referencgb].

Inspired by this work and the previous studies loa well-established strong interactions in
between gold and sulfur, we explored the possybibt strongly anchor gold seeds onto thiol-
modified dimples and investigate their subsequeowth. Citrate-stabilized gold nanoparticles
were chosen as seeds. Their major advantage wathéhainding forces of citrate and surface
gold atoms are rather weak and the citrate ligamdsxpected to be readily exchanged by thiol
groups.

The following sections describe the several grogiproaches used on the 12-nm gold seeds
anchored at the bottom of the thiolated dimpl&gire 290.

1.1 Growth of the anchored gold seeds

Despite the low amount of seeds grafted onto thecawe areas of the particles, we further
proceeded to their growth in order to get gold Is&e of large diameter. The seeds are well
known to act as efficient redox catalysts for metal reduction, which occurs selectively at their
surface, as the energetic barrier for heterogenemseation is much lower than that for
homogeneous nucleation. For the sake of simplitieynumber of gold seeds per dimples was
assumed to be 1. In this condition the volume dfl gequired to grow the particles to a given
size can be anticipated thanksEq. 5 where:Vseedss= Volume of dimpled silica particles seeded
by the gold particles; yowth soi = volume of growth solution media; Gowth sol = gold
concentration of growth solution media; Mbig) = the molar mass of goldAV part = added
volume of gold per particle; Phiches= NUMber of sites assumed to contain one goldigarper
dimpled silica particle; Geeds= concentration of dimpled silica particle.

4

rowth sol = rowth sol
g g * M

C
AVpart (gold) Eq. 5

seeds — N C

patches © Yseeds

In the literature, many seed-mediated recipes cdoase the use of citrate-capped gold
nanoparticles have been reported. Three of thenpatecularly interesting since they allow to
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get size-monodisperse gold nanoparticles of 50-860 in diameter. The results of their
investigation for our own purpose are describedwdg6]—[8]

1.1.1 Seed-mediated growth derived from the Rodrigu  ez-Fernandez’s work

In 2006, Rodriguez-Fernandezt al published a seeded-growth approach to obtain CTAB-
stabilized quasi spherical gold nanoparticles vétmarrow size distribution from 12 to 180

nm.[6] It was based on the use of ascorbic acicedacing agent and cetyltrimethylammonium

bromide (CTAB) as surfactant. At this time the nwethhas extended the size range of
monodispersed spherical gold particles obtainale. derived this method to accomplish the

growth of the gold seeds within the dimples.

Protocol 16: Seeded-growth method inspired by treRguez-Fernandez’'s work.

Typically, the thiolated patchy particles seeded e citrate-stabilized gold
nanoparticles are introduced into 250 mL of an ampgesolution containing CTAB (0.015
M), ascorbic acid (1 mM) and HAugZD.5 mM).Typically, this solution is prepared from
stock solutions of CTAB (0.1 M), ascorbic acid (@)Yland HAuC} (25 mM). The volume
of solution containing the seeded dimpled silicatipkes is calculated by usingq. 5
and by considering that the targeted particle ditenés from 12 to 60 nm.

A special effort was made to work with a known rargf particles concentration in order to
anticipate the required amount of gold for regrawkbr that purposekq. 5 was quite useful.
After the growth, the products were highly irregulgigure 31). Most of the gold nanoparticles
were unattached from the concave areas. The de&nthphenomenon was probably caused by
the presence of the CTAB surfactant. Such a sanfides suspected to interact detrimentally with
the anchorage of the gold nanoparticles into timeptis. Even if the exact mechanism remains
unclear, the effect is detrimental for the colldidaability and the construction of robust
nanoclusters. This result led us to disregard@Hi8B-based regrowth.

Figure 31: TEM images of the nanoclusters obtained@fter gold regrowth performed in the condition insgred by the
Rodriguez-Fernandez’s work a) large view and b) fagsed view.

59



Chapter 2: structured plasmonic nanoclusters through the site specific and seed-mediated growth of the satellites

1.1.2 Seed-mediated growth derived from the Puntes’ work

In 2011, Puntes and coworkers reported anotherdegwth process to realize monodisperse
gold nanoparticles up to 200 nm in diameter in guneaus solution.[7] In the article, an initial
dispersion of citrate-stabilized gold nanopartichesas used as seeds. Subsequently, this
dispersion was diluted and the regrowth was perorin the presence of citrate at 90°C. This
process was repeated until the targeted size afdltenanoparticles obtained was reached.

Protocol 17: Seeded-growth method inspired by thenfés’ work.

A volume of thiolated patchy silica particles sekdy 12-nm citrate-stabilized gold
nanoparticles calculated thanks to tBq. 5 is centrifuged and dispersed into 15 mL of
sodium citrate solution (2.2 mM) and transferredoira 20 mL flask. This solution is
heated to 90°C and 0.1 mL of HAW@5 mM) is introduced, thirty min later the same
volume of the same solution is added. The gold pemicles concentration is assumed to
be around 3.1& part/ mL. After 30 min, 5.5 mL of the volume ammoeged from the flask
and 5.3 mL of ultrapure water are added with 0.2 ofhlcitrate sodium solution (60 mM).
After temperature stabilization (5 min), a growtycle of the process is considered as
completed. Finally, to stop the process, the sofuis allowed to cool down to room
temperature after completion of the last cycle.

Figure 32 shows the TEM images and the UV-visible spectraiobtl by using this second
recipe. As depicted by the TEM images, as the nunobeterative step increased, the gold
nanoparticles size increased progressively withendimples. The initial 12-nm seeds turned into
nanoparticle exhibiting an average diameter of 1®@m; 25 £ 3 nm; 44 £ 6 nm; 91 + 26 nm
after 1, 3, 6 and 9 steps, respectively. Contraalthe previous approach, the gold nanoparticles
remained anchored to the dimples and were relgtigpherical. However, the silica cores
appeared more and more damaged by the successatenénts. After the ninth step, it was
difficult to identify the core morphology. The sifi cores seemed progressively to be partially
dissolved due to the presence of a significant armnofisodium ions (counter-ions of the citrate
precursor) in the reaction suspension. This argtimseconsistent with what was reported in the
literature in some experimental [9] and theorétjt8] investigations. Moreover, the reduction
process was operated at 90°C which appeared lileh ltanditions for silica, as already observed
in previous investigations.[11]
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Figure 32: TEM images and the corresponding UV-vidile spectra normalized at 400 nm of the plasmonicamoclusters
obtained after 1, 3, 6 or 9 iterative growth stepsspired by the Puntes'work.

The corresponding UV visible spectra of the plasimoranoclusters were in agreement with
these overall observations. The SPR band red-dhifith increasing particle size: it peaked at
524 nm; 531 nm; 538 nm and 548 nm after 1, 3, 6 @anelgrowth steps, respectively. A large
SPR broadening and scattering were progressiveberobd during the stepwise reduction
growth. The effect was assigned to the increasehefgold particle size as well as their
progressive interaction. The progressive dissatutb the silica cores induced an uncontrolled
vicinity of the large gold particles yielding intcandomly distributed coupling distance
broadening the absorption bands.

1.1.3 Seed-mediated growth derived from the Eychmual  ler’'s work

A third seed-mediated growth approach in milderustidn conditions was tested. It was a
variation of the Eychmuller’s recipe enabling togwuce gold particles with diameter in the range
15-300 nm.[8] The process consisted in a redugpi@cess performed at ambient temperature
thanks to ascorbic acid and sodium citrate aslstabi From an experimental point of view, the
typical diameter of the products could apparentty doubled in one growth step without
detrimentally affecting the morphology. Note tha¢ typical concentration of gold particles for a
given experiment was in the range'®00'? part/mL. Moreover, the chloride ions concentration
should be kept below 15 mM in order to prevent fiageof the growing gold nanoparticles.
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Protocol 18: Seeded-growth method inspired by thelmller's work.

In a three-neck round bottom flask, a typical vaduoh patchy particles seeded by citrate-
stabilized gold nanopatrticles is introduced. Thislume is calculated knowing the
concentration of patchy particles, the average nemndf patches and assuming one gold
seed per patche. Taking those considerations intmant, the volume of the suspension
shall contain from 18-10?gold seeds.

The volume of gold precursor solution -concentraie mM- required to grow the seeds
to a final diameter noted {Ds given byEq. 6 In a typical synthesis, this volume of gold
precursor stock solution is extended to 10 mL avatléd in syringe A. A volume of
ascorbic acid stock solution and sodium citratecktsolution corresponding to the
volume ratio and concentration describedTiable 7are mixed together, extended to 10
mL then loaded in syringe B. The two syringes ateos two syringe pumps which are
adjusted to deliver their load in 45 min (13.3 njL/h

P au

w, \
_ PR, N,,—.(D} - D?)
U precursor solution Cgald O— IWAU u 6 f i Eq 6
Cootusion = cONcentration of the gold precursor solutioD; fimal diameter noted;
D. =initial diameter of the gold seedN,, = the numbégold particles contained in

a given volume; = molar mass of goldg,.,, = gold density.

Table 7: Solutions used to implement the Eychmiltemethod.

Type of solution Cgold precursor C acid ascorbic C tii-sodium citrate
wt./vol. concentration 0.2% 1% 1%
Molar concentration 5 mM 58 mM 38 mM
Volume ratio in between solutions 1 1/4 1/8

This third recipe gave interesting results as showrthe series of TEM imagekigure 33).
Indeed, the reduction of the metallic precursodéshto the progressive growth of the gold
satellites. They remained strongly anchored onéodimples during the repeated process. The
gold nanoparticles could grow up to 120-140 nmtierlargest ones.
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Figure 33: TEM images and the corresponding UV-vigile absorption spectra normalized at 400 nm of the@lasmonic
nanoclusters obtained by the Eychmiller's work afte1, 2 and 3 growth steps.

After the third step, the plasmonic nanoclustermioled were very large but randomly shaped.
The cluster looked aggregated into small netwonkstlee grid. Their colloidal stability was
affected probably due to aggregation of the growgolyl satellites. The large size and random
shape of the gold particles obtained following thisite induced a large SPR red-shift and
broadening of the bandFigure 33). Moreover, the dimpled silica particles seem Hlig
damaged. This was attributed to the presence afisoidns in the reactive medium known to be
detrimental for silica (as discussed before).

1.2 Closing remarks on this strategy involving thio lated patchy particles

Table 8 compares some of the features of the plasmonicahasters produced by the three
previously described seed-mediated growth appr@ache
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Table 8: Comparison of the features of the plasmaa clusters obtained via the three seed-mediated gwth approaches.

Inspired by

Main features Rodriguez-Fernandez Puntes Eychmuiller

Stability of the gold nuclei in the dimple

Unstable Stable Stable
Stability of the silica particles core Stable Dissolved Damaged
Shape of the gold nanopatrticles within the dimples Randomly shaped Spheroidal  Irregular
Production of relevant plasmonic nanoclusters Impossible Impossible  Impossible

None of the three methods had been proved to beiesff enough for the production of
plasmonic nanoclusters fulfilling all our requiremte (robustness, stability, size-monodisperse
products with controllable morphology). The typdsptasmonic nanoclusters that could be
realized were quite primitive and not fully conteal. We believe that the main drawback of the
strategy adopted here came probably from the sprajportion of seeds grafted within the
dimples and the weak interaction in between thel ¢d the gold surface. The thiol molecules
strongly bound to the gold surface through a coudbend; but the proportion of thiol group per
dimple was probably too low to ensure a strong aragie of the enlarged seeds. Consequently,
easy, large scale gold growth approach that dodsamtage the dimpled silica particles was still
required. Surface modification of the dimples wather chemical functions enabling to induce a
long range attraction force with gold seeds waslaegd and is presented in the following
section.

2 Seeded-growth of gold satellites on aminated patc  hy particles

We explored the possibility to anchor gold seeddiwithe dimples whose PS was previously
aminated (Chapter 1). Although the binding foraedetween the amine ligands and the gold
surface atoms were weaker than the thiol-gold oftt@s, process offered the possibility to
associate the components by electrostatic interectScheme 11 One potential advantage of
these interactions was their long-range charactpeaed to promote the decoration of the
dimples with a larger proportion of gold seeds. A;h#ne subsequent growth of the anchored
seeds was achieved with a mild reductant in thegoree of a metal salt precursor.
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Positively-charged surface

Weakly negatively-charged

or non-charged surface Overall negatively-

charged surface

Scheme 11: How negatively-charged gold nanoparticddevere expected to site-specifically adsorbed ontbe aminated PS
bumps within the dimples of a patchy silica partict.

2.1 Impact of the seed size

Figure 34 shows representative images of the dimpled silactigles bearing amino-groups after
the incubation step with the citrate-stabilizeddgs¢eds, according frotocol 13The exposure

of 12-nm gold seeds to the amino-functionalizedpdés led to a higher coverage of the concave
areas (about 2.5 seeds per dimple) than the onetidnalized with thiol-groups (about 1.4 seeds
per dimple) Figure 29). However, the degree of coverage remains moderate

Figure 34: TEM images of the dimpled silica particks chemically modified with amino groups after incbation with 12-nm
citrate-stabilized gold seeds (left) or 1-3-nm goldeeds (right).

To increase the surface coverage of gold seedstbatdimples, the size of the gold seeds was
decreased. Tiny gold seeds of about 1-3 nm in dermeere prepared following thHeérotocol 19
derived from the study of Duff and coworkers.[123] Briefly, the involved mechanism is the
reduction of the gold salts from Auto AW’ by the formaldehyde and:Horoduced from
tetrakis(hydroxylmethyl)phosphonium chlorig€HPC) molecules in presence of an excess of
OH- (Scheme 12

Protocol 19: Synthesis of 1-3-nm gold nanoparticlescording to the Duff’s recipe.

In a 500-mL flask, 227.5 mL of milliQ water, 7.5 oflan aqueous solution of NaOH (0.2
M) and 5 mL of THPC aqueous solution (120 pL im0 are introduced. This solution

is homogenized during 15 min. Then, 10 mL of HA@3 mM) are quickly injected in

the flask under stirring. The solution turns froralg yellow to brown in few seconds
indicating the formation of gold nanopatrticles.
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Scheme 12: Proposed reaction mechanism describinigetrole of THPC in the formation of gold nanopartides: the specie

(I) THPC is converted into (lll) THPO, producing formaldehyde and H: both serving as reducing agents. This illustration
comes from referencd14].

The corresponding UV-visible spectrum of the asamigtd colloidal gold dispersion is shown on
Figure 35. The spectrum exhibits an absorption that decpgsoaimately exponentially into the
visible, with a superimposed SPR shoulder at aB®® nm of weak intensity. Such optical
signature is characteristic of tiny gold seeds.

Absorbance A.U

T T T T 1

300 400 500 600 700 800
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Figure 35: UV-visible spectrum of an aqueous dispseion of 1-3 nm gold nanoparticles as-obtained acaing to the Duff's
method.

These tiny gold nanoparticles were then attachéd thre dimpled silica surface according to the
Protocol 20

Protocol 20: Adsorption of gold Duff seeds on thienpled silica particles.

Typically an amount of dimpled silica particles @sponding to 2.10 particles in water
have their medium acidified to pH 3-4 followed leptrifugation at 10 000 g during 15
min and redispersion into 20 mL of ultrapure wat8ubsequently, 2 mL of this peptized
silica nanoparticles dispersion are mixed with 50 of Duff gold seeds dispersion and
are let to incubate for 6 h on the roller mixernglly, the dispersion is washed three
times by centrifugation at 8 600 g during 15 mirelimminate the excess of gold seeds and
redispersed in 40 mL of milliQ water. Basicallyetiminimal volume of Duff seeds
required is calculated thanks tBq. 7 giving the number of Duff nanoparticles of
diameter r required to completely cover the surfata sphere of radius HEQ. 8 gives
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an estimation of the minimal volume of Duff solutrequired to seed the patches, where
NpatchescOrresponds to the number of patches per partidé G to the concentration
of the Duff solution in part/L.

N 2w R 12
'd:” =—.(— ‘:|‘ Eq.7
iff V3 'r
. 1 .
NDuff‘I' Nparches
VDu/f sol — Eq.8
Couss

As shown orFigure 34, the degree of coverage of the dimpled particlas strongly affected by
the size of the gold seeds. By reducing the sizéhefseeds, the number of seeds covering the
concave areas was increased. The seed-mediatedhgpoacess, in the following, was thus
explored with the dimpled particles chemically ftiopalized with amino-groups with the
assumption that the higher the proportion of adsdbrgold seeds, the smoother the morphology
of the gold satellites.

2.2 Optimization of the growth reaction conditions of the tiny gold seeds
anchored onto the aminated silica surface

2.2.1 A conventional method applied on atypical col loids

In order to find out the judicious choice of thaecBon conditions for the growth process, several
control experiments were carried out both on cotivaeal silica particles and multipod-like
silica/PS clusters. This avoided us to limit theoamt of patchy particles used for these
optimization tests.

The strategy adopted to grow the gold seeds ohft3vas based on a standard procedure well-
described in the literature.[15]-[17] Briefly, tiggowth of the gold seeds was ensured with the
use of a solution containing Au(OHgs gold precursor and formaldehyde as reducingtagbe
Au(OH)s solution was prepared by using an aqueous solofigold salt (HAuCJ) with KoCQOa.

The reaction generated the Au(QHromplex. Such solution is often called “gold piati
solution” (GPS) in the literature.[18] The usetbis solution allowed to remove the chlorides
which are well known to induce the sintering of doéd nanoparticles. The reduction occurred in
the presence of PVP to sterically stabilize theailPS/Au clusters. Depending on the amount of
gold precursor added, the gold shell could be hasywell as continuous. In the case of
conventional silica particles, the process yieldedthe synthesis of silica@gold core-shell
particles (not shown). In the case of the silicagRSters, it yielded to the synthesis of gold kshel
with a controlled number of masked aregsheme 13
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Scheme 13: Strategy to prepare nanoshell over théisa part of the silica/PS clusters by reduction bgold precursor after
decoration of the silica core with tiny gold seeds.

Protocol 21: Surface amination of the silica fre@idace of the silica/PS clusters.

Typically, 50 mL of the dispersion of silica/PSstérs (T-52) obtained after the silica
regrowth in ammonia/ethanol mediufrétocol 29 are transferred into a 100-mL flask. A
volume of APTES calculated as described in theimed@.2 from appendix and
corresponding to a surface coverage equivalentddumnctions /nmz is introduced in one
shot; the solution is let to be stirred overnigitibsequently, the dispersion is heated 1 h
at 50°C and washed 3 times by centrifugation atd4@@uring 20 min and redispersed
into a solution of 1-mL of NP30 (150 g/L) and 39 aflwater. Finally, the dispersion has
to be acidified (pH 4) by using few drops of HCI.

Protocol 22: Adsorption of gold NPs on the silicargace of the silica/PS patrticles.

In a 50-mL falcon tube, 30 mL of 1-3-nm gold namtples dispersion as-prepared after
Protocol 20is introduced and 10 mL of the solution of APT&S:fionalized silica/PS

clusters are added. The solution is incubateddbteast 6 h. Finaly, the as-obtained
clusters are washed three times by centrifugatiaming 30 min at 2500 g and
redispersed in 20 mL of milliQ water.

Protocol 23: Preparation of the GPR5]

First, 10 mL of a stock 25-mM solution of gold presor is prepared from HAu@({99.9
% Sigma-Aldrich) and stored protected from ligh4&€C. In a 100-mL flask, 8 mL of the
gold stock solution and 300 mg of potassium carb®iaCOz (1.5 HO) are mixed and
the flask is completed to 100 mL with milliQ waf€he solution is stirred overnight at
4°C.

Protocol 24: Growth of the gold nanoshell on thelisa surface of the silica/PS
particles.

One mL of the solution of clusters after seedinghwgold nuclei Protocol 9 is
introduced into a 50-mL falcon tube followed by iteoduction of a given volume of the
GPS calculated as described in th&in order to obtain a targeted gold thickness. The
mixture is homogenized and 10 mL of PVP solutidhg/L; M,, = 29 000 g/mol) are

introduced, the mixture is one more time homogeniaaed finally a volume of
formaldehyde corresponding to 50 pL/ mL of GPSddea in one shot. The solution is
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quickly homogenized by using vortex and let to treader stirring for 12 h. The solution
turns from beige to blue/green depending on thekttess of the gold deposited.

The TEM images collected after the activation @ #llica core of the silica/PS clusters with the
tiny gold seeds are shown oRigure 36. The silica coverage was clearly dense and
homogeneous. This observation confirmed that thetrstatic attraction in between the silica
and the gold surface was a more promising strategyovide dense metallic coatings.

100 nm 50 nm

Figure 36: Scheme of the targeted structure and TEMmages of tetrapod silica/PS hybrid clusters withgold seeds
attached quasi-exclusively to their silica core.

In order to achieve a uniform growth of the goléd® onto silica surface, several accurately
controlled parameters and steps were required:

control of the concentration of the seeded padigtethe growth media. According to
previous investigations, it had to be in the rah@é-103 vol.% to avoid any aggregation
phenomenon;[16] observed in the case of more ctrated particles and to avoid a too
important homogeneous nucleation observed in théote concentrated suspensions.
adjustment of the concentration of the GPS anddhealdehyde: it was successful for
concentrations in the range 0.5-1 mM and 0.1-0.3dgpectively;[19]

size of the silica nanopatrticles (or silica/PS w@us). Literature reports revealed that too
small silica@Au colloids,e.g.40-50 nm in diameter, had a strong tendency toeagge,
because of the size-dependence of the electrodtaiiae layer potential;[20]

nature of the stabilizer. PVP was chosen in théowohg experiments because of its
multiple role: it allows to avoid aggregation ante@pitation and to slow down the
kinetics of the growth reaction. Consequentlyeduced the secondary nucleation of gold
nanoparticles. Finally, it helped to obtain a depsket, more convenient to handle during
the centrifugation washing steps.

Furthermore, a delicate balance had to be achibetdeen several parameters, such as the pH
value of the seed dispersion, the pH of the GP&.,itdrative growth process and the rate of
reduction on the gold nanoshell formation. The$ects are described in the following sections.
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2.2.2 Optimization of the pH value of the seed disp  ersion

Reports in the literature attested that variationthe pH setting of the seed solution affected the
fabrication process of gold shells onto conventiaileca particles.[19],[21] Preparation of gold
seeds colloids was performed in alkaline medium {8:b). The use of the as prepared seed is
known to induce their heterogeneous deposition trecsilica surface. Moreover, ageing of this
dispersion is known to allow the pH of the dispensio decrease from 10 to a value in the range
8-9. For that purpose, the seed dispersion requairedgeing time of at least four days at 4°C.
The effect is attributed to the continuous reductad residual gold by the remaining THPC
species in solution, progressively consuming.(H],[21] (Scheme 12)

Two experiments were carried out in order to ingagé the effect on the subsequent gold
growth onto the silica/PS clusters. The tiny gadds were introduced into the silica/PS clusters
dispersion at pH 3 and 9. The pH was adjusted iy 8dding HCI while pH 9 corresponded to
the natural pH of the gold nuclei dispersiéigure 37 shows the TEM images of the as-obtained
silica@gold/PS clusters, before and after the nggtaith.

Figure 37: Scheme of the expected silica@gold/PSusiers and TEM images of those clusters before (tpmnd after
(bottom) the gold growth; performed at different pH values.

Depending on the pH of the gold seeds dispersiendegree of coverage of the silica cores was
sparse or high respectivellyigure 37 top). Considering the fact that the aminated partialese
dispersed in acidified suspension in our case thtian of acidified and so low charged gold
nuclei (pH 3) didn’t result in an efficient elecstatic interaction. On the contrary, the mix of
highly charged gold colloids (pH 9) with highly e¢gad aminated particles (pH 4) resulted in
homogeneous coverage. This result was consistehttivose reported by Pagt al[21] The
growth process was strongly affected by the surtamesrage of the silica core. Consequently,
the growth of the gold seeds yielded into a muatsde shell in the case of the core seeded by
nuclei dispersion at pH $Figure 37 bottom).
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2.2.3 Optimization of the pH value of the growth me  dium

According to Zhongshi Liangt al, the pH of the solution during the growth stepatad an
influence on the uniformity of the coating as shoswnFigure 38[22] These authors proposed
that, by changing the pH during this step, the gcldoride anions transformed into
hydroxychloride anions Au@k(OH)x. As pH increased, the gold speciation were hydralyze
and formed, for instance AuCl(O¥l)species at pH 9. These changes would affect theti&i
growth rates and the final morphology of the shell.

AuCl,” pH<3.70
i

Low concentration
monomers
AuCl 3(OH)" pH=3.70-5.10. - . AO

1; ! Y smooth morphology Ostwald
AuCl,(OH),” pH=5.10-7.00 ripening accelerated by CI-

™
1l O

AuCl,(OH),” pH=7.00-8.30 f \
1 4

AUCI(OH);" pH=8.30-11.2 O

Formaldehyde reactivity

“.Morphology suppressed
Ostwald ripening

1' High concentratior
Au(OH),” pH>11.20 monomers

Figure 38: Influence of the pH solution used duringhe growth step on the gold shell morphology, afteeference[22].

The impact of the pH value on the metal depositiees investigated and the results are
summarized ofrigure 39. In this set of experiments, we adjusted the plkthefreactive solution
to 4.5, 8.6, 9.5 and 12.0 using HCI or NaOH. Theuotion of the gold precursor was then
carried out using thErotocol 24
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Figure 39: TEM images of silica@gold/PS clusters after golcegrowth using the GPS at different pH values.

TEM images show that the pH value indeed matterad. growth process at pH 4.5 led to thin
and irregular shells with few needle-like particlég "natural pH",i.e. pH 8.6, the growth
yielded uniform metallic shell. At higher pH val@ee. 9.5 and 12.0), large gold nanopatrticles
and non-uniform coating were observed. These esolild be attributed to kinetic rate changes
in good agreement with the report of Zhongsthal[22]

2.2.4 Optimization of the reduction procedure: iter ative regrowth

We found that the thickness of the metallic coatinghe silica surface could be easily tuned by
repeating the growth process. After the first glowtep in the optimal experimental conditions
described above, the solution was washed by cegétifon at 800 g for 15 min. The supernatant
was removed and the silica@gold/PS clusters weatspersed in ultrapure water before the
subsequent growth stagBigure 40 shows the TEM images of the silica@gold/PS cluster
prepared after several successive gold growth stage

100 nm

Figure 40: TEM images of silica@gold/PS cluster ohined from seed dispersion at pH 8.6; GPS at pH Ytar one (left)
two (center) and three (right) growth steps.

72



Chapter 2: structured plasmonic nanoclusters through the site specific and seed-mediated growth of the satellites

Obviously, as far as the growth process was bepgated, the coverage degree of gold on the
silica core gradually increased. Three successinmwty stages were thus systematically
performed in the following experiments.

On the basis of this study, uniform metallic cogtaf the core surface of silica/PS clusters could
be prepared by adjusting several parameters:

- the pH value of the seed dispersion to get unifonetallic coating. It should be the
“natural” pH value (pH 8.6) after an ageing perajcat least four days at 4°C;[21]

- the pH value of the growth medium at pH 9;

- for the thickest coatings, the use of a multi-gtepcedure where iterative growth stages
were intercalated with centrifugation/redispersstages.

Beyond helping us to study the effect of severahpeters on the gold shell formation, the
silica@gold/PS clusters may be precursors of urusbgcts (metal nanocages, etc.) see the
section 5 of the appendix.

2.3 Growth of the tiny gold seeds anchored tothea  minated PS bumps at
the bottom of the patchy particles

By using these optimized conditions, we proceedeithé growth of the tiny gold seeds onto the
aminated PS bumps at the bottom of the patchygbestsilica/gold multipod-like clusters.

Protocol 25: Seeded growth of the tiny seeds anelibto the aminated PS bumps by
formaldehyde reduction method.

Typically, 1 mL of the dispersion of aminated pgtphrticles decorated by the gold seeds
produced afteProtocol 19is introduced in a falcon tube. Subsequently 10ahPVP
solution (10 g/L; 29 000 g/mol) is added followsdtbe introduction of a volume of GPS
(3 mM) produced according to therotocol 23 After homogenization an amount of
formaldehyde solution 37 % in water (Aldrich) capending to 50 uL per mL of GPS is
introduced. The reaction is performed for at led2t h over the roller mixer device,
washed by three cycles of centrifugation at 3 0@ugng 15 min and redispersion into
20 mL of milliQ water.

Upon growth, large gold domains were produced wittiie dimples of the silica particles
(Figure 41a/h. The gold satellites that formed using tiny gekds had a more homogeneous
shape than those produced by using the larger §8@dem) (data not shown). However, an
accurate observation of the images revealed thdt\gasn’t exclusively located at the dimple
surface. Some metallic nanoparticles also appeandte inter-patch surface areas. This resulted
probably from interactions in between the silanobups and the seeds. To overcome this
drawback, we performed a “passivation” of the ailiore surface of silica/PS clusters prior to the
PS dissolution and activation steps by using ptopytthoxysilane (PTMS). This non-polar
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propyl graft was expected to be inert toward gadte PS surface.[23] The amount of PTMS
added during the passivated step was calculategpasted in the sectiah 2 from the appendix.

Protocol 26: “Passivation” of the inter-patch surfa area using propyltrimethoxysilane

(PTMS).

Typically the dispersion of the silica/PS clustelgained after silica regrowth in their
ethanol/ammonia medium are maintained in the grofldek and a volume of PTMS
corresponding to 50 functions per nm? (secfdhfrom the appendix) is introduced in the
flask in one shot. The reaction is let to be comepleunder stirring at ambient
temperature for 12 h. Finaly, the suspension is heds by three
centrifugation/redispersion cycle in ethanol.

7. avu% |

Figure 41: TEM images of the silica/gold multipod-ke clusters without (a, b) and with (c, d) the “p&sivation” stage of the
interpatch surface area.

Figure 41 c/d shows TEM images of the clusters obtained by ge&tisng and regrowth after the
passivation step. The images showed more defindterpa of dark and bright regions
corresponding to the gold deposition and the biica art. The deposition of gold was clearly
more site-specific, because occurring essentialithimv the dimples. Only very few gold

nanoparticles were observed out of the concavesarea

In order to obtain more uniform and dense depaositibgold into the concave areas and to grow
larger gold satellites, we changed the amount d @Rhe reaction medium. Several volumes of
GPS were used for a given quantity of seeded pateinycles. InTable 9, the amount of gold
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employed (here from GPS) was expressed in a mosenimgful way. Indeed, considering that
gold precursor is equally distributed in all thencave sites of the patchy particles, forming
spheres, the mean diameter of such sphere wadateltihanks té&q. 9 and given inTable 9.
Those ideal and expected results are compared théhones obtained experimentally by
measuring the average dimension of the gold sa®INPs by TEM.

Ndpls= 4, ’\h)artsz 5‘0, Mau =196.96pAu= 19.9 g/Cfﬁ

[ ;
3|(Veps-Cops-May) 3 Eq.9
2 | Pau’ ’

D : = 2.
corresponding sphere
\ Ng,is-N 4n

parts"*

Table 9: Equivalent diameter of Au NPs obtainablen nm considering the volume of GPS employed for theegrowth.

V eps(mL) 2 4 8 16 24 48
Equivalent diameter of Au NPs expected (nm) 57 73 91 115 131 166
Mean dimension of the Au NPS obtained (nm) 46 65 74 90 108 115

Figure 42 shows the TEM images of the silica/gold clusteeppred at different concentrations
of seeds. The higher the volume of the GPS, theeteand more homogeneous the coating of the
concave areas. This means that the coverage dagceso the size of the gold nanopatrticles
obtained could be easily tuned by playing with\ibkime of GPS.
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Figure 42: TEM images of the silica/gold clustersiatained by the seeded-growth strategy using aminadePS bumps within
the silica dimples for different volume of GPS adde in one shot: a) 2 mL; b) 4 mL; c) 8 mL; and the orresponding UV-
vis spectra normalized at 400 nm.

Figure 43 further presents the SEM images of silica/golétets prepared with larger volume of
GPS. Obviously, when the volume of GPS was incitabe size of the particles obtained in the
dimples increased gradually. The SEM image witthéigmagnification showed that the gold
entirely fulfilled the concave area of the dimpéesl shaped the template. The morphology of the
gold nanoparticles were not exactly spherical, taiher oblate spheroid. In the case of the
systems observed with the highest volume of GPSl,ud® gold satellites had an average
diameter of 115 nm and an intersatellite gap ofuali@ nm. Moreover, we can noticed that the
obtained size of the gold nanoparticles increagsd than expected with the volume of GPS
incorporated, because of the secondary nucleatmreps.
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Figure 43: STEM images of the silica gold clustersbtained by a seeded-growth strategy using aminatdelS bumps within

the silica dimples for different volumes of GPS aded in one shot: a) 16mL; b) 24 mL and c) 48 mL.

The UV-visible absorption spectra of the silicatjalusters prepared with various amounts of
GPS are shown drigure 42 Before the spectroscopic analysis, all the sasnpkere centrifuged

to remove the free gold particles. The plasmonicochisters displayed an obvious absorption
band at around 520 nm due to the Mie plasmon resenexcitation from the gold nanopatrticles.
As the dimension of the gold nanoparticles increadee SPR band is red-shifted gradually, and
the band is becoming broader due to the largerpaatiole size and higher coverage shaping the
concave areas.

3 Spheroidization of the gold satellites

Despite the progress in the synthesis of the plagmeanoclusters through the seed-mediated
process described in the previous section, thenaiti control of the satellite morphology
remained uncomplete. The satellite shapes weres gquiggular and far from being perfectly
spherical even using three or even more regrowttiesy Furthermore, the gap between
neighboring satellites was too large to induce rangft interparticular coupling. We, thus,
explored different routes to reshape the sateliitesolution followed by a subsequent regrowth
step to further increase the satellite size andygb gap size appropriate to maximize the
interactions $cheme 1%

_ lterative
) regrowth

Scheme 14: General strategy for making spherical ahlarger the gold satellites of the silica/gold mtipod-like clusters.

The reshaping of gold nanoparticles in solutiontihige accomplished by several protocols such
as (i) microwave irradiation (ii) thermal annealif#] and (iii) oxidation/reduction steps.[25]
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They have been proven to be efficient on anisotropnoparticles dispersed in liquid phase. The
challenging target was to achieve the reshapinggs®on supported gold nanoparticles to the
same extent as realized in liquid phase.

To get more dense metallic nanoparticles onto eauiples, we first performed experiments to
investigate the effect of microwave irradiatiors Hdvantage over convective heating is that
microwaves can heat a substance quickly and unijoamd generate rapidly more homogeneous
nanostructures. Therefore, we might predict thatrowaving a colloidal dispersion containing
the plasmonic nanoclusters could densify the gatdlstes and make the particle more spherical
within each dimple.

Protocol 27: Microwave treatment of the silica/gotdusters dispersion.

The plasmonic nanoclusters produced thankBrmtocol 25 after gold growth using 8

mL of GPS are introduced into 20 mL of ultrapuretevaThis dispersion is transferred
into the microwave sample container, set in therowave oven and the treatment is
performed for 45 min. The microwave oven is a MAR®mM CEM, the reactor used is a
XP-1500 used at fixed power of 400W at fixed teatpes.

The pressure and temperature were modulated fradiCl@t 1 bar and 180°C for 20 bars.
However, the microwave appeared to be systematidaleterious. For instance, after treatment
at 180°C, the plasmonic nanostructures were sdyialmmaged, with desorption of the gold
satellites, their agglomeration into dense andgirk@ particles, concomitantly to a serious
reshaping of the silica cores which became smahermore numerougigure 44). Tuning the
temperature didn't modify the shape of the golekites. Therefore, the microwave irradiation
appeared unsuitable for controlling the morpholofjgupported gold nanoparticles.

Figure 44: TEM image of the silica/gold clusters (52) prepared with 8 mL of GPS before (a) and aftefb) microwave
irradiation for 45 min at 180°C and 10 bar.

Another way to reshape the morphology of the gatdlites was to heat more conventionally the
particles at the expense of transferring the ciasieto a high boiling point liquid such as
ethylene glycol (§ = 197 °C). Moreover, the ethylene glycol isn’t knoto be a good solvent for
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polystyrene and therefore shouldn’t swell the miediPS bumps neither destabilize the attached
gold seeds.

Protocol 28: Thermal treatment of the silica/goldusters.

The dispersion of plasmonic nanoclusters produteaiks to théProtocol 25after two
successive growth steps using 8 mL of GPS is &amesfinto 20 mL of ethylene glycol by
centrifugation. Subsequently, the dispersion istéeat 190°C for 12 h then diluted into
milliQ water and washed three times by using cémgation (2500 g; 15 min). The
treated clusters are finally used as seeds andl@ igggrowth is performed aftd?rotocol
25.

Figure 45a/b shows the silica/gold clusters, before and after thermal annealing. The
observations were consistent with the above stattsm@he annealing treatment drove the
densification of the gold into a single and largetigle, instead of several small ones. The as-
obtained clusters exhibited more dense and sprarsadellites. However, the interaction of the
gold and silica seemed less pronounced than thegroéd before the treatment. Some gold
satellites were indeed off-centered or not anyntntact with the dimples. This approach was
thus rapidly disregarded for those stability reason

Figure 45: TEM images of the silica/gold clusterséfore a) and after b), c) annealing in ethylene gépl.

79



Chapter 2: structured plasmonic nanoclusters through the site specific and seed-mediated growth of the satellites

The oxidative etching approach is another importamtite for controlling nanoparticle
morphology. It consists typically in a partial dgion of the gold particles thanks to a
preferential etching of the atoms of smallest cowtion number. Thanks to the combination of
oxidant conditions (HAuGIserves as an oxidant) with the use of a polyalbgt, i.e. able to
complex both the Au@iand AuC} ions, e.g. Polydiallyldimethylammonium chloride (BB),
the oxidation of Alis promoted.

Indeed, the oxidation of Awo AuCk or AuCl is normally negligible due to the large negative
values of the standard oxidation potentials (-1.¥5dnd -1.002 V respectively, versus normal
hydrogen electrode). However, when PDDA is usedoimplex both AuGt and AuC} ions as
they were formed, the reaction occurred by dissgivnetallic gold through a slow process.

Then, the particles were etched. The particlesbearegrown with a new growth step and etched
again so on so forth. This approach had the adgantd not rising the temperature of the
colloidal dispersion, making the gold-silica intetian weakened, as observed above. We thus
attempted to study this route to reshape the gatlellges. First, we explored the optimal etching
reaction conditions by tuning the molar amount xatlative agenti.e. the gold salt, used during
the process. The molar amount of gold salt wasddirmen 25 % to 75 %HKigure 46a/c).

Protocol 29: Oxidative etching treatment of theis#d/gold clusters.

Typically, 20 mL of the silica/gold clusters dispien prepared by seeded-growth
approach are centrifuged at 3 000 g for 15 min aedispersed into 20 mL of ethylene
glycol (JT. Baker, Baker analyzed). 0.4 mL of PD{M,, = 400 000 - 500 000 g/mol,

Aldrich) solution in water (20 wt.%) is added, tHispersion is stirred during 15 min. A
volume of gold etching solution (HAuC3H.O Sigma-Aldrich 99.9 %) in water (0.5 M),
corresponding to a fraction of the gold amount useg@roduce the sample is calculated
thanks toEq. 10 and introduced into the dispersion. Afterward, thecture is rapidly
homogenized using vortex device, and the reacsoperformed for 24 h at ambient
temperature on the roller mixer. After reactione ttlusters are washed by centrifugation:
typically the 20 mL of gold nanoclusters dispersame diluted into 90 mL of milliQ
water, and centrifuged into two 50-mL falcon tubBse dispersion is centrifuged at 2500
g during 20 min and washed 3 times using milliQenaAt this point, the dispersion is
either characterized or used in a new regrowth step

Veps X Cgps X F
Ces

gold

= Vg Eq. 10

Veps = volume of GPS used to produce the plasmonic clasters; Gps= concentration
of the solution (typically 1 mM); o = molar fraction of gold etched; & =
concentration of etching solution (0.5 M typicallyes = volume of the gold etching
solution.
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Figure 46: TEM images depicting the shape evolutioof silica/gold clusters with the amount of oxidant

Tuning the precursor ratio did change the morphplogthe metallic satellite anchored in the
concave area. The etching reaction by using 25 #efjold precursor amount gave spheroidal
nanoparticles, as shown by the TEM imageFigure 46. It did sculpt the particle toward a
spherical shape. Using 50 % or 75 % of the goldwrhded to a serious dissolution of the
satellites.

After a subsequent regrowth stégrd@tocol 25, the clusters were “messy” with gold satellites
evolving from spheroid-like morphology to randongiiaped onesF{gure 47). However the
gold satellites were denser and could be reshdwedgh a subsequent etching step.

Figure 47: TEM images of silica/gold clusters aftegrowth/etching with 25 % of oxidizing agent and asubsequent growth
step.

Such iterative approach consisting in the repetitf the etching process allowed to increase the
size of the particles while a spheroidal shapeamtained. Extra studies will be needed in order
to fully understand and therefore control the etghand the subsequent regrowth stages on
supported gold nanopatrticles.

4 Extension to patchy particles bearing 6 and 12 di  mples

The optimized method for the preparation of plasimamanoclusters described above was
generalized for synthesizing clusters bearing 6 d® gold satellites. The successful
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functionalization of the dimples with amino grougddowed to regioselectively anchor tiny gold
seedskigure 48). The sequential growtbf gold on the preformed seed led to the transfiona
into clusters with a controlled number of gold Haé&s. Two subsequent etching/regrowth stages
yielded to a quite satisfying control of the satielshapes.

—

2
s

emm

Figure 48: First row: Scheme of the initial silicaPS multipod-like clusters with 4, 6 and 12 PS satéks; Second row: TEM
images of silica particles bearing 4, 6 and 12 dinigs containing aminated PS bumps decorated by Du§fold seeds.Third
row: TEM images of the silica/gold multipod-like clisters obtained using the oxidative etching procesupled with the
iterative regrowth.

The plasmonic clusters bearing 6 gold satellitgseaped like more regular than the tetrahedral
ones and the trend was even more pronounced wi&hctisahedral ones which were really
regular and exhibit few lost satellites. This obséipn could be explained by the differences, in
term of size, of the gold nanoparticles obtaineddach of the morphology. Indeed, while the
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reshaped gold nanoparticles of the tetrahedrateslsigire larger than 70 nm in diameter, the one
from the icosahedral one are less than 40 nm. Tdrerethe mechanical stress applied on the
clusters during centrifugation is probably highar the large gold nanoparticles of the tetrahedral
morphology than the ones of the icosahedra. Comselythe risk that clusters loose satellites is
probably higher. Moreover, one satellite missingrawur corresponds to a much important loss
of regularity for the tetrahedral morphology thareanissing over twelve for the icosahedral one.

5 Conclusion

Along this chapter, the results obtained by seedimed growth approaches in order to induce
the formation of gold satellites onto each largéesigal dimple have been presented. Two
anchoring approaches of gold seeds and their subsegrowth were investigated:

- the covalent bonding strategy taking advantage hef thiolated-PS bumps to site-
specifically attached citrate-stabilized gold nuclehree different methods of regrowth
were explored but none of them yielded into relévdusters;

- the electrostatic interaction using the amino-medifPS bumps strategy. This second
approach allowed attaching a larger number of golgd nuclei (1-3 nm). This factor was
proven to be of pivotal importance to initiate thynthesis of relatively large metallic
satellites in a further growth step.

The overall results clearly indicated that thisssetapproach generated more stable and uniform
plasmonic nanoclusters with large satellites wedhted. The size of the gold particles grown into
the aminated dimples can be controlled throughatmeunt of GPS. Note that this approach
required a passivation step of the interpatch aieasoid the deposition of gold in between the
dimples surface. Nevertheless, this route has domtations: The lack of control over these
Au(OH)s satellites shape that remain oblate spheroid dsasethe lack of control over the
interparticles distance. Post-treatment perforntednabient temperature by alternating etching
and regrowth approach, yielded to the nanoclustghsbiting more regular morphologies and
more spheroidal satellites. This result was cordamfor the three main morphologies
investigated: tetrahedral, octahedral and icosahedihese overall results obtained can be
considered like a relevant step toward the prodactf geometrically controlled plasmonic
nanoclusters. Taking advantage of the controllethea chemistry of the patchy patrticles, it was
possible to successfully obtain stable and roblastnponic nanoclusters in a reproducible way.
On the basis of this approach many kinds of compigxid particles could be possibly obtained
and used in optical sensor devices.
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This chapter is dedicated to the fabrication of mdtipod-like plasmonic clusters through the
assembly of preformed (metal) satellites within theples of patchy particles as prepared in
Chapter 1. First, a state-of-the-art regardingabgembly of colloidal particles is the opportunity
to describe the different forces involved and thaimmself-assembly routes reported in the
literature, and then to seleztpriori the most efficient one(s). The second part of thigpter is
dedicated to the description of the assembly erpanis, the issues that were overcome and the
extent in which the morphology of the final asses®lmay be controlledSEcheme 1% In
particular, it is shown that the direct assemblytecof metallic satellites was tricky and the best
results were obtained by combining an extra-stafjeuzleation/growth of the plasmonic
counterparts from the knowledge learnt in Chapter 2

A bl
ssembly

Scheme 15: The representation of the other strategyeveloped to get plasmonic nanoclusters. First, eninduced a self-
assembly of silica satellites and patchy particleand then a seeded mediated growth approach to degbgold onto the
satellite.

1 Assembly of (nano)patrticles: state-of-the-art

The assembly of colloidal particles is nowadayssaered as an efficient way to produce
materials,[1] at the condition to be able to ingjadrive and control the assembly process. For
this purpose, the main forces to be fought aganst be taken advantage of during the assembly
of particles are briefly described.[2] Then, sorapresentative examples found in the literature
are discussed in the cases of 2-D and 3-D arragsalso discrete clusters.

1.1 Forces involved in the assembly of particles

Firstly, we consider the forces stabilizing a dispan of identical colloids. In a simple model of
two identical particles, the attractive van der Wa&dW) forces are counterbalanced by two
main kinds of repulsive forces:

- in the case of surface-charged particles, the semulforces are electrostatic and
described by the DLVO (Derjaguin-Landau-Vervey-(esk) theory;[3],[4]

- in the case of particles decorated by unchargedramadecules, the solvation of the
chains act as an efficient steric stabilizationetayThis phenomenon occurs in good
solvent conditions, where the macromolecules atenebed.
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Depending if we consider small (1-10 nm) or largdlaids (up to micron-scaled ones), the
interaction length scales differ. While small naadijeles are influenced by strong attractive
VdW forces and by relatively long-range interactotompare to their sizes, larger colloids
experience short range interaction relative to rtftémensions.Consequently, the strategy
adopted to control the assembly can be differentech size range. In this study, we were
interested in the size range of 100-200 nm.

1.1.1 Van der Waals forces

VdW forces are electromagnetic long-range forcesrey from three origins: (i) Keesom forces
corresponding to attractive or repulsive interaticoming from permanent dipole orientations,
(i) Debye forces coming from the interaction inween a permanent dipole and an induced one
and (iif) London dispersion forces coming from theeraction of instantaneous dipoles.

For two spheres of a radius R, dengitypeparated by a distance r, the potential canrlitewas
Eq. 11

Utor(r) = ‘TZ% Eq. 11
where A =r2Cp? is the Hamaker constant depending on the interapair coefficient parameter
(C) which are related to the chemical nature ofdbdace’s sphere surface and the dispersion
medium. The A value set the intensity order of niagie for the VdW interactions and is most
of the time comparable to the thermal agitatiothatambient temperature. The VdW interaction
in between two particles generally exhibits an &fie range of several tens of nn. This force is
attractive for two identical particles but can lpulsive in the case of particles of different

chemical nature.[5],[6]
1.1.2 Electrostatic forces

The electrostatic forces arise from the chargestieg at the particle surface. In a polar medium,
the ions pairs are dissociated and the counterfains a double layer surrounding the charged
surface. The presence of such a double layer imdacgrong repulsion with an entropic origin.
The effective range of this interaction is giventhg Debye lengthx~* | directly related to the

ionic species concentration. The sum is done omti@e ionic species present in the system as
described b¥q. 12

272
o Pei€”Z; % Eq. 12
g egokT -

Where p..; is the concentration of the ions i at amite distance of the surface and the
valence of the ionic specie i.
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The electrostatic repulsion in between two charg@ukerical particles exhibiting R radius and
separated with a distancés calculated by using the Poisson-Boltzmé&ign 13

64TTKTRPp %, ., (renR)
) = (\—”x)e x(r—2R)
2

Uelectrostaticrepulsion r Eq. 13

zeW, .
=

2k7

With & = tanh(

In this case,¥, is the surface potential of theiplad andp.. the sum of ion concentration far

from the surfaces. In such conditions, the repualgiotential followed a decreasing exponential
law with r.

The total interaction energy can be written as &/ Va + Vr corresponding to the DLVO
interaction potential which is the sum of attraetand repulsive potentialBigure 49 shows the
potential energy as a function of the distance betwthe surfaces. The secondary minimum is
attributed to the dominance of the VdW interactiah®ng distance inducing reversible colloidal
destabilization. The primary minimum is not an mite one due to the repulsion forces existing at
short distances and attributed to the Born repulsubile the value of Y corresponds to the
kinetic barrier describing the colloidal stabildfthe particles.
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Figure 49: Energy potential diagram as a function bthe distance between colloids surface. Adaptedoim reference[7].

1.1.3 Depletion forces

The depletion forces rely on the principle of maximentropy of the solvent. Entropic excluded
volume effects induced an overcoming of the shamge repulsive interparticular interactions.
This leads to the particles attraction and assef@}p] Methods to induce depletion conditions
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are based on the adjunction of a species, callptti@dat: small particles, molecules or the most
often macromolecules. In order to induce a depiegiffect useful for an assembly purpose, it's
important to consider a depletant presenting alsefgiattraction for the colloids surface. In such
conditions, a depletion layer can be formed onstinidace of the particles where the polymer is
excluded, leading to the destabilization of thepdision (case of the flocculation induced by
depletion)Scheme 16 The case of particles exhibiting a shape compleamnigytis a particular
way to maximize the overlapping [10] and studied domputer simulation.[11] The results
showed that indented particles can be self-assennfitie chain or branched structures, depending
of the colloid shape and depletion conditions. Tdebkavior is also true in the biochemistry field
where it’'s a major concern in the case of the pmegpeotein interactions.[12]

(a) (®)

Scheme 16: Scheme of two colloidal spheres in aw@n of non-adsorbing macromolecules; The depletio layers are
indicated by short dashes. (a) Without overlap, theosmotic pressure on the spheres due to the polymeplution is
isotropic. b) For overlapping depletion layers, osmtic pressure on the spheres is unbalanced; pressuis indicated by the
arrows. Reproduced from referencg13].

1.1.4 Hydrophobic effect

The commonly named hydrophobic effect (hydrophatitaction) is the strongest non-covalent,
non-electrostatic binding force occurring betweentiples dispersed in water. According to
several authors, this designation could be a migmndan a mechanism which is, so far, driven by
the free energy of cohesion of water molecules.[ll4¢ origin of hydrophobic interactions is
therefore supposed to be an effect mostly entrapiginating from the disruption of the
hydrogen bonding.[15]

1.1.5 Chemical coupling between particle surface th  rough reactive species

The coupling in between particles can’t be congidexs a force applied directly on particles, but
it is a way to link particles through their surfacdt consists into the reaction of two
complementary chemical species which are allowae@act together when the proper conditions
are induced in the medium. It consists into shanige attractive forces at the molecular level,
corresponding to enthalpic mechanisms.
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1.2 Assembly in 2-D or 3-D arrays

Over the last few decades, particles have servéam@ssphere models for atoms and within this
context they may be called colloidal atoms (CAshisTanalogy has turned out to be most
rewarding and the origin of several major developisieFor instance, self-assembly of size-
monodisperse isotropic CAs in aqueous dispersi@tgel to clarify crystallization and phase
transition mechanisms.[16]-[18]hanks to their mesoscopic size, CAs can indeestumdied in
detail at the single-particle level and their dymesrare slowed down sharply in comparison with
atomic systems, such that the formation of a clystacleus can be followed in detail.
Crystallization of CAs in colloidal crystals (CC$ an entropy-driven process in which
configurational entropy and free volume entropylaat and high concentrations, respectively
dominate. Concentrating the dispersions allows diserder-to-order transition; face-centered
cubic fcc) and hexagonal-close packdaf) structures are thermodynamically favored, as they
gain more free volume entropy than other packingragtries. Nevertheless, it requires a long
time because of the slow relaxation of large CAs &me high viscosity of concentrated
suspensionsSo metal crystals and crystallization are quiteilgasimicked from CAs self-
assembly, especially for evidencing formation diedes such as vacancies, macroscopic cracks,
polycrystalline domains, and stacking faults. Fwstance, depletion forces were used to form
extended cubic array of cubic CAs.[19]

Electrostatic forces were used for mimicking ioohystals,i.e. crystals made of cations and
anions, achieved through the self-assembly of pinaixtures of CAs.[20] For instance, mixing
oppositely surface-charged and differently-sizedsCénd tuning the coulombic attraction
through the nature and length of the capping ageméble the fabrication of binary CCs with
AB, AB», ABs3, AB4, ABs, ABs and ABiz symmetries, providing a mesoscale embodiment of
NaCl, AlB2, MgZnp, CaBs, NaZns, etc. crystals.[21] Two dimensional arrays were alsaisd
thanks to similar electrostatic interactions invile¢n Janus-like particles and charged substrate in
order to confine the assembly in two dimensiong.[22

Recent improvements concerning the surface motisicaf CAs allowed high density grafting
of DNA strands. Such a high density lead to angasing control over the crystallization of CAs
by playing on DNA strand melting temperature.[23}]

Mimicking covalent crystalg,e. crystals made of pure covalent bonds such as didnti, Ge,
SiC crystals, necessitates highly directional extgons between CAs and therefore the
implementation of their patchiness, as plentifullymerically demonstrated.[25]-[2As far as
we know, any similar array obtained experimenthfg been yet reported.

1.3 Assembly into discrete clusters

Over the last decade, both experimental and simulatorks have tremendously explored the
assembly laws of extended arrays of particles.@ncontrary, the formation of discrete clusters
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has been quite well explored experimentally [28]ilevlnumerical studies have remained a
minority and concerned most of the time Janus-tikgatchy particles.[29],[30] The assembly
strategies are classified according to the drivorge used to promote the clusters formation.

1.3.1 Assembly route exploiting electrostatic inter actions

Electrostatic interactions in between negativelgrged (citrate-stabilized) gold nanopatrticles
(10-50 nm) and positively-charged silica core (X00) were used to produce raspberry like-
structures.[31] The silica cores were previouslsfasze-modified by using amino silane as well
as polyelectrolyte multilayers. By playing on theewll surface charges of the colloids, the
density of coverage could be tuned in a certaigeaiihe raspberry like nano-objects obtained
by varying the size of the gold satellites showwsslweakness of the interactions. The largest the
satellites are, the weaker the attraction is. Cquesetly, the largest satellites have a strong
tendency to collapse from the core surface oncsddsh a substraté&igure 50); this issue was
overcome by the deposition of a thin silica coatinghe raspberry-like assemblies.

a) b) ¢)

e)

S0 n

d)
50 nm I
f) g) h) i) j
’ ..“
lOﬂlm 100 nm IOEm o111

Figure 50: TEM-images of the nanoclusters obtainetly assembling gold nanoparticles of different dianters of (a, f) 10,
(b, g) 20, (c, h) 30, (d, i) 40 and (e, j) 50 nm dhe polyelectrolyte-modified silica beads after erapsulation with a thin
silica shell[31]

1.3.2 Assembly route exploiting hydrophobic effect

The clusterization of identical particles generatsd hydrophobic effects was exploited to
produce plasmonic nanoclusters.[32] Thiol-ended nR&romolecules were grafted onto the
surface of citrate-stabilized 15-nm gold nanopbesicand those particles were incubated with
amphiphilic PSslock-poly(acrylic acid) copolymer in DMF at 60°C. Theality of the DMF
solvent for PS was then decreased by adding amastrg amount of water promoting the
aggregation of the gold nanoparticles within the d@Bnains of the copolymer and then the
solidification of the assembly{gure 51).
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Figure 51: a) Scheme of the clusterization of Au meparticles thanks to a progressive addition of wagr into DMF and use
of PSblock-poly(acrylic acid) macromolecules as stabilizing gents; b-d) TEM images for various plasmonic nanoalsters
and focused views in the inserts and e) SEM imagés various plasmonic nanocluster morphologies f) @tribution of the
nanoclusters size considering the number of plasmanparticles (N)[32]

The same strategy was reported by Liz-Marzan anslodeers.[33]—-[35] Using P®lock
poly(acrylic acid) and gold nanopatrticles surfacedified with HS-ended PS macromolecules,
and playing on the solubility condition of the @ifént blocks, they succeeded in obtaining gold
nanoclusters mostly made from 3 to 25 nanoparticles

Another paper from the same team proposed to ustategy based on the formation of
plasmonic nanoclusters prepared by using a nom-gunifactant called pluronic F 68 to stabilize
and cluster gold nanoparticles.[36] Typically, galahopatrticles initially capped with CTAB and
were transferred into a solution of Pluronic F &bsequently the colloidal dispersion was
emulsified with toluene using ultrasonic homogeniz&he emulsion droplets bearing
nanoparticles were evaporated using a rotary eadqoyielding clusters. Finally the separation
of the different populations of clusters was achtby gradient density centrifugation. In this
case hydrophobic interactions drove the assembly.

1.3.3 Assembly route exploiting depletion forces

Depletion forces were used in the concept of lautl-keys colloids developed by Pine and
coworkers.[37]-[39] Using micron-sized monodimplgehrticles, spherical particles and
poly(ethylene oxide)M,, = 600 000 g/mol; 0.5 g/L)depletant, dimeric, trimeric and tetrameric
assemblies were obtained with the unique featurkawfng flexible bonds. More recently, the
same concept was extended to multidimpled lockowts| obtained by the clusterization route
already described iRigure 12[40]-[44] The lock particles were added with anessof 5 fold
keys to promote a complete fulfillment of the logkother important concern was the size of the
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keys Figure 12, Figure 53. Indeed, the best results in term of assemblywbétained when the
radius of the keys was matching the curvature gdiuthe lock, confirming the importance of
the shape complementarity.
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Figure 52: Lock-and-key assemblies from lock parties made of a varying numbers of dimples. a) Schemtaillustration
showing a trivalent particle with three assembled gheres using depletion interaction. The depletantb{ue coil) causes
osmotic pressure (arrows) between adjacent colloidsvhich is maximized when a sphere assembles intocavity. (b—f)
Bright field images (top panel), confocal images (iddle panel), and cartoons (bottom panel) showing waitivalent lock
particles with b) one, c) two, d) three, e) four, ad f) five cavities binding to red fluorescent sphes stoichiometrically.
Scale bars: 1Ium.[40]

1.3.4 Assembly routes exploiting supramolecular or covalent coupling

The assembly of particles thanks to supramolearl@aovalent coupling has been reported in the
literature. For instance, it was described thei€altion of raspberry-like structures made of a 90-
nm PS core and 36-nm silver satellites, previoasalyace-decorated with streptavidin and biotin-
terminated ligands, respectively.[45] For avoidihg formation of aggregates and promoting a
maximum grafting density, the silver nanoparticlese surface-modified with a mixture of 60/1
HOOC-PEG-SH/biotin-PEG-SH. The particles were miied silver-to-PS nanopatrticle ratio of
100. An average inter-satellites spacing of 3.8was spontaneously obtaindéigure 53g. The
authors didn’t precise the average number of s&®lattached per core particle, however they
considered clusters made of 32 satellites perfocothe simulation experiments.

Another approach, which had been envisioned fotroblimg the satellite number and positions
was to take the inherent icosahedral symmetry éehillbby some virus capsids as an advantage.
Chemical-modification was performed by attachingteijne groups on the twelve specific sites
situated at the vertices of the icosahedral cagtsictture. The use of an excess of gold-particles
was critical. A gold-to-capsid nanopatrticles raifo(240/1), i.e. 20 gold particles per icosahedral
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site was used. Thanks to those thiolate amino-adius authors succeeded in directing the
assembly of gold nanoparticles at the specifictiooa of the virus surface.[46],[47]

The DNA patches produced thanks to the clusteamabf amidinated PS microspheres, as
already described in Chapter Eigure 11), were used for assembly purpose with particles
exhibiting complementary DNA strands.[44] The fotiba of a range of discrete structures,
controlled by the valence of the patchy particleas observed by optical microsco@yidgure
530. When the assembly was carried out with stoichtomeamounts of particles, only 50 % of
the sites were occupied after few days of reacfitre use of a five folds excess lead to 80 % of
sites occupied after the same reaction time. Maedt was suggested that the use of stronger
DNA bonding (obtained by increasing the lengthief DNA strand) should increase the reaction
rate. The stability of the clusters was quite ga@idambient temperature. However, some
disassembly phenomena were observed while the rssisps were warmed over the melting
temperature of DNA.

A covalent coupling method was employed to attachi#ida particles on the tips of silica
tetrapods prepared by colloidal templating.[48] alled clusters of colloidal particles were
obtained through a reductive amination reactiombeh amino-modified satellites and aldehyde-
modified tips Figure 53b). The article gave any insight about the amountasficles necessary
for completing the assembly.

.

Copolymer

Figure 53: a) (i) Biotin-functionalized silver nangarticles; (ii) streptavidin functionalized PS nangarticles; (iii) raspberry

like cluster; TEM image of the raspberry-like structure prepared according to the streptavidin-biotin method. Scale bar:
100 nm[45] b) Site-specific assembly of colloidal silica sphes on tethered silica tetrapod$48] c) Specific directional
bonding between patchy particles observed by optitanicroscopy: bright-field (left panels), confocalfluorescent (middle
panels), and corresponding schematic structures @ht panels). Scale bars: 2 urig9]
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1.4 Conclusion and assembly strategy taken on for t his study

Our objective being to promote the fulfillment dfet dimples of silica cores by satellite gold
particles, with diameter that are of the same graerfinally getting robust silica/gold multipod-
like clusters, most of the already-reported assgmdltes were initially discarded:

- ionic interactions between oppositely surfacargbd particles, because it had been
shown that they aren’t strong enough for mechalyicahchoring large and dense metallic
satellites;

- depletion interactions, because their efficiehay been only demonstrated with micron-
sized particles exhibiting shapes which were eyactimplementary. But the bottom of our
dimples was indeed convex, due to the reminisceftke original silica seed and the presence
of the PS bump, therefore unsuitable for welcomaegnlly spherical satellites. Moreover, the
assemblies obtained by depletion interactions appased to be reversible as a function of the
depletant concentration variation. Moreover, itdually known that the roughness or more
generally the topographic irregularities of the face is detrimental to depleted assembly
purpose;[50]-[52]

- hydrophobic effects, even if the presence ofRBebumps could have been an excellent
opportunity for interacting with gold satelliteseprously surface-modified with end-grafted PS
macromolecules. If there exists numerous routestdich a grafting, the main reluctances were
that (i) the previously-reported assemblies werelenaf gold colloids which didn’t exceed a
diameter of 60 nm and (ii) the control of the numbégold colloids constituting the clusters
wasn’t so easy. In order to simultaneously promtbe interactions with the PS within the
dimples and avoid a self-aggregation of the goltbmts, an alternative would have been to make
preliminarily the gold colloids Janus-likee. with one patch made of PS grafts. This promising
route appeared to be too time-consuming in theestndf the present study, leading us to
disregard this method;

- DNA strands interactions, because despite thigin specificity, the DNA chemistry is
quite expensive and the stiffness of the DNA linké&glacking;

- biotin-streptavidin coupling, because of the aafsteagents and the high sensitivity of
streptavidin (and more generally of any protein) the dispersion medium making them
destroyed or under unreactive conformation in thgroper conditions.

As a consequence, the chemical coupling strateggaapd to be a simple and straightforward
method to assemble particles through the creatfocowalent bonds between complementary
groups grafted onto their respective surface. ldde® have already described in Chapter 1 that
the PS residue at the bottom of the dimples mightdadily made reactive.g. with amino
groups. Therefore the use of satellite spheresasedinodified with antagonist chemical
functions appeared to be a promising route and aeasidered as a first-line route. Here, we
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chose to use a peptidic-coupling method insteatiefeductive amination process proposed by
Li.[48] The reason is simple: even if the procesamilld be envisioned thanks to several
adaptations, the main coupling reaction had beernedaout in toluene which is a medium in
which the patchy particles are not colloidally $ab

A common drawback of all the assembly routes preshocited is the need for a large excess as
well as high concentration of satellite particlesorder to promote a rapid reaction of a majority

of reaction sites. Those conditions arise from taain concerns. The first one is to increase the
probability of inter-particular collisions. The se@ one is to keep the clusters discrete, by
avoiding the formation of bridged clusters or asray particles.[53] Those major considerations

led us to disregard the direct assembly of goldii®ts, because of the cost of their fabrication a

large scale. Instead, we preferred an approachdb@sehe assembly of silica satellites which

could be later coated with a gold shell in a wamilsir to that investigated in Chapter 2.

Therefore the synthesis strategy of the silica/goldltipod-like clusters investigated in this
Chapter is summarized in. We first investigateddabsembly of spherical silica satellites within
the dimples of the patchy particles prepared inpBdral Scheme 1% Then, we performed the
discriminatory tagging of the satellites by goldl@ls followed by their regrowth in order to get
a thick coating of gold larger than the skin deptigold (20-25 nm of thickness). Contrarily to
the strategy developed in Chapter 2, where the lcmupvas performed in water, we took
advantage of the possibility for the PS macromdescaof the bumps to be extended and therefore
more reactive in an organic solvent.

2 Synthesis of silica/silica multipod-like clusters by assembly

The purpose of this part is to describe a pathwayhe assembly of colloids and dimpled silica
particles in a good solvent for PS chains. Als@,donvenience, we focused on the use of the
aminated PS chains as-described in Chapt&chgme 17)We used DMF as dispersion liquid
because of its aprotic and polar properties as agethood solvent for PS. We proposed to use a
peptidic coupling to attach the silica satellite®ithe aminated dimples. This kind of reaction is
well known in the literature and has been extemgistudied in the biochemistry field dealing
with the amino-acid modifications[54],[55] The firstage was to prepare silica particles covered
with reactive carboxylic acid functions.

Scheme 17: Cross section of the possible contacthietween the silica satellite and the dimpled silicparticles in a good
solvent for polystyrene.
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The carboxylic groups are not highly reactive tavamino groups in aqueous media. Indeed,
carboxylic groups are known to react in very paittc conditions such as high temperature
treatment in anhydrous or enzymatic conditions ddpeg if we consider synthetic or biological
points of view. But, a simple and well-known apmioaconsists into the activation of the
carboxylic groups into more reactive groups. Bdkicthe reactivity scale is the following: acyl
halides > anhydrides > esters or carboxylic acidgsmdes. We chose to use chloroformate [56]
derivatives to get mixed anhydrides by reactiorhvaidirboxylate groupdiere, we selected the
ethyl chloroformate (ECF) to activate the COOH growhich is well-known and cheap; ECF
was expected to release ethanol during the reactibith is a convenient side-product.
Triethylamine (TEA) was used as a base to deprt#obath amino and carboxylic groups
(Scheme 18).
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Dimpled NH,* Dimpled NH,

TEA
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$i0,-COOH $i0,-COOCOOEt
Scheme 18: The peptidic coupling investigated in ik study: The aminated PS within the dimples of th@atchy particles
are deprotonated by TEA meanwhile carboxylic-modifed silica particles are deprotonated by TEA and adtated by ECF.

2) Washing

The formation of mixed anhydride species, much mmeeetive toward the amine than the initial
carboxylic group, should promote the formation wiide bonds. Here, this approach results from
the search for a balance in term of reactivity.ekd while a carboxylic acid is probably not
reactive enough for an assembly purpose, the adidéhformed is saeactive that itbecame
sensitive toward the water traces present in tiesbor in ambient atmosphere and became
hard to handleTaking such considerations into account, the use refaction forming the mixed
anhydride at the silica surface few minutes prior the assembly should be a relevant
compromise.[57],[58]

2.1 Synthesis of silica particles bearing carboxyli c acid groups

The synthetic pathway for chemically functionalizeilica particles with carboxyl group is
summarized orscheme 191t was applied to batches of silica particlepe=pared in Chapter 1
(diameter of 55, 85 and 137 nniigure 17).

EtO
E

N 0. _0._0
t0=Si NH, 0. (0]
OH E10” SN2 O\ . v N H
‘:OH 0—/—51\/\/Nll3—> 0751\/\/N oii
OH O 0 o

Si0, Si0,-NH, Si0,-COOH
Scheme 19: The surface functionalization of the &k nanoparticles with carboxylic acid groups.
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2.1.1 First stage: synthesis of amino-modified sili ca particles

Several recipes, more or less successful regatimgsoelectric point (IEP) value, the colloidal
stability and the grafting density, could be used perform the silica modification by
aminopropyltriethoxysilane (APTES).[59],[60] We d&®oto use a recipe which had been proved
to be the most efficient in our group.[61] Thecliparticles were modified just after their growth
and a thermal treatment stage in a high boilingnfpdispersion liquid serving as wetting agent
was carried out for completing the condensatiootrea.

Protocol 30: Amino modification of the silica paxies surface.

Silica particles produced thanks Ryotocol 2from Chapter 1 are typically used in their
growth media (ethanol/ammonia). An amount of APTE8 % Sigma Aldrich)
corresponding to 20 functions per nm?2 of availasileca surface is added the reactor.
The dispersion is stirred for 12 h. A volume ofcglpl (99 % Sigma Aldrich)
corresponding to 10 % of the total volume of thepdrsion is added. Ethanol and water
are evaporated using rotary evaporator device 292 C. The dispersion, from now in
glycerol, is heated by an oil bath set at 105°C d&osubsequent 2 h thermal treatment
conducted under the vacuum produced by a rotary yamp Finally the dispersion is
washed by 4 cycles of centrifugation/redispersioathanol (12 000 g; 20 min).

In brief, Figure 54 presents the typical evolution of the zeta po&tmti the as-obtained aminated
silica particles as a function of pH, before anttrathermal treatment. The value of IEP was
strongly affected by the thermal treatment increg$fom pH 7 to a value not measured because
of the device limitation, but certainly higher thphl 10. Knowing that the pKa of a primary
amine such as that of APTES is between 10.5 andh#llEP value obtained after the thermal
treatment was the proof that the majority of tharge carriers were amino groups. It means not
only that they were available for further reactiobst also that the original negatively-charged
silanolates had properly reacted. This evidenced the APTES surface density was high.
Indeed, it was previously demonstrated that APTEfeaules first interact through their amino
groups with the surface silanols and that the dedttimh phenomenon induced by the thermal
treatment is an efficient way for the APTES molesuto turn over and condense through their
alkoxysilane moiety.[62],[63]
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Figure 54: Zeta potential measurement as a functionof the pH for amino-modified 55-nm silica particles
prepared with (blue) and without (red) thermal treatment (TT).

2.1.2 2" stage: derivatization of the amino groups into car boxylic acid ones

It involved the use of succinic anhydride to combe surface amino groups - deprotonated by
TEA (acting here as a base) - into carboxylic arids through the creation of amide bonds. The
carboxylic modified particles are schematized ke/lthown color for the rest of this dissertation.

Protocol 31: Functionalization of silica particles/ith carboxylic groups.

The aminated silica particles as obtained fremotocol 30are transferred into DMF by
two centrifugation cycle at 12 000 g during 20 mBubsequently an amount of
triethylamine (TEA) corresponding to 50 functiores pm2 of available silica surface is
introduced into the dispersion which is centrifugete more time at 12 000 g during 20
min and dispersed in DMF. The dispersion is tramsfiinto a round bottom flask set in
an oil bath at 60°C and dehydrated during 2 h undgcuum generated by a rotary vane
pump. Subsequently an amount of succinic anhyaedesponding to 50 functions per
nm?2 of available silica surface is introduced ard to react overnight at 60°C. The
dispersion is washed 2 times by centrifugationtivaeol and 2 times in DMF, an amount
of TEA corresponding to 50 functions per nm? isoiiticed and the dispersion is washed
one more time at 12 000 g for 20 min and finalspersed in DMF and dehydrated under
vacuum using rotary vane pump (RV5 from Edwards).

Figure 55 presents typical infrared spectra of the silicatipi@s with a reaction performed at
ambient temperature without dehydration or withyaghtion at 60°C. As expected, the presence
of amino groups was evidenced by the N-H bendintsa6 cm' on the first spectrum while the
amide C=0 stretching at 1650 2mand the carboxylic C=0 stretching at 17307cane clearly
visible on the second spectrum.

Moreover, zeta potential measurement was perforonetthe carboxylic-modified silica particles
with or without the thermal treatment. Basicallytypical carboxylic group exhibits a pKa value
around 3-3.5; in such conditions, a silica surfeaeered by carboxylic groups should exhibit an
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IEP around pH 3-3.5. As shown déiigure 56, the IEP measured for the carboxylic-modified
silica particles obtained with and without therntedatment are around pH 3.5 and pH 6,
respectively. Those measurements have pointedfibeecy of the thermal treatment performed
during the conversion. It is assumed that the thétmeatment is useful to remove the side-
produced ethanol. This is considered as being goud®ful, first to avoid undesired reaction in
between succinic anhydride and ethanol and se@ddve the reaction to completion.

T(A.U)

N—H bend (primary amines only)

l

Carboxylic Acid
C=0 Stretch

\

Amide C=0 Stretch
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Figure 55: IR-spectra of the amino-modified and caboxylic-modified 55-nm silica nanoparticles.
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Figure 56: Zeta potential measurement of 55 nm sda nanoparticles in water surface modified with capoxylic group with
or without dehydration treatment.

In the literature, various approaches exist for fincation from aminated particles to carboxylic
modified ones [64],[65]. The multi-functionality dhe particle i.e, simultaneous presence of
amino and carboxylic groups, is a well-known pheanon.[66] Here we showed that a thermal
treatment can dramatically change the IEP value®fCOOH-modified particles. This result was
attributed to an increase in the density of carkioxgroups.
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2.2 Assembly of carboxylic-modified silica particle s with aminated patchy
particles

The assembly process depends upon several impaletaits. First of all, the silica particles as
well as the dimples needed to be deprotonated tedsive during the coupling¢heme 20 (1))
This is typically the case when an excess of TEAsid. Moreover, due to the peptide coupling
reaction in itself, the amount of ECF manipulategaded to be carefully controlled. An excess
could be very detrimental for the targeted assemddygtion. Indeed, ECF is reactive towards the
amine group leading to the formation of urethake-lmolecule. The use of a stoichiometric
amount of ECF molecules regarding the amount dfmaylic groups avoided the side reaction of
residual ECF susceptible to inhibit the amine rigagtupon mixing(Scheme 20 (11)).
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Scheme 20: The activation reaction of the carboxyimodified silica particles (1); the undesired reation that could occur
in between amine and chloroformate forming an uretane-like molecule (l1).

As previously mentioned, the use of carboxyliccsilparticles without residual amino groups is
of major importance considering the coupling reactin itself. Indeed, during the activation
process carboxylic and amine are susceptible tot igdh ECF. However, carboxylic groups
could also react once activated with the amine ggaemaining on neighboring particles leading
to the formation of an aggregated state followimg activation step. In parallel, a deactivation of
the surface by intra-surface reactions is also iplesyielding also in the destabilization of
particles by the loss of surface char§et{eme 21)In those conditions, a controlled and defined
assembly would be no more possible.

104



Chapter 3: structured plasmonic nanoclusters through the assembly of preformed dimpled particles and satellites

Intraparticular

Interparticular

Multifunctional particles

Scheme 21: How multifunctional particles, i.e. whemnamino groups would have been uncompletedly conved into
carboxylic groups, could self-assemble at the timaf the activation by ECF.

If the requirements previously listed are fulfilletie assembly reaction as schematized on the
Scheme 2Zhould be promoted.
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Scheme 22: The peptide bonding reaction used foreéhassembly of activated carboxylic particles intorainated dimples.

Protocol 32: Assembly of the carboxylic-modifiedlica particles with aminated
dimples.

A dispersion of aminated dimpled silica particleggared according td’rotocol 11 is
transferred in DMF by 2 centrifugation cycles at @@ g during 20 min. An amount of
TEA corresponding to fifty functions per nm? offace of a sphere of similar diameter is
introduced and the solution is washed one more tinte DMF. Finally, the remaining
water is removed from the dispersion, by heatind@tC under stirring and vacuum
generated by a rotary vane pump for 1 h. MeanwhileL of the dispersion of carboxylic
surface modified silica nanopatrticles is introdudedan Eppendorf (55 nm in diameter
70 g/L). A volume of TEA (6.2 uL) corresponding fanctions per nmz is introduced and
the solution is homogenized using vortex device.dldtivation of the carboxylate groups
into anhydride carbonate is performed by adding 18 of ethyl chloroformate
corresponding to 4 functions per nm? of availablea surface. The dispersion is mixed
upon vortex device and homogenized on the rolleenfor 2 min. Finally 0.1 mL of the
dehydrated dispersion of dimpled silica particles DMF containing approximately
6x10* dimpled silica particles is introduced in one simb the Eppendorf containing the
activated silica spheres. Then, the solution is bgemnized and let to react over the roller
mixer overnight. The dispersion is typically trarséd in 40 mL of water and washed 3
times with 40 mL of water and 0.1 mL of TEA by @siB cycles of
centrifugation/redispersion at 500 g during 20 min.

The first experiments concerned the assembly afriSearboxylic-modified silica particles with
the aminated dimpled silica particles deriving fréif86 used in an excess of approximately
600/1 in term of satellites per core particles.shswn onFigure 57, it was successful leading to
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robust silica/silica multipod-like clusters. No aggation phenomenon was observed in water.
Moreover, due to the important size difference leetwthe assembled clusters and the silica
particles, the washing steps allowed an efficientaval of the free silica spheres.

At this point, we understood what the key-paransetezre for the assembly of satellites onto the
dimpled particles: the high density of carboxyladagroups on the satellites, the amount of TEA
to deprotonate the amino and carboxylic groupsatheunt of ECF that shall equal the amount
of carboxylate groups and finally the mixing stabat shall be performed after the activation
steps.

Moreover, it was important to find how to promate tomplete assembly of particles that is why
we studied the effect of the concentration of plesi as well as the contact time which are
intuitively related to the collision probability.

Figure 57: TEM images at different magnifications 6 the silica/silica multipod-like clusters obtainedby assembly in
between ECF-activated carboxylic-modified 55-nm sita nanoparticles and aminated dimpled particles (FB6) deriving
from (H-86) a) and b) before elimination of the exess of satellites and c) after.

2.2.1 Effect of the concentration on the assembly

In order to determine the effect of the satelldezore ratio over the assembly efficiency, we
performed assemblies varying the amount of saslfibr a concentration of cores kept constant.
From an experimental point of view, an amount divated satellite dispersion was prepared and
various volumes of this dispersion were introducedo a constant volume of deprotonated
amino dimpled silica particles. To maintain the urok of the total dispersion constant, we
completed the volume with pure DMF. After an ovghtireaction, the as-obtained particles were
washed as previously described.

According to the results presented Bigure 58, the assembly success seemed to be directly
influenced by the concentration of colloids. Theseitved trend was as following: the more
concentrated the dispersion, the more fulfilleddhmeples.
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Figure 58: TEM images series of silica/silica muliod-like clusters (T-86) showing the effect of thesilica satellite
concentration over the assembly efficiency in theinhples; the fulfilled dimples are highlighted by the red circles.

We didn’t push forward this investigation, knowitttat we could produce sufficiently highly
concentrated dispersion of colloids simply by canicing them using centrifugation. Statistics
weren’'t attempted on these experiments, becausmgdiine washing steps the assembled
silica/silica clusters with a low amount of sateli could be removed with the excess of satellites
yielding to statistics distortion. Moreover, stdtial analysis of the raw mixture wasn't realistic
due the large excess of satellites. That is whyla@ded to move forward and to investigate the
required reaction times for the set of conditioreswged. For this investigation, the experiments
were conducted at volume fraction of colloids tytlig higher than 3 %.

2.2.2 Effect of reaction time on the assembly

Typically, the success of such an assembly coul@xpected like strongly dependent on the
collision probability existing in between the paltis. To elucidate if this assembly required
almost one day, which is the time used for the ipres experiments, or shorter time scale we
extracted aliquots of the dispersion at differémietintervals and took the precaution to stop the
assembly reaction by diluting the sample in wétdlpwed by centrifugation. The corresponding

results are presented Bigure 59.
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Figure 59: TEM images showing the effect of reactiotimes over the assembly of aminated patchy parties (T-52) with
and ECF activated carboxylic-modified 55-nm silicgarticles. Scale bar: 100 nm.

By observing the TEM pictures, it was evidenced tha contact time required for the assembly
was shorter than 30 min. Indeed, longer reactioredi didn't seem to lead to more fulfilled
dimples.

3 Derivatization of the silica/silica clusters into silica/silica@gold
clusters

The formation of the gold layer over the silicaeiges after the assembly appeared to be a
relevant alternative to the attachment of pure galietllites. However, the question was: how the
silica satellites should be labelled by gold nudteipromote an efficient gold layer formation
while preserving the morphologyg. an exclusive growth on the satellites. Two maintes
were possible: performing the labelling before fterathe assembly, called strate@dy and(ll) ,
respectively (Scheme 23 Both strategies had a priori their own drawbacke possible
perturbation of the assembly process due to the gatlei presence for the strated)y, and the
tricky gold labelling supposed to be discriminatdogtween the satellites and the core for the
strategy(ll) . That is why we investigated both routes in a pratic spirit.

)\ Carboxylic
¢/ conversion

() ‘ Assembly Amlno
onverslon

Scheme 23: (I) Strategy consisting in the decoratioof amino-modified particles by Duff gold nuclei hen conversion in
carboxylic surface and assembly in between amino pEhy particles and silica particles decorated by dd nuclei. (Il)
Assembly in between carboxylic-modified silica paitles and amino patchy particles, in a second stefhe carboxylic
groups are converted into amino group, finally theparticles are seeded by gold nuclei.

Assembly
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3.1 Strategy (I): assembly with silica satellites p  reviously decorated by
gold nuclei

85-nm silica spheres modified with APTES were dataat with “Duff” gold nuclei. The process
was a variation of the seeding step described ephn 2 Protocol 19 where the aminated silica
particles were positively charged thanks to aguticcondition and then mixed with an excess of
gold nuclei dispersion. However, in this approatie elimination of the excess of gold nuclei
was followed by a transfer in DMF. Then the aminoups were typically converted into
carboxylic ones by reaction with succinic anhydigdedescribed in this Chapt&rétocol 31.

Protocol 33: Seeding of the amino-modified silicanticles by gold nuclei followed by
conversion of the amino groups into carboxylic ones

Typically, a volume of amino-modified silica pale® as obtained aftdProtocol 30are
transferred into water acidified by HCI (pH 4) bging two centrifugation/redispersion
cycles (12 000 g; 15 min). A volume of gold nuplapared according td’rotocol 19
from chapter 2 is added. The solution is stirredronght and finally washed from the free
gold nuclei by three centrifugation/redispersiorleg (10 000 g during 20 min) in DMF.
Then theProtocol 31is applied.

During this process we noticed that the dispersiotained after the seeding process was turning
from the initial “cola” brownish color to a much meoburgundy color. The process was anyway
pursued in order to attempt an assembly of theeskepdrticles into the dimples of the aminated

patchy particles according to tReotocol 32

As shown orFigure 60, the assembly failed. Indeed, most of the siliadigles weren’t attached
to the dimples. Moreover the gold nuclei seemetaee moved from the silica spheres to the
patchy particles where they were stuck into thepdias
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Figure 60: TEM image of the assembly of silica paitles decorated by gold nuclei prior to the conveisn of the amino
groups into carboxylic ones with aminated dimplesH-86).

We think that the thermal treatment performed dutime conversion of the amino groups into
carboxylic ones had induced a certain coalesceticthed gold nanoparticles as well as a
loosening of the electrostatic interactions in l@swthe amine and gold nuclei. At some point, it
might be envisioned that a fraction of the aminéslding” the nuclei was converted into

carboxylic groups. In such conditions, the silitigles could be easily stripped of their gold
nuclei by the amine groups of the dimples givingaures similar those studied in Chapter 2.

In order to determine if the assembly failure a#l a® the loosening of the gold nuclei was both
due to the thermal treatment, we repeated the empet without the thermal treatment stage
performed during th@rotocol 31 Afterwards, the particles were put in contachwite aminated
dimpled particles according to tifeotocol 32 Subsequently, the assembly formed were used for
a regrowth process similar to the one describebarsectior?.3 of Chapter 2 in order to promote

a gold layer formation over the decorated silicdiplias.

100 nm

100 nm G; »
»

Figure 61: TEM images of the assembly of Duff decated amino silica converted into carboxylic surfacegroups
assembled with aminated dimples (T-86) a) and aftegold growth b).

110



Chapter 3: structured plasmonic nanoclusters through the assembly of preformed dimpled particles and satellites

The typical kind of assembly obtained is shownFigure 61a The assemblies exhibited string-
beads like formation instead of anchorage of irttlial silica particles. Indeed, the silica satedlite
seemed linked in between each other and this abpeeime more obvious after the gold growth
as seen offrigure 61b. This observation was attributed to the formatidrcleemical bonds in
between the satellites due to their multi-functiggaas explained beforeScheme 21)Indeed,
we showed that the absence of thermal treatmenbrwert the amino groups into carboxylic
ones gave particles with IEP at pH 6 meaning thatsurface coverage in term of COOH groups
wasn’t total with remaining NEgroups. In such conditions, the undesired assembbgtween
the satellites during the activation step becameahissue as highlighted by those results.

3.2 Strategy (I): post-assembly decoration of the silica satellites by gold
nuclei

The second strategy developed to obtain plasmamociusters from self-assembled silica/silica
multipod-like clusters took advantage of the diparecy existing in term of surface chemistry
between the satellites and the core.

We can consider the surface as schematize®areme 24 The left scheme represents the

assembly with unmodified patchy particle whereas tlght one deals with the assembly

performed with “passivated” patchy partickeg. after grafting of propyl groups as described in

Chapter 2. It was important to keep in mind that washing step performed in alkaline aqueous
media converted the remaining mixed anhydride gsolgzated at the surface of the silica

particles into carboxylate oneScheme 2% Considering such structures, there were two main
surface areas available to work with: an inter-patea covered with silanols or propyl groups,

and satellite surface area with carboxylate groups.

Silanol group Propyl group

0) O O (0) 0}
0si ¥ Ao o 0si ¥
N 0" “OEt "Base NN 0"
(0) o) (0) 0
Scheme 24: The assembled structure with the natur their chemical surface groups in the case of aaw assembly (left)

or an assembly performed with dimpled silica partites previously surface-passivated (right); schemef dhe reaction
occurring during the washing of the assembly dispeion (bottom).

3.2.1 Amination of the silica satellites attached t o the patchy silica core and their
subsequent decoration with gold nuclei

The strategy consisted first in the modificationtloé surface of the silica satellites with amino
groups. During this process, the passivated irdéckpsurface area shouldn’t be affected. The
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silica satellites surface became ready to be sebégledold nuclei, supposed to promote the
formation of a gold shell over the satellites bat aver the core. For that purpose, we attempted
to convert the carboxylate groups specifically preson the satellite surface into amino ones
(Scheme 25 Indeed, it was expected to derivatize the cayliogroups into amine ones through
a re-activation step of the carboxylates into mixathydrides thanks to the use of ethyl
chloroformate followed by the reaction with a maikcsuch as the ethylene diamine.

o N . 0

s i )J\ NH,EtNH ‘O—Si\/\/NY\)I\N/\/
* & o N Ot “DMF; TEA P o T H

+ EtOH + CO,

NH,

N

[¢]
| SRS Y e
H

Scheme 25: The reaction involved in the amino moddation of the silica satellites of the self-asserda silica/silica
multipods. The second step represents the protonath reaction of the amino group followed by the adsption of
negatively-charged gold nanoparticles.
Protocol 34: Site specific decoration of the sesembled silica/silica clusters with gold
nuclei.

Typically, 20 mL of the dispersion of patchy pdesscassembled with the silica COO
activated particles are washed in water and theprd®nated using TEA. The clusters
are transferred into DMF by centrifugation and t8©0O groups are reactivated through
the addition of an amount of ECF corresponding @ofdnctions /nm2 of the total silica
satellite surface used for the assembly. After &, rmn amount of ethylene diamine
corresponding to 50 functions /nmz2 of the totaicailsatellite surface is added and the
mixture is let to react overnight. Then, the dispem is washed three times by
centrifugation/redispersion in milliQ water, thertidified using few drops of HCI to
protonate the amino group and washed one more wittemilliQ water. This dispersion
containing the assembly is mixed with gold disgersas preparedProtocol 19and let
over roller mixer for at least 4 h. Finally, thesgiersion corresponding to the assembly
decorated by gold nuclei is washed three timesdmrifugation/redispersion in milliQ
water (2 000 g; 10 min).
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Figure 62: TEM image of a self-assembled silica/gih cluster made from 86-nm silica satellites andnainated dimpled
particle deriving from H-86. The 86 nm satellites vere amino-modified in order to assemble Duff gold uclei at the surface
(some nuclei are highlighted by red arrows).

Following the described strategy, the assemblyilafasparticles into the aminated patches of
passivated silica particles could be amino moditd decorated by gold nuclei as shown on
Figure 62 The results observed are in good agreement withekpected ones because the
seeding occurred in a site-specific way.

3.2.2 Growth of the gold nuclei to get silica@gold satellites

Once seeded by gold nuclei, the satellite was dobyea gold layer thanks to a gold growth
performed in conditions similar to those used iragtbr 2.

Protocol 35: Growth of a gold layer over the silicatellites of the self-assembled silica
silica clusters.

Typically, 0.5 mL of the dispersion containing sef-assembled silica-silica clusters
decorated with Duff gold nuclei are introduced ir@d60-mL falcon tube. A volume of
PVP solution (10 g/LM,, = 29 000 g/mol) is added amied using the vortex and the

adsorption is completed to occur over the rollexenifor 5 min. Subsequently a volume
of the gold plating solution prepared accordingtb® Protocol 23is added and mixed
with a volume of 50 pL of formaldehyde per mL d&fl gdating solution.

Typically, the satellites obtained after gold grbvetxhibited an aspect varying from raspberry-
like to core-shell morphology depending on the ambaf gold used for the regrowtlrigure

63). Interestingly, it was possible to control the maiagy of the clusters by playing with the
size of the silica clusters and the thickness efdbld deposited. Moreover, this approach was
relevant in term of amounts of gold used. Indeeé,used a gold plating solution to coat silica
with gold. Firstly that means that the excess ofigas required to obtain the proper assembly
condition are the silica one which are easy to peced Secondly, when the assembly sites are
fulfilled by silica, gold is employed to coat tharface. The results presented were obtained by
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using a batch of silica particles with six dimplesaverage and a batch of 86 nm silica particles
presented in the Chapter 1.

2mL

100 nm _100nm_ 100 nm

Figure 63: TEM images of the silica/silica@gold clsters. The amount of gold plating solution used fothe growth is
specified at the top left corner of the pictures. fie dimpled particles were obtained deriving H-86 bihes.

The inter-patch area passivation was mandatoryetcagsharp discrepancy in terms of surface
chemistry.Figure 64 presents the results obtained in the case of senddy made with non-
passivated patchy particles. Typically, the sdesliwere covered by gold nuclei as well as the
inter-patch area (sparsely coverage due to nonfgpadsorption).

Figure 64: TEM images of the plasmonic clusters ohtned without passivation of the interpatches areasfter decoration
by Duff gold nuclei a) and b) after the stage of dd growth. This sample is made from 86 nm silica gellites with dimpled
particles deriving from (T-86).

3.2.3 Toward the control of the inter-satellites di ~ stance
We were looking for plasmonic nanoclusters exhbittight intersatellites gap. The clusters

exhibiting a high degre of geometry with size-maspdrse satellites, we used a geometrical
approach to optimize the morphology.

We have prepared carboxylic-modified silica paesciwith a diameter of 137 nm and we
assembled them to 6 dimples patchy particles HA8Geen orrigure 65, the assembly of silica
satellites into the dimples was efficient as wsltlze gold nuclei decoration.
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Figure 65: TEM images of self-assembled silica/sif clusters from 137-nm satellites attached to th&x-dimples of a silica
core (left) with a focused view in the insert, anthe same batch after satellite decoration by golduclei (right).

In order to easily determine the geometrical patarseof the clusters, we exploited the TEM
picture of a silica/silica hexapod with a missirgtedlite Figure 66g. In this situation, the
“hexapod” was deposited on a square section therdiftance was quite precisely determined.
The distance from edge to edge of the cluster wasita400 nm and the spacing in between the
satellites was about 50 nm.

Considering the diameter of the silica sphere {@®7J and the initial diameter of the patchy core
(86 nm) the edge to edge distance should exhititngnsion of (137 x 2) + 86 = 360 nm. Here
the dimensions, 40 nm larger than the expectati@re attributed to the presence of the PS
bumps into the dimples. Considering those PS buthgsstructure could be represented as the
one onFigure 66b (drawn to scaleyhich is in good agreement with the result prestme
Figure 66¢ corresponding to the case of an assembly perfonm#ddimpled silica particles
exhibiting not very deep dimples. In such condiioiht became easier to see the presence of the
PS bumps into the dimples. Thanks to this geonatanalysis, we determined the value of the
diagonal of the blue square represenkegure 66b, and hence we calculated the distance
corresponding to the edge of the square.

Figure 66: a) TEM picture with measurement annotaton of an octahedral cluster with a missing satelld, in that case the
cluster is sat on the square defined by four of théve satellites; b) a scheme representing a crosection of the cluster
drawn at true scale; c) assembly performed with dimpled silica particles with not deep dimples allowig to see the PS
bumps connected to the satellites.
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Here this distance correspondsy2.diagonal ~ \2.(137 + 40+ 86) = 187 nm  that means

that the inter-satellites gap existing in betwe®a tivo silica particles was about 50 nm. Thanks
to this piece of information it became possibl@valuate the inter-particles distances in between
particles for various gold thicknesses. The grouftithe gold layer was performed varying the
amount of gold plating solution added. By doing & thickness of the gold layer was tuned
modifying the inter-satellite gap. Basicallkigure 67 andTable 10summarized the geometrical
characteristics of the plasmonic nanoclusters pegpalhe structures presented feigure 67
correspond to octahedral patchy (H-86) particlas Wisatellites attached to the dimples (images
a), b), ¢), d). The images) corresponds probably to the situation where onbatellites were
attached onto the hexavalent dimpled core.

The value of e shetmeasured was extracted from the analysis of thiel TRages. The gold
shell thickness deduced is the difference betweermaverage diameter of the core-shell measured
and the diameter of the silica satellite particleBe expected inter-particles distances are the
average distances in between satellites. Thoseands$s were calculated considering the
geometrical configuration as presentedrigure 66b and using the value of the mean gold shell
thickness measured;siia satelites Dinner silica particies aNd the mean size of the PS bumps attaching
the satellites.

b)

100 nm 100nm 100 nm

-

Figure 67: TEM images of silica/silica@gold cluster corresponding to various gold regrowth obtaineddr several amounts
of gold precursor: a) 5 mL; b) 10 mL; ¢) 20 mL; d)25 mL and e) 35 mL.
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Table 10: Geometrical features of the silica/silic@gold clusters for different thicknesses of the gdllayer.

TEM images on Figure 67 a) b) C) d) e)
Veps(mL) 5 10 20 25 35
Dcore sheimeasured (nm) 150 165 180 185 220
Gold shell thickness deduced (nm) 7 14 22 24 41
Expected inter-satellites gap (nm) 37 22 7 2 (Gontact)
Measured inter-satellite gap (nm) 35 20 7-10 -2 0 (contact)

The measured inter-particles distances were in gagceement with the expected ones
considering the gold thicknesses. The core-she#llgas could be considered as properly
separated from each others for a range of shelbweg simply due to their geometry. For the
smallest inter-particle distances and so the tisickbells, the value can be distorted due to the
roughness of the shell. The sample obtained bygudbmL of gold plating solution give so big
plasmonic particles that they merged or they wewdtdched from the patchy particles.

The calculated amount of gold required for a gishell thickness could be easily determined in
the case of a dispersion of octahedral clusteeskatown concentration. However, here we had
only a very rough idea of the cluster concentraton furthermore the dispersion contained a
significant amount of free silica spheres seededydig nuclei that could be coated by gold
during the regrowth. Those limitations could be roeene by a gradient density washing steps
allowing the removal of the free particles remagnin the dispersions. However, due to a lack of
time, this improvement through the purificationpsteasn’t performed. Despite the presence of
free silica@gold particles shown on the SEM and Tgibture ofFigure 68, the formation of
plasmonic clusters with a good control over therigarticles distances was achieved.

The conditions corresponding to a gold growth divos 25 mL of the plating solution appeared
like the most relevant in term of geometrical featu This sample was studied by EDX mapping
as shown orfigure 69. This observation highlighted the presence of @ dmyer specifically
deposited on the silica satellites and confirmsTtB& observation showing that there is no gold
deposited on the core patrticles.
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Ao 1]
G pl

a ©®
Figure 68: SEM (left) and TEM images (right) of theself-assembled silica/silica@gold clusters afteolyl growth with 25
mL and 35 mL of plating solution, respectively.

E—————7 1 I.K--
d) %

————————2000m Si K
e)

c)
e 200 nm AuM

Figure 69: EDX mapping of the silica/silica@gold alsters: a) oxygen mapping; b) silicon mapping; c)@d mapping; d)
corresponding high resolution TEM image; and e) sugrimposition of the previous maps.
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4 Conclusion

In this chapter, another strategy to synthesizeplasmonic nanoclusters and get short inter-
satellite separation was investigated. One exploeossibility to elaborate the nanoclusters via
self-assembly approach of pre-formed colloidal ipk$. Several attraction forces to self-
assemble pre-formed colloids are currently undeestigation into the literature. In this work,
one demonstrates that the covalent coupling appre@cpeptide bonding is an efficient way to
immobilize pre-formed satellites onto the concareaa of the patchy particles. It was difficult to
directly anchor plasmonic nanoparticles of few tefsianometer diameters onto the dimples
surface, but we were able to assemble large predsilica particles onto the dimpled particles.
Once the silica particles were held together, galdoshells were grown on the satellites surface.
One was able to precisely tune the interparticpassion by controlling the thickness of the Au
shell.

We have identified two main factors to efficientlyect the assembly of silica satellites onto the
concave areas of the particles: (i) control ofghdace functionalization experimental conditions
(ii) control of the satellites /core concentratiatio. In these optimized experimental conditions,
this route yields spectacular results to produ@smbnic nanoclusters in high yield. It offers

interesting strengths to control the interpartisfgacing within the cluster which is a crucial

dimension for plasmonic coupling.

Based on the results of the present research, ibexeclear direction that future investigation
should focus on synthesis of novel plasmonic ndnjeets. If one could replace the gold layer by
a thin silver layer, it could provide an efficienethod to develop novel hybrid nano-objects with
interesting optical properties. If one could funoglize differently each dimple one could
develop the formation of chiral colloidal particles
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When shining light on a metallic object, its elecis population starts vibrating as a whole,
generating plasmon excitations. These plasmonsndib leght whose spectrum is a unique

signature of the object morphology. The opticghsiures are directly connected to the size,
geometry, structure and compositions of the narjeetdh Precise determination of these
connections and elucidation of the fundamental meidm at the origin of the observed

properties are thus necessary advances for fulbfogating nanosystems and designing new
ones for specific applications. However, such itigasions are difficult to perform in ensembles

of nano-objects because the unavoidable variatibrtheir characteristics translates into

fluctuations of their individual properties. To a¥dhese statistical effects, one has to combine
measurement of the properties of a single nanocbly@h the morphological characterization

Figure 70. The aim of this chapter is to develop and to aseapproach to both perform a

morphological characterization of a single nandelusas obtained in the chapter 3, and to
determine its optical properties. The developnwérihis combined approach was performed on
an octahedral nano-system made of a silica corecaretshell satellites. The observed optical
properties of an individual particle were compatedhe prediction of theoretical models using

its 3D morphological characteristics as an input.

Figure 70: Artist view of isolated gold nanopartices dispersed on a substrate and studied under foads electromagnetic
beam (reproduced from GdR Or-nano team Femto-nano-gtics).

The controlled synthesis of the plasmonic nanoelsgstising the concept of the patchy particles
allowed us to produce different objects with namtesdnteraction between the satellites. Such
nanoclusters exhibit various resonance modes: alipolodes, mutipolar modes as well as
magnetic modes.[1]-[4] The magnetic mode is dueth® arrangement of closely packed
nanoparticles in a circular loop.[5]-[10] Furthemmoan interference mode known as Fano-
resonance could also appear when the proper cguplbmditions are satisfied.[9],[11]-[13]
Studying the optical properties of plasmonic nausigdrs at the single-particle level is
challenging, since measuring and identifying theessd modes is not trivial. Indeed, overlaps
between, for example, electric and magnetic modes feequently encountered. In such
situations, identifying their nature generally regs a study correlating simulation and
experimental characterizations.

From an optical point of view, different approaclmese been developed for optically detecting
and investigating single nano-objects. Optical gtafithe latter requires detection of their light
absorption or their scattering. In this contexg tiigh spatial resolution of near field optical
techniques is very interesting. However, partigleebupling that makes the interpretation of the
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experimental data difficult.[14] This has fosterte development of far-field spectroscopy
techniques whose lower intrinsic spatial resolui®mvercome by using dilute systems so that
only one particle is in the probed zone (typicallye particle per ufh Scattering based-dark
field- methods are now well established [15],[16¢ allow to investigate the properties of large
particles, of typically tens of nanometers. We déscin the following the dark-field setup used
to determine the optical properties of an octaHewaocluster. The measured optical properties
will be compared to the computed ones using thesared particle characteristics as an input to
the theoretical model.

1 The dark field set-up used for the optical measur  ement

Optical measurement of a single nanocluster wa®meed using the dark-field spectroscopy. A
spectrometer coupled with a confocal microscope wgasl in a dark field configuration to track
down a cluster, to measure its optical propertied @iscriminate the electrical resonance from
the magnetic one&Scheme 26llustrates the configuration that we used to rdomptical spectra
of the nanoclusters. All the measurements wereopedd in the Manoharan Lab at Harvard
University with the help of Nabila Tanjeem and Notks B. Schade. The design was very similar
to the one used in previous studies.[5],[6] Tydicadn incident white light beam from a halogen
goose neck lamp is focused on the sample using<dd2@ working distance Olympus objective.
The incidence angle in our set-up was about 65¢hvansured that reflected light did not go into
the collection objective. The sample was mountedaorotation stage itself mounted on a
motorized stage connected to the microscope-speetey (LabRAM HR Evolution RAMAN
SPECTROMETER from HORIBA Scientific) set up and tolied by the software. Scattered
light from the sample was collected using a 50Xglamorking distance Olympus objective.
Furthermore, an adjustable aperture was situatdteioptical path of the spectrometer and could
be adjusted in order to screen all the collectghtlexcept the one scattered by a narrow area
surrounding the cluster.
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To camera and spectrometer

SN SN Adjustable aperture

U 50X objective
<> TEM grid

Lamp 20X objective

Motorized stage

Scheme 26: Dark-field single object spectrometer seip: Halogen goose neck lamp send a white light be into a
condenser made of a polarizer and a 20X objectivéight is focused on the sample mounted on a rotati@l stage fixed on
a motorized stage. The scattered light is collectethto a 50X objective collimating the beam before @ng through an
adjustable aperture narrowing the spot size colleed by camera and spectrometer.

2 Modeling of the optical properties of a plasmonic nanocluster

The finite difference time domain (FDTD) Lumericstdftware was used to model the optical
response of the plasmonic nanoclusters. It's based numerical analysis technique used for
modeling computational electrodynamidsigure 71a shows an example of investigations
performed on an octahedral plasmonic cluster agirdd in the Chapter 3. The morphology,
structure and composition of the nanocluster aeeriteed in theigure 71b. The satellites are

composed of a silica core almost completely covesed thin shell of gold.
a) b . c) d*

| | | | | N
A 40 0 mw 2N W

x (nm)
Figure 71: a) SEM images of the studied octahedrgblasmonic nanoclusters b) representation of the ovall cluster
structures in the FDTD lumerical design mode ¢) mapf the (xy plane) obtained using the index monitorThe blue shells
correspond to gold; the burgundy area correspondsotthe silica patchy particles and satellites
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The structure corresponds to the nanoscale orgamizaf the two material components in a
nanocluster, i.e. silica core and silica@gold $itgsl (Figure 719. Blue shells are metal (gold)
component while the central burgundy area is sica. The presence of the PS bumps, inherent
to the patchy particles, was neglected for the Etimn since we didn’t expect that the PS
dramatically influence the optical response of nh@oclusterFigure 72 presents the simulated
cross-section obtained considering the clustecttra as described Figure 71 The result was
obtained using the “total field scattered field’afysis method of Lumerical software. For all the
simulations presented here, an incident electroetagieam with the electric field oriented
along z axis was defined.

643nm 760nm 931nm 1286 nm
A A

—Extinction
Absorption
Scattering

0.000354

0.00034

0.000254

cross section (nm)
o
g

0.000154

00001

600 800 1000 1200 1400
wavelength (nm)

Figure 72: Simulated cross section spectra for theonsidered cluster structure; the main resonance lral are tagged with
arrows.

The simulated spectra present several resonancéseirvisible and in the IR ranges. The

scattered spectrum was expected to predict theadpBsponse as collected using the dark field
set up. In order to determine the origin of eacdonmance band, a simulated mapping of the
electric field vector was performed for the labelands.
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Figure 74: Simulated map of the electric field vear orientation in the (yz) plane at 1286 nm
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Figure 75: Simulated spectrum of the intensity oflie magnetic resonance located at the center of thetahedral structure
as a function of the wavelength; The insert preseatthe mapping of the magnetic field intensity at 186 nm.
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magnetic dipole resonance. Moreover a representafithe magnetic field intensity at the center
Intensity

of the structureRigure 75) indicated that beyond the pure magnetic dipademance (1286 nm)

indicates that circulating current loop existedittte structure. Such behavior is typical for the
other modes could exhibit a magnetic contributieb0(nm and 643 nm).

Figure 74 presents a mapping of the electric field vecteergation in the yz plane considering
the resonance band located at 1286 nm. The oiiemtat the electric field vectors clearly
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Figure 76: Simulated map of the electric field vear orientation for the resonance located at 643 nnn the (zx) plane a)

and (zy) plane b).
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A simulated map of the electric field vector origtitin is presented dfigure 76. This mapping
showed that an electric field vector orientatigmit¢ally observed for multipolar mode existed in
the (zx) plane. In that particular case, this meds suspected to induce a weak multipolar
magnetic contribution in the (zy) plane where diating current loops were visible.

According to those preliminary calculations, thdicgd response of such a nanocluster showed
that the electric and the magnetic responses sHmildbservable with the experimental setup
available in the laboratoryigure 73 andFigure 76b present the electric field vector orientation

in the plane orthogonal to the magnetic field (apth representations showed that circulating
currents existed around the cluster. This resu# typical for closely packed plasmonic particles

forming a circular loop. Indeed, such a cluster banconsidered as a combination of nano-
inductors (the satellites) separated by nano-capacithe gap between them). This kind of

circular current loop would be responsible of thegmetic resonance induced in the normal plane
of the electric field.

Simulation results concerning octahedral nanodlgsteade of silver nanopatrticles (about 27 nm
in diameter) were also reported by Alu and Enghétare a magnetic dipole was expected at
shorter wavelength (about 500 nm).[10] Those sitmaria also predicted electric current loops
surrounding the cluster. The authors presentedlatians carried out for plasmonic nanoclusters
made of 6 silver nanopatrticles arranged with amtwedral geometry around a central dielectric
core. This kind of structures can be seen as thieabpr IR equivalent meta-atoms equivalents to
those used for GHz frequencies (cubic SRR).[17jH&rmore, such plasmonic nanoclusters are
isotropic and orientation independent meta-atonie magnetic field maximum intensity (red
area) ofFigure 75 represented in the xz plane at 1286 nm was locatdtie center of the
structure. Several investigations reported simoiagxperiments highlighting the presence of
magnetic dipole resonance at the center of isatrggasmonic meta-atoms (tetrahedra,
icosahedra and raspberry-like).[18]-[20]

3 Optical response of a single nanocluster

Preliminary results were obtained on nanoclusters fsample 25Kigure 67) from chapter 3.
Diluted colloidal solutions of the nanoclusters gérst prepared and a drop was deposited and
dried on "finder" grids. The "finder grids" contaih annotated squares and were covered by a
thin layer of Formvar, a hydrophobic polymer.

Protocol 36: Single object spectroscopy sample prafion.

10 pL of a dispersion of gold octahedral clustels @btained afterFigure 67 is
introduced in an Eppendorf and 450 pL of ultrapwater are added. The dispersion is
homogenized using vortex and ultrasonic bath. 3fithis suspension is deposited on a
labelled Formvar TEM grid and left to dry. Aftervels; the sample is observed by TEM
and isolated clusters are targeted. Their locatiare identified using the tag of the
labelled grid. A series of TEM picture at severalgnifications (from the highest to the
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lowest) are taken. Those pictures are subsequesty to track down the clusters when
the sample is observed under optical microscope.

Figure 77 shows a series of typical TEM images used fortlngahe nanoclusters. Their relative
X-y positions in the square of the "finder grid" redirst identified. The different investigated
grid windows were identified using their letteringd each one was mapped out optically. This
investigation permitted detection of the particfgesent in the studied zone as well as their
position.

a) b) c)

1pm

d)

Figure 77: Series of TEM images of an octahedral ester at various magnification a), b), c), d), e) red f) used for the
targeting on labelled TEM grid. This cluster is tagged as P_L.

After identification of the relevant window and thedative position of the particle to the window
corners, optical measurements were performed. gaxtitle had to be at least few microns away
from anything that could interfere with the opticaéasurement, such as a grid bar, other cluster
or particles.

Protocol 37: Single object dark field spectroscapgasurement.

A targeted TEM sample as prepared accordingtotocol 36is set on the sample stage
of the dark field set up. The spectrometer is aRAlld HR from Horiba Scientific used
with an Olympus optical microscope, the sampleesiaglisposed on a motorized stage.
The light beam from the condenser is focused ongtlte and the angle between the
incoming light and the sample plane is measure@. §dmple is set at the focal plane of
the 50X objective and clusters are located usimgtély. The aperture size is set at 50 pm.
The surface area on which the signal is collecteth e imaged by activating the
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photodiode. The isolated targeted clusters havdéddocentered into this area. Sample
measurements are performed then the same is domadkground (typically an area of
the Formvar film without any cluster deposited amldo away from grid bar glare).
Finally, a reference measurement is recorded uspegtralon® Diffuse Reflectance Standards from
Labsphere Depending on the wavelength range measured, iffi@yeht detectors are used.

Typical spectra of nine different single octahedrahoclusters are shown kgure 78. The

spectra were recorded without any polarizer orcpmarizer contrary to previous studies.[5]
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Figure 78: Dark field spectra measured without polazation for several isolated octahedral clustersthe intensities are
normalized.
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Spectra of nine clusters from the same batch pressimilar optical response. They exhibit two
bands and a shoulder in the range 600-900 nm.comBrms their isotropic character. This was
consistent with the expectation for isotropic ahustsince the spectra were reproducible from one
cluster to another and that the spectra are otientandependent since each cluster was oriented
randomly with respect to the light source.

Moreover, the fact that the spectra were almosttidal highlighted the isotropic features of the
clusters and more especially the fact that thehgfit method yielded into clusters presenting
reproducible spectra.

Several modes, not completely identified yet, aoticeable. Their clear identifications will
require more extensive simulation work. Howevecoading to the first simulations presented in
the previous section the main resonance locatachdr610 nm could be attributed to the electric
dipole resonance mode, while the other band andldéio at about 780 nm and 680 nm
respectively could be attributed to multipolar mesace.

4 Optical signature of a nanocluster in the nearin  fra-red region

Measurement was performed on the cluster tagg®d agrigure 77) in the 400-1100 nm region
using the CCD detector and in 1000-1400 nm reg®inguinGaAs detector~{gure 79). The
measurement obtained in the near infrared regiowsta band around 1150 nm which may be
attributed to a magnetic resonance according tgithalated resultsigure 75.
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Figure 79: On top: Dark field spectra obtained foran isolated octahedral cluster (tagged as P_L) maagd without
polarization in the Vis-IR region. On the bottom: the simulated spectra for the corresponding structue.

5 Conclusion and perspectives

Dark field single object measurements on octahedoddl nanocluster exhibiting tight inter-

satellites distances were performed. The resultsirsdd on several clusters allowed us to
confirm the isotropic nature of such clusters adl @e their non-orientation dependence. The
clusters exhibit a band around 910 nm assigned &extric dipole mode while the smaller band
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at 780 nm and the shoulder around 680 nm are a&sbsitgnmultipolar modes. The clusters exhibit
another band in the near infrared, at about 1150that may be attributed to a magnetic dipole
resonance.

In the future, further simulation will have to berform in order to confirm the origin of the

different resonance modes observed. Moreover, gtions of the experimental set up will

have to be accomplished to improve the overall digwver noise ratio. Indeed, even using
InGaAs IR-detector for the 1100-1400 nm range, ribeber of count in the collected signal

remains very low. This is one of the main drawbawkihe dark field IR-spectroscopy technique.
To overcome such limitation, the use of light seupcesenting higher intensity in the IR could be
envisioned. Moreover, changing the microscope egdtic almost 100 % non-IR-absorbent ones
could be helpful to improve the photons gatherifige use of oil immersion objectives seems to
be a solution already implemented by some groups/¢ed unexpected optical issues.[7], [21],
[22]

Measurement of various batches of clusters prasgsgveral interparticles distances will have

to perform. The coupling interactions depend on dbparation gap between the satellites and
consequently have a strong influence on the exgexpéical properties. In our system, a simple

and convenient way to control the interparticldatise is to play with the gold shell thicknesses.

However, it's important to take into account the gold shell thickness usable for plasmonic

purposes has to be larger than the skin depthldf Gonsequently, the range of gap accessible is
determined by the size of the silica satelliteswhich gold is growing.

In the mean time, the studies on clusters presgstime irregularities will have to be conducted.
Some of the octahedral clusters, prepared withapproach, present some irregularities, such as
missing satellites, forming for example a three ahisional pentamer.[22] Other irregularities
also exist, such as unexpected satellites positgpor size. Studying their effect on the optical
properties could be of great importance, especsitige large amount of clusters are required for
metafluid applications. Indeed, from an experimewnt@aw point, obtaining exactly pure batches
of ideal clusters is not realistic. However, quiynig the acceptable degree of imperfection[19],
[20] for given target property is at the same tirealistic and pragmatic and could be studied
with our system.
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1 Main achievements

The main objective of this work was to synthesind atudy isotropic plasmonic meta-atoms for
optical metamaterials application. The main tasksevthe design and the synthesis of plasmonic
nanoclusters with an accurate control of their rholpgy, as well as the subsequent
measurement of their optical properties. Our sisateonsisted in the use of patchy silica
particles and their combination with gold satedlitto get isotropic multipod-like clusters for
tuning their plasmonic response and validatingréseilts of numerical simulations reported by
others.

We first checked that the use of silica/PS clus&ssprecursors proposed by Désert and
coworkers was a suitable route for fabricating dedpparticles at the gram scale with a good
control over the dimple number and positions. Thesmshowed how to activate the PS bumps at
the bottom of the dimples for making them stickygtad colloids. The main achievements and
lessons to be learnt from this preliminary work aermed:

- the control to the nanometer of the silica cosggowth;

- the high efficiency of the conversion of silic&Pnultipod-like clusters into dimpled
particles making only the emulsion polymerizatidmge limiting for controlling the
number of dimples per particle;

- the mandatory role of the copolymerizable metjlate group of the MMS grafts for
getting residual PS bumps at the bottom of the tig)p

- the estimation of the average molar masses aechg® amount of PS constituting the
bumps;

- the efficient amination and thiolation of thes® facromolecules, even though the yield
of these stages remained unquantified.

Then, we investigated the site-specific and seediated growth of gold satellites within these
activated dimples. Two types of interactions inwen the PS bumps and the gold seeds were
investigated: covalent-like bonding from thiolatbdmps or electrostatic interactions from
aminated bumps. The former was rapidly disregafdedtability reasons while the latter offered
the possibility to generate stable and uniformmlasic nanoclusters with large well-located gold
satellites. Their final size was controlled througk amount of the gold plating solution and the
site-specificity of the deposition growth was optied through the preliminary “passivation” of
the inter-patch surface area. Because of the lackmrol over their morphologies, which were
as oblate spheroids, the satellites were reshdqaedkd to a successful iterative etching/regrowth
post-treatment performed at ambient temperaturbeapfor the very first time on supported gold
colloids. This approach allowed to fabricate silgrdd tetrapod-like, hexapod-like and
dodecapod-like clusters which were hitherto unseanoparticles. Nevertheless, the inter-
satellite gap remained difficult to control becaashieving a tight distance would need a large
number of the iterative etching/regrowth post-tmeatt stages, increasing the risk of the

definitive detachment and loss of one or severallgas.
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A more successful alternative was found throughptteéiminary assembly of silica satellites in
every dimple and the site-specific growth of a gskell on each of these satellites. For that
purpose, we took advantage of the aminated PS madecules within the dimples and their
ability to be extended in a good solvent such as-Odt creating efficiently peptide-like bonds
with the silica satellites previously surface-magtif with carboxylic acid groups. We evidenced
the importance of the surface modification condidi@nd the use of a high satellite concentration
and high satellite-to-core particles ratios. THeaisatellites attached to the patches were dérive
into plasmonic silica@gold ones, by taking advaetafythe sharp discrepancy in term of surface
chemistry existing in between the silica satellitexl silica cores. The optimal results were
achieved when the inter-patch surface area wadvpssd prior to the assembly step. By an
appropriate choice of satellite-to-core size rasowell as gold layer thickness, we demonstrated
the possibility to obtain plasmonic nanoclustergshwa tight gap between the core@shell
satellites.

Because of the unavoidable geometrical, structarad compositional dispersions of such
synthesized plasmonic nanoclusters, interpretatiothe measured optical properties and their
modeling could only be performed on single nanagart One measured the linear optical
properties of a ten of cluster by dark field spestopy. Such investigation avoided the statistical
effects and allowed to get a precise determinatiothe fundamental mechanisms at the origins
of the observed properties (the spectral charatiesi (wavelength and linewidth) of the
individual clusters). The morphology of the eactiividual cluster has been determined by TEM.
The results have been interpreted with a numericaldel using the TEM measured
characteristics of the particles as an input. Thsults reveal a fairly weak polarization
dependence of the optical signature of the nantekisonfirming their isotropic characteristics.

Dark field single-object measurements on octahegoddl nanoclusters presenting tight inter-
satellite gaps were performed. The results obtaorea significant number of clusters (nine)
allowed noticing a non-orientation dependence & dptical measurement confirming the
isotropic nature of such clusters and consequéh#yefficiency of the synthetic pathway to
produce homogeneous batches of clusters. Moretweracquisition of those spectra combine
with the simulation work allowed to assign the salelectric modes (dipolar and multipolar) in
the visible and near IR ranges. The first measunésnan the infra-red region with InGaAs

detector (1100-1400 nm) evidenced a band that cbeldassigned to the magnetic dipole
resonance.

Optical measurements were performed on single tshjbecause the composition of the batches
of silica/gold multipod-like clusters were too cole due to the accumulation of side-products
at almost each step. The main improvements to bsidered will consist in restricting the
variability and amounts of these side-products @nahtercalating efficient purification stages.
With regard to the more efficient route which wasotigh the intermediary step of silica satellite
assembly, optimization efforts should be focused on
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- the synthesis of the precursor silica/PS multipkel clusters, whose purity was hither to
restricted to 80 %. This value could be certainigroreached through a rationalization of the
experimental conditions of the seeded-growth eranlpiolymerization step by using a predictive
model, which isa priori capable to help in tuning the monomer concentmat®DS fraction in
the surfactant mixture, silica seed concentratiomgnomer-to-polymer conversioretc. for
optimizing the morphology vyield;[1]

- the assembly stage between the dimpled silicticfg and silica satellites, which
requires a high excess of silica satellites. A@ysitic study supported by extensive statistical
analysis should help in finding the best conditibmrscompleting the assembly in every dimple,
i.e. minimizing the formation of incomplete silica/s#éi clusters, by using a minimal amount of
silica satellites, whose excess fraction constdiso a large source of side-producks, free
silica@gold particles in the final batches. Fortamee, improving the PS modification could be
of great help to get more efficient coupling react. Moreover, there will be also a great interest
in developing a numerical model for predicting tpimal conditions for the assembly in terms
of particle concentration, addition order, contaoe, temperaturestc;

- the implementation of sorting steps, which cool/iously be of great help to reach
higher batch purity. The technique of centrifugatio density gradient would be a relevant
method for the fractionation of the silica/PS ckuist— before or after the silica regrowth stage —
because of the expected difference of apparentte=nef each cluster type.[2] For sorting the
silica/silica clusters, a viscosity gradient coblel preferred — even if viscosity and density are
most of the time strongly related in aqueous sohgi[3] Indeed, it could be taken advantage of
the discrepancy of friction forces.

Extension to combination of dark field spectroscopith TEM tomography is also very
promising as a more precise particle characteamatiould be obtained. Moreover, studying the
effect of the substrate on the optical propertiesuldl be necessary to go deeper in the
comprehension of the system.

Beyond these optimization propositions, similar suaments in silver based nanoclusters
would be particularly interesting as it would petrt@ improve the optical properties. From a
chemical viewpoint, it would essentially alter tlast steps, and it seems that the transposition
could be easy. Moreover, PS macromolecules coulcedssly derivatized for getting other
chemical functionalities and therefore allowingestieoupling strategies such as click-chemistry,
thiol-ene chemistry, DNA-strand couplingtc

Concerning the dark-field spectroscopy, the nesp $6 to accumulate measurements on the as
produced clusters in the range of wavelength whmagnetic dipole is expected. For that,
overcoming the low signal to noise ratio obtainedhe IR is the next challenge. The use of IR-
transparent optics or oil immersion objectives peateling on which offer the best results -
coupled with longer acquisition time using InGaAstetttor could be the solution. Once those
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measurement conditions optimized, the optical prtggeeof various batches of clusters exhibiting
several intersatellites gap could be investigatddreover, studying the effect of clusters
irregularities could be also possible.

From a more conceptual viewpoint, this study shothed it is possible to design and fabricate
particles whose patches are simultaneously enthapd entropic. However, we just barely
evidenced that purely entropic or purely enthalp&ichy particles were also obtainable
depending on how the derivatization of the sili&@/Eusters are performed. Purely enthalpic
patches could be also produced by reversing theaRfite dissolution and silica regrowth steps.
Moreover, we showed that AMS could be used instdadMS to activate silica seeds prior to
the emulsion polymerization step to obtain dimpédcta particles with any PS bump. In that
situation, the as-obtained “empty” dimples couldcbeasidered as purely entropic patches. This
should also open a new avenue for getting non-elis@ssemblies such as 3-D arrays.[4], [5].
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1 Appendix: characterization techniques
1.1 UV-Visible spectroscopy

Metal nanoparticles exhibit specific color and remace modes in the visible range. UV-
visible spectroscopy provides valuable informatiegarding size, shape and aggregation of
nanoparticles. The absorption spectra were recardda range of 300-1300 nm with an UV-
3600 Shimadzu UV-Vis-NIR spectrophotometer. Ten-aptical path length plastic or quartz
cells were used. The data were recorded and treatedhe UVProbe software.

1.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFT)

The DRIFT spectroscopy allows to characterize ifferént species adsorbed and/or grafted
on the surface of the nanoparticles by measuriagoinding and stretching vibrations of the
bonds when they are excited by an infrared bearesdlvibrations produce bands in well-
defined regions characteristic of specific classahpounds. A volume of the as-modified PS
or silica nanopatrticles suspension was dried at®@® mg of the dried sample were added
to 281 mg of dessicated KBr (spectroscopy gradag mixture was grinded in an agate
mortar and the powder was deposited on the cosmalple holder. The sample was then
introduced into the Bruker IFS Equinox 55 spectrtaneand the measurements were
performed in a Selector Graseby Specac reflectelh After 30 min of degassing, the
infrared spectrum was recorded by the acquisitidl?0 measurements with a resolution of 2
cnl,

1.3 Energy-dispersive X-ray Spectroscopy (EDX)

The composition of the patchy particles surface ewaauated by EDX spectroscopy. This
technique allowed to determine the qualitative eetary composition of the sample by
investigating its emitted X-ray spectrum when iexcited with a focused electron beam. All
elements can be detected since each one has awatmuic structure allowing unique set of
peaks on its X-ray spectrum. The energy of the yénahotons resulting from the electron
transitions between inner orbits (K, L or M) is iggd for each element. The number and
energy of the X-rays emitted from the sample areasueed by an energy-dispersive
spectrometer. An element distribution image or “mapn be produced by scanning the
sample with the incident beam.

1.4 Implementation of the TEM, HRTEM, STEM, EDX

The conventional TEM experiments were performea &hilips CM20 microscope operating
at 75 kV at the Centre de Recherche Paul PascaPRPCRessac), on a Hitachi H7650
microscope operating at an acceleration voltag80okV at the Bordeaux Imaging Center
(BIC, Bordeaux) and on a FEI Tecnai Cryo-Bio 200iKEG at the center for nanoscale
system (CNS) at Harvard. The HRTEM, STEM and EDXlgses were performed with a
JEOL 2200FS microscope operating at 200 kV at tladefdrme de Caractérisation des
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Matériaux d’Aquitaine (PLACAMAT). For EDX analysig 1-nm probe was used in the
bright field STEM mode and the Analysis programtwafe from JEOL was used. All the

samples characterized by TEM and STEM were prepasddllow: one drop of the colloidal

solution was deposited on carbon-coated coppes.giide particles were dried on the grid
and placed in a box away from dust.

1.5 Scanning Electron Microscopy (SEM)

The SEM was used to visualize the elaborated nastark by scanning them with an electron
beam. The primary electrons interact with the atomthe sample surface, causing emission
of energetic electrons which are collected by @ctet producing an image. High Resolution
SEM was performed with a JSM 6700F microscope atRhACAMAT on a pretreated
silicon wafer and on a Zeiss Ultra 55 at the (CNSjstly, the wafer was first cleaned in
hydrofluoric acid solution (HF, 40 %, VWR Prolaka)ring 5 min to dissolve the protective
layer of silica. Then it was amply rinsed with demed water. Finally, one drop of the
nanoclusters suspension was deposited on wafedtieshon the support and placed in a box
away from dust.

1.6 Zetametry

The [I-potential measurements were performed on a Zetenkal WALLIS from
CORDOUAN Technologies. The device measure the reljglsbretic mobility noted pe. The
electrophoresis measurement principle is, by optiegans, to measure the Doppler frequency
shift generated by the speed of the particles. uchsconditions, the speed direction is
determined and knowing the electric field, the etgzhoretic mobility is calculatedeq. 14).

Vi = UeE Eg. 14

im

The software calculate the-potential as shown from the measured electropiconedbility
with the dielectric constare , the viscosityand b a constanEg. 15).

=i n Eg. 15
The samples were prepared as follow: A volume of20of the particle suspension in milliQ
water was divided in two beakers. In the first, f@dsops of NaOH 1M were added into the sol
to obtain high values of pH and samples of 4 mLearemoved every 0.7 unity of pH. In the
second, the same protocol was performed but tme by adding few drops of HQIM to
obtain low values of pH. The samples were injedtethe cell of the zetameter at least 1 h
after the sample preparation to ensure stabilizadfgpH. Finally, the pH of each sample was
once again measured after analysis and this vahiseused to trace the curves.
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2 Appendix: calculations used for protocol
2.1 Calculation of the TEOS volume required for sil  ica regrowth

Scheme 27represents a cross sectional view of a model elusbmposed of one silica
particle and one polystyrene particle.

Here, the point is to determine how much TEOS edee to obtain a given silica size after
regrowth. For that we need to calculate volume pigml by a PS nodule within the silica
particle after silica regrowth. To do that and tm@ify the calculation, the assumption is
made that the PS and Silica surface are in tarajetintact. In our system, the nominal
amount of MMS function per nm? employed can progideme wettability. Indeed, the real
contact angle value is rather around 160°.

RSiIica final

:| ilica A,i
\\R ica initial ,/,\

~
b ‘

~

Scheme 27: Section representing the geometrical digguration existing within the clusters during the silica growth.

For a given set of parameters notR g; . radius of dbsired silica patrticle;

l: . ’
ltcafing]

ilica e - FAMIUS Of the initial silica beadR,s  radius o fholystyrene nodules, the first
task is to calculate the corresponding angle netaxddp by usingeq. 16andEqg. 17.

Rs

(R.S::l:cafma; + (RS:I:ccmma; + Rps) — Rps)

2. (RSihtcfmaz' (RSIIICG initial w RP'S))

a = Acos Eg. 16
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The second part consists into the calculation eflémgths[0,:D] an [0s;:..P] by using
(ngs + (RS:'::’ccm[-tm; + RPS)- s Rszilz'ca(mai:)
B = Acos — Eq. 17
2. (RPS’ (RS:::camma; + RPS).)
the previously determined valuefindp into the Eq. 18andEq. 19
[0psD] = cosB.Rps Eq. 18
Eg. 19

[Osi1icaP] = cos@. Rgyyicq final

The volume occupied by one nodule within the sipeaticle after growth can be seen as the

sum of the two volumes noteVzzp  aVeuzp and can be led¢clby using th&q. 20

174 -V 1V
occupisd by one nodule — "CBED ' "CAED

=Rpg

; . "4‘—‘;;’315 '9959._ . - "‘4.’79%;“5‘,: o fOsukd® . )
Veszp + Veazn = (T‘ " J (Rzs—h*)dh ) + ( T‘_ B J (RSitica pyay — 1" ) dh ) Eq.
vT /N = “Rstan pryo / 20

Considering one cluster, the volume of silica addedesponds to the volume of one sphere
at the final size minus the volume of the initidiica bead and minus the volume occupied by

all the polystyrene nodules within the silica aswh inEq. 21

r
“Sm“: dded per cluster
" Eq. 21

B

R i w3 .
— 3R Rsilica final | STRSilics initial 3 ( N. y )
) ( - \!Vnodulies per ciuster* Yoccupied by one noduies ) J

=( -
2

The amount of silica added per batch is calcul&®olwing the number of clusters in the
considered volume of the polymerization solutiod éime volume of silica added per cluster
(Eq. 21), as calculated inHg. 22 then the volume of TEOS required is calculatethgis

Eqg. 23
= Eq. 22

y
— " 574 ” &
Silica gdded per cluster

X NPar:

V.
14 sl . ’
Silic@ gdded per datch Stlic@poiym sol

Vi cch - M1E05:Psitica- 1000.1000
Silica added per batch TEOS*F Silica — V;-Eog in uL Eq. 23

Ms:’s‘:ca'pTEOS
The mass of one dimpled silica particle can beutated knowing: the volume of silica added
per clusterEq. 21) and the volume of initial silica core.

— r 4 p
Mdimpled silica particles (Vsitica 2502 per cluster © ( ; - RS:I:cammg )-Psitica) Eq. 24
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2.2 Calculation of the inter-patch surface areas an d the amount of
coupling agent required for a given surface modific ation

Scheme 28hows how to represent and determine the surfasked by one nodule. Once
the @ angle is determined —as previously describlEyex and so the solid angle can be
calculated. In a second step, the surface of tloa shasked by the nodules noteea angleiS
also calculated.

RSilica final

ilica , Ors
* Roifica initial //, \ ”;

Scheme 28: Cross section representing the geomesiiarrangement of the silica core and the PS beforand after
growth.

Eq. 25is used to calculate the surface of the solidadgffine at the surface of the regrowth
silica particle.Eq. 26 is used to calculate the functionalizable surfacea per particle
considering the numbers of polystyrene nodules thedradius of the silica particle after
growth which is note R Eq. 27 is used to determine the required amount of

growth Silica

surface modification agent.

Sso{:’d angle — Rg-rowth Silica* 2n (1 — cos a) Eq. 25
Sava:’lab!e =4m Rgrow:h Silica”™ ( NPS'Ssohd cng{e)
Eg. 26
(s Niiea) M . ;
. . available® * " Silica (modification agent)
Volume of modification agent = - - g Eq. 27

N,

p(mod:f:ca::on agsnt)

M(APTES) = 221.37 g/molp(APTES) = 0.946 g /mL (Sigma aldrich)

M (PTES) = 206.35 g/mol g(PTES) = 0.892 g/mL (Sigma aldrich)
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2.3 Calculation of the amount of gold precursor req

uired to grow a shell
of a given thickness.

Scheme 29s a representation in cross section of the agaremt of several part of the hybrid
clusters: the initial silica part, the polystyramaules, the silica part after growth and the gold
shell around. The approach was developed in the sairnt as the one for silica regrowth.

Scheme 29: Cross section representing the geomeaii@rrangement of the polystyrene nodule within thesilica core
after silica and gold growth.

2
2 _Rp2
a4, = Acos (RSilimfnzkAu shen + (RSilicamm + RPS) Rgs)

Eg. 28
2. (RSilica final+Au mu'(RSilica inttial i RPS))
2
BA T (R%S + (RSilica initial + RPS) il Rgilicafmjﬂgu shell)
a=
2. (RPS' (delca 1nitial + RPS)) Ea. 29

The valueRg,;.... . . . .. corresponds to the radius of silica afiera growth and a desire
HICQ fFinal+Au shell

shell thickness.

The valueRscq ..., COMresponds to the radius of the sieeds ancRps

corresponds to
the radius of the polystyrene nodules.

[OpsH] = cos By, Rps 30 Ea.

[OSiZicaH] = COSQyy- RS:’E:‘ca final TAu shsll Eg. 31

154



Appendix

Voccupied by onenodule = Vgric+ Vearn Eq. 32
VAu not deposited per nodule = VHFIG + VGAFH' - (VACDE + VEDCB) Eq.33
Vaunot deposited per noduliss
famR: OpsH ; \
= (T"— T f ) -:AR;,S-h“judh)
\ ; =Hps f Eq
'(4:7[’.;“[.:5.':«9.'-4“;*.:!1 [Osucaf { n2 k:" }_‘I .
+ ( 3 il ‘.,'Rsiiica'.,.wd,“..‘m =R ) dh ) 34
\ TRSING pryar s Au shall 4
(amR3 rOpsD o) {4TR Silica v (Osuxed L)
- |( 3 £s_ T J _ l:.Rﬁs - h‘._ldh ’ - ( Tm— n ’ ‘l,'Rg(iifﬂ_'mm - h') dh )
L T =Rps X “—Rsines g !
. ,_43 R;x’iica}’inci-ﬂm shell | . 4"‘-R§1Eft¢:ﬂnai o u 2
A g agea gavisumaor — \ 3 1=\ - + (V Aunor deposited per noduie * Nnoduies per ciuster))  EQ- 35
VAU s ateapersacen = VAU aagedpor cuscer < Ceiusterswith goid artached Eq. 36
VAt st orsace M Auc P 1000:1000 Eq. 37

= mass of KAuClyin g
My

3 Appendix: synthesis of the chloromethylating agen t

This reagent should obviously being inert regardivegsilica surface from one side and active
regarding the remaining polystyrene bumps on theragide. A good candidate for this work
is the family of chloromethyl ether. Indeed, thasempounds have a high reactivity. The
synthesis of an alkyl chloromethyl ether typicatiyolves reaction of an alkyl alcohol with
paraformaldehyde and gaseous HCI. The reactiontdhdé® performed at low temperature
(5°C) in a chlorinated hydrocarbon solvent sucltldsroform Eigure 80).[1] In our work,

for convenient reasons described in the previoosytioned paper, we chose to work with
butan-1-ol. Indeed, the butan-1-ol is a primaryhtd and is made of chain long enough to
not be volatile at ambient temperature making teegent convenient to handle under lab
conditions.

HCl
CH, —_— HsC o Cl
cHoyosc N NS

n

HSCWOH + | o

Figure 80: Scheme of the reaction involved in theyathesis of the chloromethylation agent.
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Protocol 38: the synthesis of the chloromethylatiagent.

This reaction is performed in a classical bubblaygparatus as shown on tlkégure
81 Typically a large amount of Caflpellets are placed in a three-neck flask
surmounted by a dropping funnel containing 37 % kCWater. The flask is over a
magnetic stirrer and a large magnetic stick is usedgitate the pellet. Cagensured
the dehydration of the aqueous HCI solution, inhsacway that gaseous HCI is
released, goes through the tube and bubbles inéosibiution of butan-1-ol and
paraformaldehyde in chloroform. The amount of raats are as following 1.05
equivalent of butan-1-ol for 1 equivalent of paraf@aldehyde in term of monomer
unit. The amount of solvent used is calculatedrdeoto obtain a 3-M concentration
of product in chloroform. The reaction is performada flask cooled down by an ice
bath. The success of the reaction can be easilytared by the disappearance of the
paraformaldehyde crystal and the apparition of @rpiivalent of water forming an
upper phase.

Figure 81: Scheme of the apparatus used for the siresis of the chlorobutylether reagent.

4 Appendix: from gold nanoshells to nanocages

The improvements reported concerning the syntlegsasgold shell over the silica part of the
silica/PS clusters led us to envision the productb more complex metallic nanostructures:
gold nanocages exhibiting a controlled number omhdeivs as well as rattle-type
nanostructures. Such nano-objects present many rtopgees for manipulating and
controlling optical properties due to their stroBBR adjustable in the visible and the near
infra-red part of the spectrum modifying the stibltkness and the presence of the hollow
core. Through the sequential dissolution of theaR8 the silica particles, gold nanocages
with 4 windows could be, for example, produced.ibgimy Ph.D thesis, two master students
from the University of Bordeaux, Céline Hubert afigtxandra Madeira showed that gold
nanocages with a higher number of windows coulgrbeuced as depicted kgure 82
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Figure 82: Scheme of the general strategies usedgmduce gold nanocages with a controlled number ofindows and
the corresponding TEM images.

Contrarily to the galvanic replacement approachctvhis mostly used in the literature to

produce such metallic nanocages, the approach ibedchere allows the fabrication of

hollow particles with single metal shell with casitof the windows. Both windows size and

location could be accurately controlled via thetoonof the number and the mean diameter
of the PS nodules which serve as temporary masks.approach also offers the possibility
to produce nanocages composed of noble as webrasoble metallic system, even alloyed
ones.

5 Appendix: dark-field spectroscopy
5.1 Geometrical construction used for the simulatio n

The simulations considering the batches of clugteesented oifrigure 67d from chapter 3
were done for a structure built in the softwaresidering the following features:

- Silica central core (0,0,0) radius 42.5

- Silica patchy structure (0,0,0) radius 100
- Silica satellite 1 (131,0,0) radius 67.5

- Silica satellite 2 (-131,0,0) radius 67.5

- Silica satellite 3 (0,131,0) radius 67.5

- Silica satellite 4 (0,-131,0) radius 67.5

- Silica satellite 5 (0,0,131) radius 67.5

- Silica satellite 6 (0,0,-131) radius 67.5

- Gold shell 1 (131,0,0) radius 90

- Gold shell 2 (-131,0,0) radius 90
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- Gold shell 3 (0,131,0) radius 90
- Gold shell 4 (131,0,0) radius 90
- Gold shell 5 (0,0,131) radius 90
- Gold shell 6 (0,0,-131) radius 90

5.2 Series of TEM images used for the cluster targe  ting

a) o b) @ :

.

Figure 83: Series of TEM images of an octahedral clter at various magnifications a), b), c), d) usedof the targeting
on labelled TEM grid. This cluster is tagged as 5_1.

a) b) c)

@ - O

0.5 pm

Figure 84: Series of TEM images of an octahedral clter at various magnifications a), b), c), d) usedof the targeting
on labelled TEM grid. This cluster is tagged as P_U.
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6 Appendix list of chemical

Name

Ascorbic acid
Aminopropyltriethoxysilane
Ammonia

L-Arginine

Butyl chloromethyl ether
Cetyltrimethylammonium Bromide
Chloroauric acid

Chloroform

Dimethylformamide

Ethanol

Ethylchloroformate

Ethylene diamine

Ethylene glycol

Formaldehyde solution

Glycerol

Hydrochloric Acid
Methacryloxymethyltriethoxysilane
4-(4-Nitrobenzyl)pyridine
Paraformaldehyde

Polyethylene glycol
ether
Poly-vinyl-pyrrolidone
Potassium carbonate

nonylphenyl

Potassium chloroaurate
Propyltrimethoxysilane

Poly(diallyldimethylammoniumchl
oride)

Sodium borohydride
Sodium dodecyl sulfate
Sodium Hydrogeno sulfide
Sodium hydroxide

Sodium persulfate
Styrene

Succinic Anhydride
Tetraethoxysilane
Tetrahydrofuran

Tetrakis(hydroxymethyl)phosphoni
um chloride
Tin tetrachloride

Triethylamine
Trisodium citrate

Abbreviation

APTES

CTAB

DMF

ECF

EG

MMS
NBP

NP30

PVP

PTMS
PDDA

SDS

TEOS
THF
THPC

TEA

Chemical formula
GHgOs
oE2aNOsSi
NHOH
GsH14N402
OH1uCl2
16H42BrN
HAUGI(3 H0)
CHC4
GH/NO
GHe0
$isCIO;
MHsCo
eHsO
CHOH
GHsgO3xH20
HCI
1842205Si
GH10N20;

OH(GB)nH(n=5-109
(G-H4-0)30-Ci5-Hos-

O
(6HaNO)n
,&Os (1.5 HO)
KAuCI
B11603Si
(GeH16NCl)n
3., =400-
500 000g/mot
NaBH
Naf25S0y
NaSH
NaOH
NaGs
GHs
C4H,40s.
GH2004Si
50
(HOCH).PCI

SnGl
(GHs)aN
N#CesHsO7
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Purity
99 %

98 %
28-30 %
99 %

3 M in chloroform
99 %
99.9 %
99 %
>95 %
99 %
>97 %
99 %

99 %

37 wt.% in water

99 %
99 %
98 %
98 %
95 %

98 %

95 %

98 %

> 98 %

20 wt. % in water

96 %
> 90 %
98 %
98 %
99 %
99 %
> 99 %
99 %
> 90 %
80 wt. % in water

>99 %
99.5 %
99 %

Origin
Sigma-Aldrich
Sigma-Aldrich
J.T.Baker
Sigma-Aldrich
Homemade
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Atlantic labo
Sigma-Aldrich
Sigma-Aldrich
JT. Baker

Aldiric
Sigma-Aldrich
JT-Baker

ABCR
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Alpha aesar

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Alfa-Aesar
Sigma-Aldrich

Sigma-Aldrich
Styrene

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
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7 Appendix list of protocols

Protocol 1: Synthesis of the silica “pre-seeds”.

One hundred mL of 6 mM L-Arginine (99 %, Sigma+idlj aqueous solution are poured in
a 150-mL double-walled vial and equipped with dwefcondensefFigure 16b. When the
temperature is stabilized at 60°C, 10 mL of TEOS 90, Sigma-Aldrich) are added. The
magnetic stirring is set to 150 rpm for a 3-cm wgltical magnetic stirrer to generate a small
and stable vortex and an interface between botls@haf constant surface area. The reaction
goes on until the TEOS (upper phase) fully disappebypically, two days are required to
convert 10 mL of TEOS into pre-seé¢2ls.

Protocol 2: Regrowth of the silica “pre-seeds”.

In a 1-L flask surmounted by a bubbler, 455 mLtbéeol (99 %), 35 mL of ammonia (28-30
%, J.T. Baker) corresponding to [NH= 1 M and 10 mL of pre-seed aqueous dispersion
[H20] = 3.6 M are mixed by magnetic stirring. The peopsolume of TEOS as calculated
from (Eqg. J is added dropwise using a syringe pump at the cdt0.5 mL/h.

Protocol 3: Functionalization of the silica seedy VIMS.

A known volume of the hydro-alcoholic dispersiorthef silica seeds — as directly obtained
from Protocol 2is introduced in a flask over a magnetic stirrendasurmounted by a
condenser. The MMS amount calculated ugiqg4is directly added to the reactor and let to
react under stirring for 3 h at ambient temperatuf@e dispersion is then heated to 90°C for
1 h under reflux of ethanol. The dispersion is sgoently concentrated with a rotavap, let to
cool down at room temperature and dialyzed agaittsapure water to remove ethanol and
ammonia and replace them with water.

Protocol 4: Synthesis of multipod-like silica/PSusters.

In a 250-mL three-neck flask, equipped with a tgranchor and a condenser itself
surmounted by a bubbler, are introduced 50 mL okgqueous solution made of the proper
amounts of MMS-functionalized silica seeds, NP3 &DS. The third neck is closed with a
septum, and a long needle is used to ensure nitrbgébling into the dispersion for 1 h, the
stirring speed being set to 170 rpm. Then, 5 gyere (99 % Sigma-Aldrich) are added and
the stirring speed is momentarily increased to 2pth for 15 min. The nitrogen flux is

reduced in order to keep a low over-pressure. Tdmaperature is raised to 70°C with a
thermostated oil bath. Then, 1 mL of an aqueoustisol previously degassed and containing
25 mg of sodium persulfate (99 %, Sigma-Aldricrgdded. The polymerization is performed
for 6 h. Then, the monomer-to-polymer conversiogra/imetrically measured from two 1-

mL extracts dried in an oven.

Protocol 5: Regrowth of the silica cores of theisd/PS clusters.

450 mL of ethanol (99 %) and 35 mL of ammonia @843 J.T. Baker) corresponding to
[NH3] =1 M are introduced in a 1 L flask equipped wahmagnetic stirrer. A volume of 10
mL of the aqueous dispersion of silica/PS clustassjust-obtained at the end of the
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polymerization stage is added leading to a totatewaoncentration of 3.6 M. The flask is
closed with a septum and the proper amount of ethaolution of TEOS (10 vol.%
concentrated) is dropwise added at a rate of 1 mLhe average size of the regrown silica
cores is determined from the statistical analy$ithe TEM images.

Protocol 6: Dissolution of the PS nodules.

Typically, the dispersion of PS-silica clustersoitihe ethanol/ammonia mixture as obtained
after the regrowth stageP¢otocol 5 is transferred into a flask. A volume of DMF
corresponding to 10 % of the total volume is add&gbsequently the dispersion is heated at
70°C and partially evaporated under vacuum usingotavap. Then, the temperature is
increased to 90°C and the evaporation continued! tiné dispersion turns from white to
almost transparent. The removal of the dissolved i®Sperformed by 3 cycles of
centrifugation at 10 000 g during 20 min and reeisgon in THF.

Protocol 7: Preparation of the PS sample for SEC characterizaii

The first THF supernatant containing the dissol¥&&l chains is collected from tiReotocol

6. Afterward, this organic dispersion is dried ark tsolid is weighted and dissolved in THF
at a mass concentration of 1 mg/mL. Typically, 5ahthis PS solution in THF are employed
for a SEC experiment after addition of 0.2 vol. #4rhlorobenzene as standard. The UV-
detector is tuned at 260 nm which is the maximabagttion for the phenyl groups of the PS
chains.

Protocol 8: Preparation of control silica particle®r TGA experiments.

Silica particles with a mean diameter of 86 nm usk@ctly from their growth media
(Protocol 2 and transferred into ultrapure water using thetawap and centrifugation.
Subsequently they are transferred into an emulgiolymerization of styrene and 5 g of
styrene are polymerized according to the experialer@nditions described in tHerotocol 4
After completion of the polymerization, 10 mL a thixture are added into a growth media
and a silica regrowth is performed using 5 mL ofOMEin conditions similar to thiérotocol

5. Those particles are treated according to #mtocol 6to wash out all the PS particles.
Finally, the suspension is dried; the powder obediris collected, then weighted for TGA
experiments.

Protocol 9: Chloromethylation of the PS macromoldes on the silica patchy particles.

The dimpled silica particles obtained after the E8solution step Rrotocol § are
transferred into 40 mL of chloroform by using th®ecles of centrifugation. 20 mL of this
dispersion are introduced in a flask with 5 mL afyb chloromethyl ether 3 M in chloroform
(large excess) and 0.3 mL of SnCThe temperature is set to 45°C and the mixturagesd
overnight. Finally the solution is washed by thoyele of centrifugation/redispersion in HCI
solution (4 wt.% in water) and three cycles of cé&mgation/redispersion in water/EtOH
(50/50 wt.%). Finally, the dimpled silica particlegere redispersed in 20 mL of DMF. During
each washing step, the particles are centrifugeti2za®00 g during 10 min.
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Protocol 10: Colorimetric test highlighting the psence of chloromethyl groups.

1 mL of dimpled silica particles dispersion in DMEorresponding to 18 particles) is
introduced in a 10-mL flask. 2 mL of 0.05 M NBPg@& Aldrich) and 15 pL of TEA
(Aldrich) are added. The temperature is increase®®°C and the mixture is kept at that
temperature under stirring for 30 min. Finally tdespersion is transferred into a falcon tube
and centrifuged at 12 000 g for 10 min and obsew#h the eye.

Protocol 11: Amination of the chloromethylated PSatromolecules on the silica patchy
particles.

Typically an amount of chloromethylated dimpledcailparticles corresponding to 10
particles dispersed in DMF is introduced in a flasuipped with a condenser and a
magnetic stirrer. A volume of 3 mL of ethylene dinnwhich is assume to be a large excess
is introduced then the temperature is set to 90¢€might. Then, the particles are washed by
two cycles of centrifugation/redispersion in ethiaawod then washed 2 times in water, finally
the solution is acidified using few drops of HCerththe particles are centrifuged and
dispersed in milliQ water.

Protocol 12: Thiolation of the chloromethylated P®acromolecules on the silica patchy
particles.

Typically, 10° chloromethylated patchy particles are transferrédto ethanol by
centrifugation. Ten mL of ethanol containing 2-gdigsolved NaSH was added and let to
react overnight under stirring. Finally, the pares are washed 5 times by centrifugation at
10 000 g during 15 min in ultrapure ethanol. Thengée can be stored in ethanol. Before use,
the particles are typically transferred into wattren the potential disulfide bonding are
reduced by the use of few drops of a dilute aqueolgtion (1 M) of NaBH Finally the
solution is washed by centrifugation and storedegassed water.

Protocol 13: Synthesis of citrate stabilized 12-mold nanoparticles.

A 1-L round bottom flask containing 700 mL of r@liwater was heated to 100°C under
reflux and moderate agitation. Meanwhile, 314 m¢{ALCL were diluted in 50 mL of milliQ
water and then introduced in the round bottom fldsk3 g of trisodium citrate was diluted in
75 mL of milliQ water. When the solution temperathas reached 100°C, the citrate solution
was added in one shot. The solution turned fronowedo colorless, black and then red. The
dispersion was let to react during 15-20 min at X©0

Protocol 14: Decoration of aminated dimpled siligaarticles by citrate stabilized gold
nanoparticles.

5 mL of the aminated patchy particles dispersionlatsined afteiProtocol 11are introduced
into a 50-mL falcon tube. Few pL of HCI are addeddrder to adjust the pH to 4 After
homogenization using vortex device, 40 mL of @btsibbilized gold nanoparticles as
obtained afteiProtocol 13are added. The suspension is homogenized usitgxvidevice and
let overnight over the roller mixer. Afterward, tlseispension is washed by 3 cycles of
centrifugation/redispersion (4000 g; 15 min) witiliQ water.
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Protocol 15: Decoration of thiolated dimpled silicparticles by citrate stabilized gold
nanoparticles.

In a 50-mL falcon tube, 45 mL of the citrate-staedl gold nanoparticles in aqueous
dispersion as prepared according Rvotocol 13are centrifuged at 8 000 g during 30 min.
The particles are re-dispersed into 1 mL of ultrepwater and 1 mL of the dispersion of
thiolated patchy particles prepared according Rootocol 12is added in a gold-to-silica
particle ratio of 400/1. After overnight incubatiaver stirring, the dispersion is washed by
centrifugation using ultrapure water at 5 000 g fidr min.

Protocol 16: Seeded-growth method inspired by tlmRquez-Fernandez’s work.

Typically, the thiolated patchy particles seededthuy citrate-stabilized gold nanoparticles
are introduced into 250 mL of an aqueous solutiontaining CTAB (0.015 M), ascorbic acid
(2 mM) and HAuUGI (0.5 mM).Typically, this solution is prepared from stocktmns of
CTAB (0.1 M), ascorbic acid (0.1 M) and HAwWGR5 mM). The volume of solution
containing the seeded dimpled silica particlesatglated by usindgeq. 5 considering that
the targeted particle diameter is from 12 to 60 nm.

Protocol 17: Seeded-growth method inspired by thafes’ work.

A volume of thiolated patchy silica particles sekdsy 12-nm citrate-stabilized gold
nanoparticles calculated thanks to th®. 5 is centrifuged and dispersed into 15 mL of
sodium citrate solution (2.2 mM) and transferretbia 20 mL flask. This solution is heated to
90°C and 0.1 mL of HAu€[25 mM) is introduced, thirty min later the sanwuwne of the
same solution is added. The gold nanoparticles eotnation is assumed to be around 3210
part/ mL. After 30 min, 5.5 mL of the volume arenoged from the flask and 5.3 mL of
ultrapure water are added with 0.2 mL of citrategon solution (60 mM). After temperature
stabilization (5 min), a growth cycle of the prages considered as completed. Finally, to
stop the process, the solution is allowed to caeVr to room temperature after completion of
the last cycle.

Protocol 18: Seeded-growth method inspired by thelmiller's work.

In a three-neck round bottom flask, a typical vaduai patchy particles seeded by citrate-
stabilized gold nanoparticles is introduced. Thislwne is calculated knowing the
concentration of patchy particles, the average nendj patches and assuming one gold seed
per patche. Taking those considerations into actotire volume of the suspension shall
contain from 1&-10'?gold seeds.

The volume of gold precursor solution -concentrated mM- required to grow the seeds to a
final diameter noted DOis given byEq. 6 In a typical synthesis, this volume of gold precur
stock solution is extended to 10 mL and loadedimge A. A volume of ascorbic acid stock
solution and sodium citrate stock solution corresfiog to the volume ratio and
concentration described iable 7 are mixed together, extended to 10 mL then loaded
syringe B. The two syringes are set on two syrjpaps which are adjusted to deliver their
load in 45 min (13.3 mL/h).
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Protocol 19: Synthesis of 1-3-nm gold nanoparticlescording to the Duff’'s recipe.

In a 500-mL flask, 227.5 mL of milliQ water, 7.5 ofLan aqueous solution of NaOH (0.2 M)
and 5 mL of THPC aqueous solution (120 pL in 10 ®mue) introduced. This solution is

homogenized during 15 min. Subsequently, 10 mLAoiGH4 (25 mM) are quickly injected in

the flask under stirring. The solution turns fromalg yellow to brown in few seconds
indicating the formation of gold nanoparticles.

Protocol 20: Adsorption of gold Duff seeds on thiengbled silica particles.

Typically an amount of dimpled silica particles @sponding to 2.10 particles in water
have their medium acidified to pH 3-4 followed leptrifugation at 10 000 g during 15 min
and redispersion into 20 mL of ultrapure water. Seduently, 2 mL of this peptized silica
nanoparticles dispersion are mixed with 50 mL off@wld seeds dispersion and are let to
incubate for 6 h on the roller mixer. Finally, trdispersion is washed three times by
centrifugation at 8 600 g during 15 min to elimiedahe excess of gold seeds and redispersed
in 40 mL of milliQ water. Basically, the minimallume of Duff seeds required is calculated
thanks toEq. 7 giving the number of Duff nanoparticles of diameter r riegd to completely
cover the surface of a sphere of radiudg. 7 gives an estimation of the minimal volume of
Duff solution required to seed the patches, whepgcddks corresponds to the number of
patches per particle anddar to the concentration of the Duff solution in phrt/

Protocol 21: Surface amination of the silica freeidace of the silica/PS clusters.

Typically, 50 mL of the dispersion of silica/PS stérs (T-52) obtained after the silica
regrowth in ammonia/ethanol mediurRrétocol 2 are transferred into a 100-mL flask. A
volume of APTES calculated as described in theised@.2 from the appendix and
corresponding to a surface coverage equivalent Qofunctions /nm2 is introduced in one
shot; the solution is let to be stirred overnigBubsequently, the dispersion is heated 1 h at
50°C and washed 3 times by centrifugation at 40@ugng 20 min and redispersed into a
solution of 1-mL of NP30 (150 g/L) and 39 mL ofavaFinally, the dispersion is acidified by
using few drops of HCI.

Protocol 22: Adsorption of gold NPs on the silicarface of the silica/PS patrticles.

In a 50-mL falcon tube, 30 mL of 1-3-nm gold namtipie@s dispersion as-prepared after
Protocol 20is introduced and 10 mL of the solution of APT&&fionalized silica/PS
clusters are added. The solution is incubatedhtdeast 6 h. Finally, the as-obtained clusters
are washed three times by centrifugation duringr@8 at 2500 g and redispersed in 20 mL
of milliQ water.

Protocol 23: Preparation of the GPR5]

First, 10 mL of a stock 25-mM solution of gold presor is prepared from HAu&(99.9 %
Sigma-Aldrich) and stored protected from light &C41n a 100-mL flask, 8 mL of the gold
stock solution and 300 mg of potassium carbonat@X (1.5 HO) are mixed and the flask
is completed to 100 mL with milliQ water. The sioluts stirred overnight at 4°C.
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Protocol 24: Growth of the gold nanoshell on thdisa surface of the silica/PS particles.

One mL of the solution of clusters after seedintlp \wold nuclei Protocol 19 is introduced
into a 50-mL falcon tube followed by the introdantiof a given volume of the GPS calculated
as described in the secti¢h3 from appendixn order to obtain a targeted gold thickness.
The mixture is homogenized and 10 mL of PVP solyti® g/L; M,. = 29 000 g/mol) are

introduced, the mixture is one more time homogenael finally a volume of formaldehyde
corresponding to 50 pL/ mL of GPS is added in dm.sThe solution is quickly homogenized
by using vortex and let to react under stirring fb2 h. The solution turns from beige to
blue/green depending on the thickness of the gepasited.

Protocol 25: Seeded growth of the tiny seeds anelbto the aminated PS bumps by
formaldehyde reduction method.

Typically, 1 mL of the dispersion of aminated pgtparticles decorated by the gold seeds
produced afterProtocol 19is introduced in a falcon tube. Subsequently 10 ohlPVP
solution (10 g/L; 29 000 g/mol) are added followsdthe introduction of a volume of GPS (1
mM) produced according to thdérotocol 23 After homogenization an amount of
formaldehyde solution 37 % in water (Aldrich) capending to 50 pL per mL of GPS is
introduced. The reaction is performed for at led&th over the roller mixer device, washed
by three cycles of centrifugation at 3 000 g duritty min and redispersion into 20 mL of
milliQ water.

Protocol 26: “Passivation” of the inter-patch surfa area using propyltrimethoxysilane

(PTMS).

Typically the dispersion of the silica/PS clustetstained after silica regrowth in their
ethanol/ammonia medium are maintained in the groWdsk and a volume of PTMS
corresponding to 50 functions per nm2 (sectibl from the appendix) is introduced in the
flask in one shot. The reaction is let to be comepl@inder stirring at ambient temperature for
12 h. Finally, the suspension is washed by thre¢rifegation/redispersion cycle in ethanol.

Protocol 27: Microwave treatment of the silica/gotdusters dispersion.

The plasmonic nanoclusters produced thankBrtmiocol 25 after gold growth using 8 mL of
GPS are introduced into 20 mL of ultrapure watehisTdispersion is transferred into the
microwave sample container, set in the microwaven@and the treatment is performed for 45
min. The microwave oven is a MARS 5 from CEM, ¢hetor used is a XP-1500 used at fixed
power of 400W at fixed temperature.

Protocol 28: Thermal treatment of the silica/goldusters.

The dispersion of plasmonic nanoclusters produdethks to theProtocol 25 after two
successive growth steps using 8 mL of GPS is gamesf into 20 mL of ethylene glycol by
centrifugation. Subsequently, the dispersion istéwbaat 190°C for 12 h then diluted into
milliQ water and washed three times by using cémgation (2500 g; 15 min). The treated
clusters are finally used as seeds and a gold netras performed afteProtocol 25
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Protocol 29: Oxidative etching treatment of theisd/gold clusters.

Typically, 20 mL of the silica/gold clusters dispien prepared by seeded-growth approach
are centrifuged at 3 000 g for 15 min and redispdrénto 20 mL of ethylene glycol (JT.
Baker, Baker analyzed). 0.4 mL of PDDM,, = 400 GO0 000 g/mol, Aldrich) solution

in water (20 wt.%) is added, the dispersion isretirduring 15 min. A volume of gold etching
solution (HAuCJ.3H.O Sigma-Aldrich 99.9 %) in water (0.5 M), corresdomy to a fraction

of the gold amount used to produce the samplelaleded thanks té&eq. 10and introduced
into the dispersion. Afterward, the mixture is @gihomogenized using vortex device, and
the reaction is performed for 24 h at ambient terapge on the roller mixer. After reaction,
the clusters are washed by centrifugation: typic#éiie 20 mL of gold nanoclusters dispersion
are diluted into 90 mL of milliQ water, and centigied into two 50-mL falcon tubes. The
dispersion is centrifuged at 2500 g during 20 mird avashed 3 times using milliQ water. At
this point, the dispersion is either characterizedised in a new regrowth step.

Protocol 30: Amino modification of the silica paxties surface.

Silica particles produced thanks ®rotocol 2 from Chapter 1 are typically used in their
growth media (ethanol/ammonia). An amount of APT@83% Sigma Aldrich) corresponding
to 20 functions per nm? of available silica surfaseadded the reactor. The dispersion is
stirred for 12 h. A volume of glycerol (99 % Sigdlarich) corresponding to 10 % of the
total volume of the dispersion is added. Ethanodl avater are evaporated using rotary
evaporator device set at 90°C. The dispersion, fnanv in glycerol, is heated by an oil bath
set at 105°C for a subsequent 2 h thermal treatroentiucted under the vacuum produced by
a rotary vane pump Finally the dispersion is washed by 4 cycles of
centrifugation/redispersion in ethanol (12 000 @;&in).

Protocol 31: Functionalization of silica particlesith carboxylic groups.

The aminated silica particles as obtained frBmotocol 30are transferred into DMF by two
centrifugation cycle at 12 000 g during 20 min. Sduently an amount of triethylamine
(TEA) corresponding to 50 functions per nmz2 of ke silica surface is introduced into the
dispersion which is centrifuged one more time at002 g during 20 min and dispersed in
DMF. The dispersion is transferred into a roundtbat flask set in an oil bath at 60°C and
dehydrated during 2 h under vacuum generated bytary vane pump. Subsequently an
amount of succinic anhydride corresponding to 50cfions per nm2 of available silica
surface is introduced and let to react overnigh6@tC. The dispersion is washed 2 times by
centrifugation in ethanol and 2 times in DMF, an amt of TEA corresponding to 50
functions per nmz2 is introduced and the disperssowashed one more time at 12 000 g for 20
min and finally dispersed in DMF and dehydrated emdacuum using rotary vane pump
(RV5 from Edwards).

Protocol 32: Assembly of the carboxylic-modifiedica particles with aminated dimples.

A dispersion of aminated dimpled silica particlesegared according toProtocol 30is
transferred in DMF by 2 centrifugation cycles atd@0 g during 20 min. An amount of TEA
corresponding to fifty functions per nm2 of surfaake a sphere of similar diameter is
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introduced and the solution is washed one more tintie DMF. Finally, the remaining water
is removed from the dispersion, by heating at 50A@er stirring and vacuum generated by a
rotary vane pump for 1 h. Meanwhile, 1 mL of thepdrsion of carboxylic surface modified
silica nanoparticles is introduced in an Eppend@® nm in diameter 70 g/L). A volume of
TEA (6.2 pL) corresponding to 8 functions per nm?introduced and the solution is
homogenized using vortex device. The activatiothefcarboxylate groups into anhydride
carbonate is performed by adding 2.4 pL of ethyoiformate corresponding to 4 functions
per nm?2 of available silica surface. The dispersignmixed upon vortex device and
homogenized on the roller mixer for 2 min. Finalyl mL of the dehydrated dispersion of
dimpled silica particles in DMF containing approxately 6x16* dimpled silica particles is
introduced in one shot into the Eppendorf contajnine activated silica spheres. Then, the
solution is homogenized and let to react over tbiéer mixer overnight. The dispersion is
typically transferred in 40 mL of water and wasl®times with 40 mL of water and 0.1 mL of
TEA by using 3 cycles of centrifugation/redisparsad 500 g during 20 min.

Protocol 33: Seeding of the amino-modified silicaanticles by gold nuclei followed by
conversion of the amino groups into carboxylic ones

Typically, a volume of amino-modified silica paldE as obtained afteProtocol 30 are
transferred into water acidified by HCI (pH 4) bging two centrifugation/redispersion cycles
(12 000 g; 15 min). A volume of gold nuclei preghaecording taProtocol 19from chapter

2 is added. The solution is stirred overnight dimélly washed from the free gold nuclei by
three centrifugation/redispersion cycles (10 00@uging 20 min) in DMF. Then therotocol
31is applied.

Protocol 34: Site specific decoration of the sesembled silica/silica clusters with gold
nuclei.

Typically, 20 mL of the dispersion of patchy pdesc assembled with the silica COO
activated particles are washed in water and thepranated using TEA. The clusters are
transferred into DMF by centrifugation and the CO@oups are reactivated through the
addition of an amount of ECF corresponding to 108ctions /nmz2 of the total silica satellite
surface used for the assembly. After 5 min, an amotethylene diamine corresponding to
50 functions /nm? of the total silica satellite fauwe is added and the mixture is let to react
overnight. Then, the dispersion is washed threegiby centrifugation/redispersion in milliQ
water, then acidified using few drops of HCI to tortate the amino group and washed one
more time with milliQ water. This dispersion comiag the assembly is mixed with gold
dispersion as prepared froRrotocol 19and let over roller mixer for at least 4 h. Finglthe
dispersion corresponding to the assembly decorbtedold nuclei is washed three times by
centrifugation/redispersion in milliQ water (2 0@g0 10 min).

Protocol 35: Growth of a gold layer over the silicgatellites of the self-assembled silica
silica clusters.

Typically, 0.5 mL of the dispersion containing tkelf-assembled silica-silica clusters
decorated with Duff gold nuclei are introduced ird@db0-mL falcon tube. A volume of PVP
solution (10 g/LM,, =29 000 g/mol) is added and mixsing the vortex and the adsorption
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iIs completed to occur over the roller mixer for tTnmSubsequently a volume of the gold
plating solution prepared according to tiReotocol 23is added and mixed with a volume of
50 uL of formaldehyde per mL of gold plating sauti

Protocol 36: Single object spectroscopy sample prapon.

10 uL of a dispersion of gold octahedral clustessohtained afteProtocol 35is introduced

in an Eppendorf and 450 pL of ultrapure water added. The dispersion is homogenized
using vortex and ultrasonic bath. 3 pL of this ®rspon is deposited on a labelled Formvar
TEM grid and let to dry. Afterwards, the sampleliserved by TEM and isolated clusters are
targeted. Their locations are identified thankghe tag of the labelled grid. A series of TEM
picture at several magnifications (from the highesthe lowest) are taken. Those pictures
are subsequently used to track down the clusteenwhe sample is observed under optical
microscope.

Protocol 37: Single object dark field spectroscapgasurement.

A targeted TEM sample as prepared accordingPtotocol 36is set on the sample stage of
the dark field set up. The spectrometer is a LabRMRIHoriba HR used with an Olympus
optical microscope, the sample stage is disposed omtorized stage. The light beam from
the condenser is focused on the grid and the dogid@een the incoming light and the sample
plane is measured. The sample is set at the fdaakpf the 50X objective and clusters are
tracked down thanks to the tag. The aperture sSizei at 50 um. The surface area on which
the signal is collected can be imaged by activating photodiode. The isolated targeted
clusters have to be centered into this area. Samm@asurements are performed for three
polarization angles (S, P and 45°) then the santoige for background (typically an area of
the Formvar film without any cluster deposited atsb away from grid bar glare). A cross
polarized series of measurements are collected famlly, a reference measurement is
recorded using Spectralon® Diffuse Reflectance &teds from Labsphere. Depending on
the wavelength range measured, two different detecind their corresponding pairs of
polarizers are used. One for the 650-1050 nm rafigeNIRE100-B from Thorlabs) and
another one for the 1050-1700 nm range (LPIRE1G8G Thorlabs).
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Titre : Design et fabrication de meta-atomes plasmo niques a partir de
nanoparticules a patchs.

Résumé : Les méta-matériaux sont une nouvelle classe deriaatécomposites artificiels qui
présentent des propriétés inédites. lls sont tysent sous divisés en unité appelées méta-atomes.
Un design approprié de ces méta-atomes, archiéscéuréchelle nanométrique, permet d'induire des
propriétés aussi extraordinaires qu’un indice deacéion négatif. Dans ce contexte, nous avons
développé des particules a patchs, capable de apdperl des interactions selon des directions
prédéterminées. Des clusters multipodiques fateadeparticules (diélectrique) entourées d’un nombre
contrélé de satellites plasmoniques (or) ont étéeld@pés. Nous nous sommes focalisés sur des
clusters isotropes, dérivant de géométries tétigel, octaédriques et icosaédriques (trois dag cin
solides de Platon). Pour cela, nous avons utilieé dlusters silice/polystyréne, obtenus par
polymeérisation ensemencée en émulsion, qui ont derpréformes. Ils ont ainsi permis d’obtenir des
particules dont les patchs sont en fait des fassetti fond desquelles subsiste un résidu de chaines
polystyrene greffées. En modifiant chimiqguemerst deaines, nous avons permis soit I'accrochage au
fond de ces fossettes de colloides d’or puis lepisgance, soit 'accostage de satellites de sdlige
lesquels nous avons ensuite fait croitre une deqgdiibr. La seconde voie a offert un meilleur codr

de la morphologie des clusters et notamment deidtartte entre les satellites dor (quelques
nanometres) qui est primordiale pour assurer umplage plasmonique optimal. Les propriétés des
clusters obtenus ont été modélisées et mesurées.

Mots clés : particules a patchs, résonance plasmon, nanodudtssettes, or, métamatériaux,
méta-atomes, auto-assemblage, croissance-ensemesitiée, nanoparticules, spectroscopie en
champ-sombre ;

Title: Design and synthesis of plasmonic meta-atoms from patchy particles.

Abstract: Metamaterials are a novel class of artificial cosifgmaterials, typically made of sub
unit called meta-atoms and exhibiting unusual priog  Such meta-atoms, have to be architectured
at the nanometric level, to induce as extraordir@apperties as a negative refractive index. In this
context, we developed patchy particles, capabkrdate interactions along predetermined directions.
Multipodic clusters made of those (dielectric) mdets surrounded by a controlled number of
plasmonic satellites (gold) were developed. Weu$ed on isotropic clusters deriving from
tetrahedral, octahedral and icosahedral geométrggtof the fifth Platonic solids). For that purpos
we used silica/polystyrene clusters, obtained femaded emulsion polymerization, as template. By
deriving those clusters, patchy particles bearingptes containing grafted residual polystyrene nhai
were obtained. By chemically deriving those chamg explored two synthetic pathways, the
decoration of the dimples with gold colloids suhssttly grown or the anchoring of silica satellites
onto which gold shells were subsequently grown. 3démmond one was prove to offer a better control
over the cluster morphology as well as the int¢elbtes gap (few nanometer) which is pivotal to
ensure an optimal plasmonic coupling. Then, thécabproperties of the as obtained clusters were
simulated and measured.

Keywords: Patchy particles, plasmon resonance, nanoclustienples, gold, metamaterials, meta-
atoms, self-assembly, seeded-growth, silica, natioless, dark-field spectroscopy;
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